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The editors would like to dedicate this version of the PANDA book to Howard
Menlove of Los Alamos National Laboratory, who has made an outstanding
contribution to the field of nondestructive assay. Howard pioneered most of the
neutron methods and instruments described in this book. He has also passed on
his knowledge to several generations of NDA practitioners, including many of
the authors who contributed to this work.



This book is a general reference on the theory and application of nondestructive assay (NDA)
techniques applied to the measurement of nuclear material. The intent of this book is to serve as
an introduction for newcomers to NDA as well as a reference for experienced NDA
practitioners.

This book is a revision to and an extension of Passive Nondestructive Assay of Nuclear
Materials (PANDA) published in 1991, which is available both online and in print versions.
This updated version also includes content and revisions from the 2007 PANDA Addendum,
which is available only online. Although the basic physics has not changed, scientists have
made many advances in analysis methods, instrumentation, and applications during the last
30 years. In this new version, we have updated basic descriptions of the origin and interactions
of radiation and included some newer references. Extensive revisions include the description of
gamma detection methods, attenuation correction procedures, and analysis methods, including
for the measurement of uranium enrichment and the determination of plutonium isotopic
composition. We have also revised and broadened the information regarding neutron detectors
and the explanation of neutron coincidence techniques. Chapter 18, “Principles of Neutron
Multiplicity,” is a new addition to this version. To remove obsolete systems and to include
many current applications, we have completely overhauled the information regarding the
application of gamma and neutron techniques, and we have updated the values of and
references to nuclear data.

Like the first version of PANDA, most of the material was prepared by staff of Los Alamos
National Laboratory. The book also benefitted from contributions from other national
laboratories and the International Atomic Energy Agency. You can find the complete list of
contributors on Page xvii.

The production of this new version of PANDA has taken a large amount of effort by many
people over several years. This work has been supported by multiple organizations and
programs detailed in the acknowledgments that follow.

Los Alamos, NM, USA William H. Geist

August 2024 Peter A. Santi
Martyn T. Swinhoe
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W. H. Geist ® and J. Conner

1.1 Introduction

The term nondestructive assay (NDA) refers to measurement techniques “applied to nuclear material and other items of
safeguards interest to confirm their isotopic composition and quantity without destroying the items” [1]. NDA techniques are
generally categorized as either “passive,” measuring radiation that is spontaneously emitted from nuclear or other radioactive
material, or “active,” measuring induced emissions of radiation. Another method for characterizing material involves
sampling material and analyzing the sample with destructive chemical procedures, known as destructive analysis (DA).
Although NDA is usually less accurate than DA, NDA obviates the need for sampling, reduces operator exposure to radiation,
is less expensive, and is much faster than DA.

Many factors are considered when selecting which measurement method to use. These factors include the desired
measurement precision, the cost, the timeliness, and the form of the material to be characterized. NDA methods can be
used to characterize materials in different ways, such as identifying if any radioactive material is present and, if so,
determining the radionuclides present, quantifying the isotopic composition of elemental radionuclides, and determining
the mass of the radioactive material contained in an item. For the nuclear fuel cycle, the nuclear materials of greatest interest
are uranium and plutonium and, to a lesser degree, thorium and neptunium.

The original impetus for developing NDA techniques was primarily to support the application of International Atomic
Energy Agency (IAEA) safeguards for nuclear material as a key component of international efforts to ensure the nonprolifer-
ation of nuclear weapons. As safeguards measures became widely applied to nuclear material at nuclear facilities around the
world, the need emerged for the IAEA to deploy rapid measurement methods that would not alter the state of the nuclear
material and that would cause minimal disruption to nuclear facility operations. The United States (U.S.) Nuclear Regulatory
Commission and the U.S. Department of Energy initially supported the IAEA in addressing this need, and numerous other
national and international organizations have also subsequently made significant contributions. NDA techniques are now an
essential part of the toolkit used by IAEA inspectors to verify the inventories of nuclear material held worldwide.

Although most NDA techniques were developed first in support of safeguards applications, it became clear over time that
NDA techniques could also be applied to nuclear material safety and security. In some cases, a single NDA measurement can
be used for safeguards, security, and safety applications; typically, the measurement approach is tailored to meet a specific
application that builds on the underlying fundamental measurement physics.

Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory
does not endorse the viewpoint of a publication or guarantee its technical correctness.
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1.2  IAEA Safeguards

The Treaty on the Non-Proliferation of Nuclear Weapons (NPT; [2]), which requires non-nuclear-weapon States to accept
IAEA safeguards measures on all nuclear material and facilities, is one of the most widely adopted, legally binding
international treaties. At the core of its mission, the IAEA “verifies through its inspection system that States comply with
their commitments, under the Non-Proliferation Treaty and other non-proliferation agreements, to use nuclear material and
facilities only for peaceful purposes.” Safeguards [3] are measures administered by the IAEA to verify that States do not divert
nuclear material from peaceful uses to develop nuclear weapons or other nuclear explosive devices. The accounting of nuclear
material is one of the primary methods that the IAEA uses to detect a diversion of material, and both NDA and DA methods
are used to quantify nuclear material for accountancy. NDA techniques are used by facility operators and national regulatory
authorities to demonstrate peaceful uses of nuclear material, and they are used by the IAEA and other international
organizations to verify declarations of nuclear material inventories and derive safeguards conclusions.

1.2.1 Use of NDA for Safeguards at the Facility Level

To comply with NPT obligations and facilitate reporting to and inspections by the IAEA, the State’s safeguards regulatory
authority (SRA) will require each nuclear facility to have a system [4] in place to account for the nuclear material processed
and stored at the facility. For facilities that process nuclear material, most of the nuclear material accountancy is based on DA
measurements, with NDA measurements applied to those material types not suitable for DA methods.

At the end of a specified period of time, the facility will reconcile the nuclear material inventory to ensure that no material is
missing (see Chap. 26). The inventory is reconciled by taking the beginning inventory, adding any material receipts, and
subtracting the final inventory and any shipments out of the facility during the period. The resulting value is called the
inventory difference (ID). The ID is also called material unaccounted for (MUF). Calculating the ID is straight-forward for
nuclear facilities that do not process material but use only discrete items (such as fuel assemblies used and stored in nuclear
power plants), and the ID should be zero. For bulk material processing facilities, such as reprocessing or fuel fabrication
plants, the ID is typically non-zero because accountancy measurements in such facilities carry uncertainty. Therefore, to verify
that no diversion of materials has occurred, the ID target value should be zero within uncertainty limits. The uncertainty of the
ID (also called sigmaMUF) is determined by both the quantity of material of different types passing through the facility and
the uncertainty of the measurement techniques used for each type. The SRA may set limits on the values for the ID and the
associated uncertainty to satisfy international safeguards requirements; however, the SRA may also set different and, at times,
more stringent requirements for national nuclear security purposes (see Sect. 1.3.2 and Chap. 26) but in a manner that also still
facilitates meeting its safeguards obligations with the IAEA.

To ensure that the uncertainty of the ID is small, most accountancy values are based on DA, which yields very precise mass
measurements. Material forms that are not suitable to DA—such as waste, holdup, and scrap—are measured with NDA
methods.

1.2.2 Use of NDA for Safeguards at the State Level

Under safeguards agreements with the IAEA, States must establish and maintain “State or regional systems of accounting for,
and control of, nuclear material and in making them more effective” (SSAC; [5]). An SSAC is a set of arrangements to account
for and control nuclear material in a State; in particular, a “measurement system for the determination of the quantities of
nuclear material received, produced, shipped, lost or otherwise removed from inventory, and the quantities on inventory”
[6]. The SRA is responsible for collecting, verifying, and reporting to the IAEA the nuclear material inventory in the State.
The SRA bases their reporting primarily on the accountancy conducted by the facility operator, which makes use of DA and
NDA measurements. The SRA will review and verify the documentation provided by the facility operator to ensure
completeness before reporting to the IAEA. Although the SRA is not required by the IAEA to perform measurements to
verify the information received from the operator, if the State authority does perform such measurements, it would commonly
use NDA.
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1.2.3 Use of NDA for Safeguards by IAEA and Regional Authorities

At the international level, the IAEA is the primary organization tasked with ensuring that all States party to the NPT are fulling
their safeguards obligations; however, regional authorities, such as the European Atomic Energy Community and the
Brazilian-Argentine Agency for Accounting and Control of Nuclear Materials, work to verify peaceful uses of nuclear
material at the regional level and may use NDA in support of that objective—either independently or in collaboration with
the TAEA.

NDA or DA measurements of nuclear materials are used by the IAEA or by regional safeguards authorities to indepen-
dently verify the State’s declaration. International inspectors for these organizations perform these measurements in the
facility at both regular and, in certain cases, random intervals to ensure that the IAEA goal of the timely detection of the
diversion of a significant quantity of nuclear material is satisfied. To limit the impact to the facility, the measurements must be
performed quickly, and in general, the measurement equipment must be easily portable.

Because it is impracticable to measure an entire inventory of nuclear material in a reasonable time, the inspector will
measure a sample of the entire inventory. Items will be chosen to ensure that a diversion of nuclear material is detected with a
defined detection probability. An inspector performs three types of measurements: gross defect, partial defect, and bias defect.
Gross defect refers to an item that has been falsified to the maximum extent possible so that all or most of the declared material
is missing. A gross defect measurement is performed using a nondestructive attribute measurement of the nuclear material,
which is typically done by measuring characteristic gamma rays emitted for the item (see Sect. 10.2). Partial defect refers to an
item that has been falsified to such an extent that some fraction of the declared amount of material is missing. To measure a
partial defect, a quantitative measurement must be performed. NDA measurements based on gamma and/or neutron signatures
are used because of the relatively short assay time and measurement precisions that can detect a partial defect. Bias defect
refers to an item that has been slightly falsified so that only a small fraction of the declared amount of material is missing.
Detection of a bias defect requires a measurement with a high precision; therefore, DA measurements are usually performed.

1.2.4 Arms Control Treaties

NDA measurements have been used, currently are used, and may be used under past, current, and hypothetical arms control
treaties. The use of NDA to verify arms control agreements is driven by the same set of concerns as its use in safeguards. One
advantage of using NDA techniques is that NDA does not require direct access to the nuclear material and limits the time and
access needed by inspectors. The New Strategic Arms Reduction Treaty, currently extended to 2026, uses a lack of neutron
detection from the approved radiation detection equipment to demonstrate that an item is not a nuclear weapon. A wide range
of NDA techniques has been considered for various applications in arms control.

Proposed arms control measurements introduce complications that are rarely encountered in safeguards applications.
Hypothetical future treaty scenarios assume various combinations of (1) direct measurements that confirm that a device is a
nuclear weapon, (2) monitoring of weapons production facilities, and (3) verification of the dismantlement of nuclear
weapons. All of these monitoring scenarios can be addressed by NDA techniques, but the NDA measurements may yield
sensitive information that States may not be willing or, under the NPT, able to share. Information protection requirements
need to be incorporated and often lead to difficulties in the authentication (ability of the inspector to trust the equipment) and
certification (ability of the host to allow the equipment to be used). Much of the work needed to apply NDA techniques to arms
control applications centers on solving these secondary problems.

1.3  Nuclear Security
1.3.1 Introduction

Nuclear security focuses on the prevention, detection, and response to criminal or intentional unauthorized acts involving or
directed at nuclear material, other radioactive material, associated facilities, or associated activities [7]. Unlike safeguards, the
IAEA is not mandated by treaty or other legally binding international instrument to carry out nuclear security responsibilities
within a State. Instead, nuclear security is widely understood and accepted as the sovereign responsibility of each State.
However, the IAEA is recognized by its Member States as having a central coordinating role in facilitating international
cooperation on nuclear security, and it publishes recommendations [8] for and provides assistance, upon request, to States



4 W. H. Geist and J. Conner

regarding establishing, implementing, and sustaining an effective nuclear security regime. According to IAEA guidance, an
effective national nuclear security regime features, among other things, the following components: legal and regulatory
framework, threat assessment, physical protection, security of material in transport, nuclear material accounting and control
(NMAC), and detection of and response to nuclear and other radioactive material out of regulatory control (MORC). NDA
measurements play a key role in two of these components—NMAC and the detection of and response to nuclear and other
radioactive MORC.

1.3.2 Nuclear Material Accounting and Control

To support and enhance nuclear security—in particular, to prevent, detect, and respond to unauthorized removal of nuclear
material—all nuclear facilities should implement an effective NMAC system. According to IAEA guidance, NMAC systems
and measures focus, in particular, on mitigating the risk posed by insider threats, and in the event of loss or theft of nuclear
material, NMAC systems should be able to identify the quantity and characteristics of the missing material [9]. NDA
equipment is used to support the NMAC system by confirming nuclear material quantity and types within the accounting
system. NMAC systems recommended by the IAEA for nuclear security purposes can fulfill many of the same purposes of the
facility-level implementation of the SSAC system used for nuclear safeguards, and facilities may use the same accounting
system in support of both the SSAC and NMAC. However, as noted previously, the national nuclear regulatory body for
nuclear security—which oftentimes will serve also as the SRA—may set different and, at times, more stringent NMAC
requirements for national nuclear security purposes. For example, whereas the IAEA will set measurement requirements
within a facility to meet its goals for timely detection of the diversion of one significant quantity of nuclear material, the
national regulatory body may require additional measurements to detect and respond to possible theft by an insider. NDA
systems for NMAC are also designed to work in concert with administrative measures—such as implementation of a
two-person rule and security background checks on personnel—to deter insider threats, whereas the IAEA does not establish
requirements for such procedures as a part of safeguards. A more detailed description of NMAC systems and measures,
including the role of NDA, is given in Chap. 26.

1.3.3 Detection and Response to Nuclear and Other Radioactive Material Out of Regulatory Control

As a part of an effective national nuclear security regime, States should also establish systems and measures to prevent, detect,
and respond to a criminal or unauthorized act with nuclear security implications that involves nuclear and other radioactive
MORC [10]. These systems and measures should combat illicit trafficking of nuclear and other radioactive material, including
for cases of theft, illegal possession, transfer, or disposal of material—whether intentional or not—and for acts carried out
either within or across national borders. NDA plays a major role in the detection of and response to illicit trafficking of nuclear
material. Competent authorities for nuclear security (including front-line organizations, such as border police or customs)
regularly use handheld and fixed NDA equipment, such as radiation portal monitors (RPMs), to scan people, vehicles, and
cargo for MORC (Chap. 22). Typically, for example, if a vehicle RPM alarms at a border crossing point, a front-line officer
will perform a secondary inspection of the vehicle using a handheld NDA instrument to identify any radionuclides present (see
Sect. 10.3) and, taking into account the vehicle cargo manifest or declaration, determine whether an associated threat exists.
For high-threat items, items for which a criminal nexus likely exists, or materials for which a desire exists to understand
provenance, a nuclear forensic investigation should be initiated.

Nuclear forensics is an essential component of national response plans to events that involve MORC. It informs prevention,
detection, and response and enhances the nuclear security of a state. Nuclear forensic science, or nuclear forensics, is the
examination of nuclear or other radioactive material, or of evidence contaminated with radionuclides, in the context of legal
proceedings under international or national law related to nuclear security [11, 12]. The goal of nuclear forensics is to discover
linkages among people, places, materials, and events. Understanding the provenance of MORC allows a state to identify
security weaknesses and strengthen them if the material originates from a facility within the State and to close smuggling
pathways for material being transported through the State. A nuclear forensics examination in support of a nuclear security
investigation may use both NDA and DA measurement techniques. NDA measurements performed usually include radionu-
clide identification, isotopic composition, and activity quantification (see Chaps. 8, 9, and 10). NDA measurements may
provide enough information for prosecution or identification and understanding of provenance or ruling out potential origins.



1 The Role of Nondestructive Assay in Safeguards, Security, and Safety 5

For States that have an advanced forensics capability, DA measurements provide additional material characteristics and
higher-precision results in cases where NDA results are inconclusive.

1.4  Safety and Compliance
1.4.1 Introduction

The same NDA measurements used to support safeguards and security can also be used to support safety and compliance.
Safety concerns that can be addressed with NDA methods include radiation protection, criticality safety, and quantification of
material at risk. Radiation protection often involves the measurement of dose (the energy of ionizing radiation absorbed per
unit mass of material) to people and is outside the scope of this book, which focuses on the characterization of nuclear
material. NDA techniques are often used to ensure the compliance of waste disposal limits. Because civilian nuclear facilities
are commercial entities, nuclear material measurements can also serve as process controls to ensure that their finished product
meets the consumer’s specification. In addition, nuclear material has a monetary value and, to maximize profit, the facility
operator wants to ensure that all nuclear material is accounted for.

1.4.2 Criticality Safety

NDA measurements are often used to support holdup measurements in nuclear facilities (Chap. 10, Sect. 10.4.3 and Chap. 19,
Sect. 19.4.4). Holdup refers to the nuclear material that deposits or “holds up” in the processing equipment. If this holdup is
ignored, over time, a large enough deposit of nuclear material could collect, resulting in a criticality hazard. To mitigate this
hazard, facility operators perform measurements of the accumulated deposits in the processing equipment and associated
piping, duct work, etc. These measurements are usually performed with gamma-ray-based NDA techniques [13], although
some forms of nuclear material could be amenable to neutron-based techniques.

1.4.3 Waste Measurement

Waste repositories have strict requirements on the types and quantities of radionuclides in a waste container that the facility is
licensed to accept. There are four main types of nuclear waste: high-level, transuranic, intermediate-level, and low-level
waste. NDA measurements, along with acceptable knowledge from the waste generator, are often used to characterize the
waste and to ensure that the waste acceptance criteria are satisfied. The Waste Isolation Pilot Plant in Carlsbad, New Mexico
(WIPP), disposes of transuranic waste and performs NDA measurements [14] to ensure that the waste acceptance criteria [15]
are satisfied.
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2.1 Gamma Rays and the Electromagnetic Spectrum

Gamma rays are high-energy electromagnetic radiation, or “photons,” emitted from the de-excitation of the atomic nucleus.
Electromagnetic radiation includes such diverse phenomena as radio, television, microwaves, infrared radiation, visible light,
ultraviolet radiation, X-rays, and gamma rays. These radiations all propagate through vacuum at the speed of light. They can
be described as wave phenomena that involves electric and magnetic field oscillations analogous to mechanical oscillations,
such as water waves or sound. They differ from each other only in the frequency of oscillation. Although given different
names, electromagnetic radiation actually forms a continuous spectrum, from low-frequency radio waves at a few cycles per
second (hertz [Hz]) to gamma rays at 10'® Hz and above (see Fig. 2.1).

The parameters used to describe an electromagnetic wave frequency, wavelength, and energy are linked and may be used
interchangeably; the Planck-Einstein relation is

E=hu="F (2.1)

where

E = Energy of the photon (joule [J])

h = Planck’s constant, 6.62607015 x 10>* J/Hz

v = Frequency of the photon (Hz)

¢ = Speed of light in a vacuum, 299,792,458 meters per second (m/s)
A = Wavelength of the photon (meters [m])

A common practice is to use frequency or wavelength for radio waves, wavelength for visible or near-visible light, and energy
for X-rays and gamma rays. Throughout this book, the electronvolt (eV) will be regularly used as the unit for energy.
Visible light can be emitted during changes in the chemical state of elements and compounds. These changes usually
involve the least-tightly bound outer-shell atomic electrons. The colors of the emitted light are characteristic of the radiating
elements and compounds and typically have energies of ~1 eV."! X-rays and gamma rays are very high-energy light with

Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to publish; as an institution, however, the Laboratory
does not endorse the viewpoint of a publication or guarantee its technical correctness.

"The electronvolt (eV) is a unit of energy equal to the kinetic energy gained by an electron accelerated through a potential difference of 1 V; 1 eV
equals 1.602 x 107'° J. This small unit and the multiple units keV (10 eV) and MeV (10° eV) are useful for describing atomic and molecular
phenomena.
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Fig. 2.1 The electromagnetic spectrum that shows the relative scale of different electromagnetic radiations, including gamma rays, X-rays, light
waves, and radio waves

overlapping energy ranges of 10 keV and above. X-rays are emitted during changes in the state of more-tightly bound inner-
shell electrons, whereas gamma rays are emitted during changes in the state of a nucleus. The energies of the emitted
radiations are characteristic of the radiating elements and nuclides. Knowledge of these high-energy electromagnetic
radiations began in Germany in 1895 with the discovery of X-rays by Wilhelm Rontgen. After observing that a zinc sulfide
screen glowed when it was placed near a cathode-ray discharge tube, Rontgen found that the radiation that caused the glow
was dependent on the electrode materials and the tube voltage, was not bent by electric or magnetic fields, and could readily
penetrate dense matter. Natural radioactivity was discovered the following year in France by Henri Becquerel, who observed
that uranium salts gave off a natural radiation that could expose (or blacken) a photographic plate. While studying these
phenomena, Marie and Pierre Curie isolated and identified the radioactive elements polonium and radium. They determined
that the phenomena were characteristic of the element, not its chemical form.

These “radioactive rays” were intensely studied in many laboratories. In 1899 in England, Ernest Rutherford discovered
that 95% of the radiation of various natural uranium compounds was effectively stopped by 0.02 mm of aluminum, and 50%
of the remaining radiation was stopped by 5 mm of aluminum or 1.5 mm of copper [1]. Rutherford named the first component
“alpha” and the second, more penetrating radiation “beta.” Both of these radiations were deflected by electric and magnetic
fields, though in opposite directions; this fact indicated that the radiations carried an electrical charge. In 1900, Paul Villard
and Henri Becquerel noted that a photographic plate was affected by radioactive materials even when the plate was shielded
by 20 cm of iron or 2-3 cm of lead. They also noted that this penetrating radiation showed no magnetic deflection. In 1903,
Rutherford named this component gamma and stated that “gamma rays are probably like Rontgen rays.” Thus, the three major
radiations were identified and named for the first three letters of the Greek alphabet: a, B, and y.

As indicated by the brief description of their discovery, gamma rays often accompany the spontaneous alpha or beta decay
of unstable nuclei. X-rays, like gamma rays, are energetic photons. They differ in that gamma rays are emitted through
de-excitations of a nucleus, and X-rays are emitted during rearrangement of the atomic electron structure rather than the
nuclear structure. X-rays are discussed in Sect. 2.3.2. X-ray energies are unique to each element but the same for different
isotopes of one element. They frequently accompany nuclear decay processes, which can disrupt the atomic electron shell.

Gamma rays from spontaneous nuclear decay are emitted with a rate and energy spectrum that is unique to the decaying
nuclear species. This uniqueness provides the basis for most gamma-ray assay techniques: by counting the number of gamma
rays emitted with a specific energy, it is possible to determine the number of nuclei that emit that characteristic radiation,
which can be used to compute a mass or activity of that radionuclide, determine the isotopic composition of a radiation source,
and other applications to be explored throughout this book.
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2.2  Characteristics of Nuclear Decay
2.2.1 Nuclear Decay Processes: General

The atomic nucleus is assumed to be a bound configuration of protons and neutrons. Protons and neutrons have nearly the
same mass and differ principally in charge: protons have a positive charge of 1, and neutrons are electrically neutral. Different
elements have nuclei with different numbers of neutrons and protons. The number of protons in the nucleus is called the
atomic number and is given the symbol Z. In the neutral atom, the number of protons is equal to the number of electrons. The
number of neutrons in the nucleus is given the symbol N. The total number of nucleons (protons and neutrons) in the nucleus
is called the atomic mass number and is given the symbol A; (A = Z + N).

For all nuclear decay processes, the number of unstable nuclei of a given species is found to diminish exponentially
with time:

n(t) =npe #, (2.2)
where
n(t) = number of nuclei of a given species at time ¢
ng = number of nuclei at t = 0

A = decay constant, the parameter characterizing the exponential.

Each nuclear species has a characteristic decay constant. Radioactive decay is most commonly discussed in terms of the
nuclear half-life, T ,,, which is related to the decay constant by

In(2)
A

Typ= (23)

The half-life is the time necessary for the number of unstable nuclei of one species to diminish by one-half. (Half-lives are
commonly given in nuclear data tables.) The decay rate or specific activity can be represented in terms of the half-life as
follows:

~In(2) N4 132x10'°
R_ T1/2 XK_ T1/2XA (24)

where

R = rate in decays per second per gram
A = atomic mass in grams per mole
N, = Avogadro’s constant

Ty, = half-life in years.

Equation 2.4 is often used to estimate the activity per gram of a sample.

An alpha or beta decay of a given nuclear species is not always accompanied by gamma-ray emission. The fraction of
decays that is accompanied by the emission of a specific energy gamma ray is called the branching intensity, also referred to as
branching ratio, yield, gamma yield, or photons per decay. For example, the most intense gamma ray emitted by 235U has an
energy of 185.7 keV and a branching intensity of 57.2%. Uranium-235 decays by alpha-particle emission with a half-life of
7.038 x 10® years. Equation 2.4 thus implies an alpha emission rate of 7.98 x 10*a/s for 1 g of ?>U. Only 57.2% of the alpha
particles are accompanied by a 185.7 keV gamma ray; therefore, the specific activity of this gamma ray is 4.6 x 10* y/s.

Of the natural decay radiations, only the gamma ray is of interest for nondestructive assay (NDA) of bulk nuclear materials
because the alpha- and beta-particle ranges are very short in condensed matter. Consider the following ranges in copper metal:

5MeV a: 0:01 mm or 0.008 g/cm>.
1 MeV f: 0.7 mm or 0.6 g/cm®.
0.4 MeV y: 12 mm or 10.9 g/cm? (mean free path).
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Because of the limited range of alpha and beta particles, they are not generally transmitted through the container in which a
material is located. Further, even for exposed material, only alphas and betas emitted from very near the surface can possibly
escape the material.

2.2.2 Alpha Decay

The alpha particle is a doubly ionized (bare) “He nucleus. It is a very stable, tightly bound nuclear configuration. When a
nucleus decays by alpha emission, the resulting daughter nucleus has a charge that is two units less than the parent nucleus and
an atomic mass that is four units less. This generic reaction can be represented as follows:

4X —473Y +4He. (2.5)

The decay can occur only if the mass of the neutral parent atom is greater than the sum of the masses of the daughter and the
“He atom. The mass difference between the parent and the decay products is called the Q-value and is equal to the kinetic
energy of the decay products:

0= (M, —M;—Mp,)c, (2.6)

where

M,, = atomic mass of the parent atom
M, = atomic mass of the daughter atom
Mj;. = atomic mass of a helium atom.

When the parent nucleus decays, most of the energy (Q) goes to the alpha particle because of its lower mass:

E,— %. (2.7)
The remainder of the available energy goes into the recoil of the daughter nucleus.

Most of the approximately 750 known alpha emitters are heavy nuclei with atomic numbers greater than 82. The energy
range of the emitted alpha particle is generally 2—12 MeV, and the half-lives largely vary from 10~®%st0 10" years. The short-
lived nuclei generally emit high-energy alpha particles when they decay, as shown in Fig. 2.2.

Immediately after the decay of the parent nucleus, the daughter nucleus can be either in the ground state or in an excited
state. In the latter case, the nucleus can relax by either of two mechanisms: gamma-ray emission or internal conversion. The
radiative relaxation leads to emission of one or more gamma rays (typically 10~'* s after the alpha emission) with discrete
energies whose sum equals the original excitation energy. During internal conversion, the nucleus transfers the excitation
energy directly to one of the most-tightly bound atomic electrons, usually a K-shell electron. The electron leaves the atom with
an energy equal to the difference of the excitation energy and the electron binding energy. The filling of the electron shell
vacancy leads to the emission of X-rays or electrons (called Auger electrons) with the characteristic energy spectrum of the
daughter element. The probability of internal conversion increases strongly with atomic number (Z) and with decreasing
excitation energy.

In some cases, the alpha decay leads to an excited state that lives much longer than 10~ ' s. If the lifetime of this state is
longer than approximately 10~ s, it is called an isomer of the ground-state nucleus. An example of an isomer is the alpha
decay of *°Pu that leads to **°U:

2Py —2m17(99.96%) [T/, =26 min ;decays to *>U ground state
/

9Py —250U(0.04%). (2.8)
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Fig. 2.2 Plot of alpha energies versus half-life. In general, longer-lived nuclides emit lower-energy alpha particles. Beryllium-8 (Q = 91.84 keV,
Half-life = 8.19 x 107'7 ) is an interesting outlier in terms of the alpha decay energy, half-life, and Z; the next lowest known alpha emitter has
Z=52

The common decay mode of 239py leads first to the isomer 23° U, which has a half-life of 26 min. The direct decay to 235y
occurs only 0.04% of the time. Although isomers tend to be short-lived, there are exceptions: °'”Nb has a half-life of
60.9 days. Interestingly, '®*™Ta is observationally stable, whereas '*°Ta has a half-life of just 8.15 h.

All of the alpha particles, gamma rays, internal conversion electrons, and X-rays emitted during the decay process have
discrete, characteristic energies. The observation of these characteristic spectra showed that nuclei have discrete allowed states
or energy levels analogous to the allowed states of atomic electrons. The various spectroscopic observations have provided
information for developing the nuclear-level schemes presented in handbooks and online databases, such as the National
Nuclear Data Center NuDat database [2]. An example appears in Fig. 2.3, showing the lower energy levels of >**U populated
during the alpha decay of »’Pu. These levels give rise to the characteristic gamma-ray spectrum associated with the alpha
decay of **’Pu. Note that the characteristic gamma-ray spectrum is commonly associated with the parent or decaying nucleus
even though the energies are determined by the levels of the daughter nucleus. Although this practice may seem confusing,
it is universally followed for gamma rays. The confusion is further aggravated by the common use of X-ray nomenclature that
associates the characteristic X-rays with the daughter element. Therefore, the alpha decay of **°Pu leads to **°U and is
accompanied by the emission of ***Pu gamma rays and uranium X-rays.

2.2.3 Beta Decay

In the beta decay process, the atomic number (Z) increases or decreases by one unit and the atomic mass number (A) stays
constant. In effect, neutrons and protons change state. The three types of beta decay are -, 7, and electron capture.

Beta-minus decay was the first detected process; the §~ particle was found to be a normal electron. During the decay
process, the nucleus changes state according to the following formula:

2X—, Y +e +1, (2.9)

The f~ decay process can be thought of as the decay of a neutron into a proton, an electron, and an electron antineutrino. This
process is the common beta decay process for nuclei with high atomic number and for fission product nuclei, which usually
have significantly more neutrons than protons. The decay is energetically possible for a free neutron (a neutron outside of a
nucleus) and occurs with a half-life of 12.8 min.
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Fig. 2.3 Diagram of some of the nuclear energy levels of >>>U. These levels are populated during the alpha decay of ***Pu and give rise to the

characteristic gamma-ray spectrum of 2>°Pu. (Figure adapted using data from [2])

During " decay, a proton is converted to a neutron, a positron (also called an antielectron), and an electron neutrino; the
nucleus changes state according to the following formula:

‘%Xﬂzf?Y—Fe*—l—ye. (2.10)
Electron capture competes with the g% decay process. The nucleus interacts with an inner atomic electron and, in effect,
captures it, changing a proton into a neutron with the emission of a positron and an electron neutrino. The formula for this
process is

X+e —, YV +u,. (2.11)
All unstable nuclei with an atomic number less than 82 decay by at least one of the three processes and sometimes by all three
(see Fig. 2.4). Beta decay occurs whenever it is energetically possible—if the following conditions are met for the masses of
the neutral parent (p) atoms and the potential daughter (d) atom:

B~ decay : M, > My
Bt decay : M, > My + 2m,

Electron capture : M, > M. (2.12)

Beta decay can be to the ground state or to an excited state in the daughter nucleus. In the latter case, the excited state
decays by gamma-ray emission or internal conversion.
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Fig. 2.4 Nuclear decay scheme of ®*Cu, showing three possible beta decay processes

Fig. 2.5 The Bohr model of the atom. A dense nucleus of protons and neutrons is at the center, ringed by electron orbitals. The first orbital
(K) contains 2 electrons, the second orbital (L) contains 8 electrons, the third (M) contains 18, and so on

2.3  X-Ray Production
2.3.1 The Bohr Model of the Atom

In the simple Bohr model of the atom (Fig. 2.5), the positive nucleus contains protons and neutrons and has an approximate
radius of 1.4 x 10~'° (A"*) m and an approximate density of 2 x 10'* g/cm®. The nucleus is surrounded by a cloud of negative
electrons in discrete, well-defined energy levels or orbitals. The radii of these orbitals are in the range of 10~ to 10~ m. The
original Bohr model had well-localized orbits and led to the familiar planetary diagram of the atom. Although this model is
now understood to be an oversimplification that ignores much of modern physics, this concrete model is useful for explaining
X-ray production.

The different energy levels of the atom are designated K, L, L,, L3, My, ... Ms, and so forth. (As an example, consider the
K and L electron energy levels of uranium illustrated in Fig. 2.6.) The electric force between an electron and the positively
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Uranium Level Energy (keV)
S L3 17.168
L2 20.948
L1 21.758
Ko, Ka,
K 115.61

Fig. 2.6 Electron energy levels in uranium. Transitions between the levels shown give rise to the K-series X-rays

charged nucleus varies as the inverse square of the separation; therefore, the electrons closer to the nucleus have a higher
binding energy (B). The binding energy is the energy required to remove the electron from the atom. The K-shell electrons are
always the most-tightly bound. Quantum mechanics gives a good description of the energies of each level and how the levels
fill up for different elements. The chemical properties of the elements are determined by the electron configuration.

In its normal resting configuration, the atom is stable and does not radiate. If an electron moves from a higher to a lower
energy level, it radiates a characteristic X-ray to release the excess energy. Although different naming schemes are used for
these X-rays, here the Siegbahn notation [3] is used. With this nomenclature, consider the K, X-ray: the electron fell into the
K-orbital from one orbital out. Here, “o”” means from one further orbital out, “p”” would be two orbitals out, and so on. Finally,
the “1” denotes the largest difference due to the difference in level energies.

For example, consider the electron energy levels in uranium, shown in Fig. 2.6. If an electron drops from the L; to the K
state, the K,; X-ray would be emitted, with an energy of 115.61-17.168 = 98.442 keV.

2.3.2 X-Ray Production Mechanisms

Various interactions can remove an electron from being bound to an atom, a process called ionization. All energetic, charged
particles interact with electrons as they pass through matter. X-ray and gamma-ray photons also interact with atomic electrons.
Nuclear interactions, such as internal conversion or electron capture, can cause the ionization of atomic electrons.

When an electron leaves an atom, the atom is in an excited state with energy B; by virtue of the vacancy in the ith electron level.
This vacancy can be filled by a more-loosely bound electron from an outer orbital, the jth level. The change in energy level is
accompanied by the emission of an X-ray with energy B; — B; or by the emission of an Auger electron with energy B; — 2B;. In the
latter case, the atom transfers its excess energy directly to an electron in an outer orbital. The fraction of vacancies in level i that
result in X-ray emission is defined as the fluorescence yield W;. Figure 2.7 shows the variation of the K-shell fluorescence yield
with atomic number. X-ray emission is more probable for high-Z elements (for Z > 70, Wx > 95%).

Bulk samples of radioactive material will emit characteristic X-rays of both the parent and the daughter. In high-Z
materials, internal conversion is a probable decay mode that will lead to vacancies in the daughter’s inner electron shell
(usually K or L). The subsequent filling, from an outer shell electron, results in the emission of characteristic X-rays of the
daughter. X-rays characteristic of the parent arise from energetic decay products (alpha, beta, gamma ray, or X-ray) that ionize
nearby parent atoms.

Plutonium metal emits uranium X-rays by virtue of the internal conversion process that occurs after alpha decay. It also
emits plutonium X-rays by virtue of X-ray fluorescence induced by alpha particles.
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Fig. 2.7 Variation of the K-shell fluorescence yield, W, with atomic number

2.3.3 Characteristic X-Ray Spectra
Several possible causes exist for an electron to de-excite and thereby produce an X-ray:

+ De-excitation could be the result of a decay process, such as internal conversion, during which a vacancy in an orbital is left
after the decay. When the vacancy is filled, a characteristic X-ray is emitted.

* An external particle could cause ionization. When the resulting vacancy is filled, an X-ray is emitted. This process is called
induced fluorescence and results in a characteristic X-ray.

» An energetic electron may be slowed down or deflected in the electric field around an atomic nucleus. This process is called
bremsstrahlung and is discussed in Sect. 2.3.4. Unlike the previous options, the energies of the X-rays emitted from
bremsstrahlung are a continuous spectrum and do not depend (in energy) on the material.

Each element has a characteristic X-ray spectrum. All elements have the same general X-ray pattern, but the X-ray energies
are different. Because these characteristic X-rays are emitted when the electrons are reconfigured, and because the energy
states of the electrons directly depend on how positively charged the nucleus is, these X-ray energies increase as the atomic
number increases. Figure 2.8 shows the characteristic X-rays from lead and uranium.

Early investigators developed the system commonly used today for naming X-rays. A Roman letter indicates the final level
to which the electron moves, and a Greek letter plus a number indicates the electron’s initial energy level. (The Greek letter
was originally related to the X-ray energy and the number to its intensity.) Table 2.1 gives the major K X-rays of uranium and
plutonium. The L and M X-rays are of lower energy and can be found in the literature.

2.3.4 Bremsstrahlung (Braking Radiation)

Charged particles continuously decelerate as they move through condensed materials. As they decelerate, they emit photons
with a continuous energy spectrum known as bremsstrahlung. These photons are of interest because their energies are often
similar to those used for NDA.

Beta particles from nuclear decay often emit bremsstrahlung photons while stopping. Although beta particles have a very
short range in condensed matter and rarely escape from the host material, the bremsstrahlung photons often escape and are
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Fig. 2.8 Characteristic X-ray spectra from lead (top) and uranium (bottom). Note that the pattern is the same but shifted in energy

Table 2.1 Major K X-rays of uranium and plutonium® [4]

Levels Energy (keV; [2]) Intensityb 2]
X-ray Final - Initial Uranium Plutonium Uranium Plutonium
Koo K-L, 94.65 99.52 62.5 63.2
Kai K-L; 98.44 103.74 100 100
Kg) K-M; 111.30 117.23 22.6 22.8
Kpo K-Nyj 114.3, 114.56 120.44, 120.7 8.7 8.9
Kgs K-M, 110.42 116.24 11.5 11.6

dOther X-rays in the K series are weaker than those listed here
PRelative intensity; 100 is maximum

detected along with the gamma rays of interest for NDA. Internal conversion electrons can also contribute to the production of
bremsstrahlung radiation. The detected discrete gamma rays emitted by a decaying nucleus are superimposed on a continuous
bremsstrahlung background. The electron linear accelerator uses the bremsstrahlung reaction to produce high-energy photons
for nuclear research, nuclear medicine, and active NDA of nuclear materials [5]. An example of a gamma ray spectrum for
beta emitters is shown in Fig. 2.9.
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2.4  Major Gamma Rays from Nuclear Material
2.4.1 Typical Spectra

Figures 2.10 through 2.15 show typical uranium, plutonium, and thorium gamma-ray spectra; these spectra, which are
explained in detail in Sect. 4.3, were measured with high-resolution germanium detector systems (see Chap. 4). Figure 2.10
shows the spectrum of highly enriched uranium (HEU) in the 0-3 MeV range, with characteristic gamma rays from ***U and
the **®*U granddaughter ***"Pa. The intense gamma rays in the 140210 keV range are often used for the assay of
235U, (Fig. 2.11 shows this region in more detail.) For comparison, Fig. 2.12 shows a spectrum of depleted uranium; the
spectrum shows the **U daughter radiations often used for *U assay. Figures 2.13 and 2.14 show gamma-ray spectra of
plutonium with approximate **°Pu concentrations of 14% and 6%, respectively. Note the differences in relative peak heights
between the two spectra; these differences are used to determine the plutonium isotopic composition (see discussion in
Chap. 9, Sect. 9.4). Figure 2.15 shows the characteristic gamma-ray spectrum of 2**Th; all major gamma rays come from
daughter nuclides.

2.4.2 Major Gamma-Ray Signatures for Nuclear Material Assay Fission-Product Gamma Rays

In principle, any of the gamma rays from nuclear material can be used to determine the mass of the isotope that produces them.
In practice, certain gamma rays are used more frequently than others because of their intensity, penetrability, and freedom
from interferences. The ideal signature would be an intense (>10* y/g — s) gamma ray with an energy of several thousand
keV. The mass attenuation coefficients of all materials show a broad minimum between 1 and 5 MeV, and very few natural
gamma rays above 1 MeV can cause interference. Unfortunately, such gamma rays do not exist for uranium or plutonium.
Table 2.2 lists the gamma rays most commonly used for the NDA of the major uranium and plutonium isotopes.
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and are often used for the assay of >**U. Most of the weak gamma rays above 1001 keV also come from 2**™Pa. The label, Ann. Rad., is annihilation
radiation; the small peak at 511 keV is due to positron annihilation. Peaks not labeled with a specific isotope are from the 2**U daughter **™Pa

2.4.3 Fission-Product Gamma Rays

Considerable interest has been shown in the measurement of irradiated fuel from nuclear reactors. The irradiated fuel has a
high monetary value and a high safeguards value because of the plutonium produced during reactor operation. Gamma rays
from the spontaneous decay of uranium and plutonium cannot be used for measurement of irradiated fuel because they are
overwhelmed by the very intense gamma rays emitted by fission products that build up in the fuel during irradiation. The total
gamma-ray intensity of the fission products from light-water-reactor fuel irradiated to 33,000 MWd/tU (megawatt days per ton
of uranium) is approximately 2 x 10'® y/g — s (g = gram of uranium) 1 year after removal of the fuel from the reactor, whereas
the major uranium and plutonium gamma rays have intensities in the range of 10° to 10* y/g — s. In some instances, the
intensity of one or more fission products can be measured and related to the mass of the contained nuclear material.

Certain high-Z nuclei can fission or split into two or three medium-Z daughter nuclei. The fission process can occur
spontaneously, or it can be induced when the parent nucleus absorbs a neutron. Spontaneous fission is more probable in nuclei
with even atomic mass numbers (A). Induced fission can occur after absorption of either thermal or fast neutrons in nuclei with
odd mass numbers; it occurs only after absorption of fast neutrons in even-numbered nuclei. The fission process was first
discovered in 1939 by Otto Hahn and Freidrich Strassmann and correctly interpreted in the same year by Lise Meitner and
Otto Frisch.
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peaks

The fission of a nucleus is a cataclysmic event when compared with the alpha decay and beta decay processes described in
Sects. 2.2.2 and 2.2.3, respectively. The energy released in fission is approximately 200 MeV, whereas beta decays tend to
release around 1 MeV and alpha decays generally release several MeV of energy. Most of the fission energy is carried as
kinetic energy by the two (rarely three) daughter nuclei (called fission products or fission fragments). The fissioning nucleus
also emits an average of two prompt neutrons and six prompt gamma rays at the instant it splits. A typical fission reaction is
illustrated by the formula

n+30—-3Cs + JRb + 2n. (2.13)

This formula illustrates only one of the many possible fission reactions. The fission-product nuclei themselves are unstable—
with an excess of neutrons—and decay by either neutron emission or = decay (frequently accompanied by gamma-ray
emission); the neutron and gamma radiations from these reactions are called delayed neutrons and delayed gamma rays,
respectively. The fission products have half-lives ranging from seconds to years. The gamma rays from fission products can be
used to characterize irradiated fuel materials.

The most commonly measured fission-product gamma ray in irradiated fuel is from '*’Cs at 661.66 keV. This fission
product has a high yield and a sufficiently long half-life (30.08 year) so that its concentration is proportional to the total
number of fissions that have occurred in the fuel. (See Chap. 21 for a more complete discussion of the fission reaction and the
measurement of irradiated fuel.)
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Fig. 2.14 Gamma-ray spectrum of low-burnup plutonium with approximately 6% 2*°Pu. Peaks not labeled with a specific isotope are from ***Pu.
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2.4.4 Background Radiation

All gamma-ray detectors will give some response even in the absence of a measurement sample. This response is due to the
ambient background in the location of the detector. The ambient background consists of radiation from nuclear material in
nearby storage areas, cosmic-ray interactions, and natural radioactivity in the local environment.

The radiation from the nuclear material stored nearby is often of the same nature as the radiation from the samples to be
measured; for example, in a fuel production facility, the background generally consists of more uranium in addition to the
naturally occurring radioactive background. This background spectrum often has a high Compton continuum (see Sect. 3.3.2),
resulting from degradation and scattering in the materials that separate the detector from the storage area. Background
radiation from nuclear material can be minimized with a judicious choice of detector location and shielding.

At the Earth’s surface, cosmic rays consist primarily of high-energy gamma rays and charged particles. Although a neutron
component exists, it has little effect on gamma-ray detectors. The charged particles are mostly muons but also include
electrons and protons. The muon flux at sea level is approximately 0.038/cm® — s; at an altitude of 2000 m, the muon flux
increases to approximately 0.055/cm® — s. The muon interacts with matter as though it were a heavy electron, and its rate of
energy loss when passing through typical solid or liquid detector materials is approximately 8.6 MeV/cm. A typical
penetrating muon deposits approximately 34 MeV in a 40 mm thick detector. Because this is much more energy than can
be deposited by gamma rays from uranium or plutonium, muon interactions can overload or saturate the detector electronics.
For a detector with a front surface area of 20 cm?, the typical muon interaction rate at sea level is approximately 0.75/s.
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Fig. 2.15 Gamma-ray spectrum >>>Th and its daughter products. Thorium-232 emits no significant gamma rays of its own. The daughter nuclides
grow into equilibrium with the 2**Th parent over a period of approximately 35 years

All materials have varying degrees of natural radioactivity. For example, the human body—and even some gamma-ray
detectors—have some measurable natural radioactivity. Building materials, such as concrete, can be especially active. The
major radioactive species in natural materials are “°K, ***Th and its daughters, and **U and **®*U and their daughters.
Potassium-40 has a natural abundance of 0.0117% and decays by both electron capture (10.67%) and = decay (89.33%),
with a half-life of 1.277 x 10° year. The electron capture is accompanied by the emission of a 1.461 MeV gamma ray that is
evident in almost all background gamma-ray spectra taken on land. Potassium is present in most organic matter, with *°K
being the major source of radioactivity.

Thorium is a common trace element in many terrestrial rocks. Thorium-232 is the natural parent to the thorium decay
series, which goes through 10 generations before reaching the stable nuclide *°*Pb. The most significant gamma rays
associated with 2*Th are actually emitted by other radionuclides in its decay chain, particularly **®Ac, 2'?Bi, and 2**TlI.

Uranium is also found as a trace element in many rocks, although it is less common than thorium. The gamma-ray spectrum
of unprocessed uranium ore is much different from that of uranium seen in the nuclear fuel cycle. Because of the long half-life
of the daughter *°Th (7.5 x 10* year), later generations take a long time to grow back into equilibrium after any chemical
treatment that separates uranium daughters from the natural ore. Figure 2.16 shows a typical spectrum of uranium ore
(compare with Fig. 2.12). Natural chemical processes in different rocks can often leach out some of the daughter nuclides and
cause different ores to have different gamma-ray emissions. The natural sources discussed above are common and contribute
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Table 2.2 Major nondestructive assay gamma-ray signatures

Energy® Activity® Mean Free Path® (mm)
Isotope (keV) (y/g —s) (High-Z, p) (Low-Z, p)
24y 120.9 8.06E+04 1.0 69.9
25y 143.8 8.76E+03 0.4 74.4
185.7 4.56E+04 0.7 81.1
28y 766.4° 3.94E+01 9.8 141.6
1001.0° 1.05E+02 13.1 160.5
238py 152.7 5.89E+06 0.5 76.0
766.4 1.39E+05 9.8 141.6
23%py 129.3 1.45E+05 0.3 71.6
413.7 3.37E+04 4.0 108.6
240py 452 3.75E+06 0.1 33.1
160.3 3.38E+04 0.5 71.3
642.5 1.09E+03 7.9 130.8
241py 148.6 7.12E+06 0.4 75.3
208.0¢ 1.99E+07 0.9 84.3
2 Am 59.5 4.55E+10 0.2 47.0
662.4 4.62E+05 8.2 132.6

“Data for energy and activity are extracted from [7]

"The mean free path is the absorber thickness that reduces the gamma-ray intensity to 1/e = 0.37. The mean free path in uranium or plutonium oxide
(p = 10 g/em®) is given for the high-density, high-atomic-number case (high-Z, p). The mean free path in aluminum oxide (p = 1 g/cm?) is given for
the low-density, low-atomic-number case (low-Z, p). Attenuation data are from [8]

°From the >**U daughter **™Pa; equilibrium assumed

YFrom the 2*'Pu daughter 237y, equilibrium assumed

to the background gamma-ray spectrum in most locations. Other sources of background are occasionally encountered, such as
materials contaminated by radioactive tracers. Slag from steel furnaces, which can have measurable levels of 60Co, and
uranium tailings are used as a concrete aggregate in some areas. The use of such materials in buildings can contribute to
background radiation levels.

2,5 Additional Gamma-Ray Production Reactions

The discussion in Sect. 2.4 has been limited to gamma rays that come from the natural decay reactions of radioactive nuclides.
These gamma rays provide the bulk of the signatures useful for NDA. This section discusses gamma rays produced in other
nuclear reactions. Some of these radiations can interfere with NDA.

When nuclei interact with other particles, charged or neutral, the nuclei often emit gamma rays as products of the
interaction. The neutron capture reaction (n,y) is a classic example. Usually, the new nucleus is radioactive and is created
in an excited state from which it can decay by gamma-ray emission. The following formulas illustrate the neutron-capture
reaction that breeds plutonium in a fission reactor:

n+3U—y+>°U [T, =2345 min].
U e + 10, + P Np[T, ), =2.36 days].
Np—e™ +0,+°Pull ), =24,110 year].

Photons from the capture reaction have discrete energies that are characteristic of the levels of the daughter nucleus. Their
energies are typically several MeV for higher-atomic-number nuclei. A commonly measured example is the H(n,y) at
2223.2 keV; the hydrogen in the ground (concrete, dirt, etc.) or in other objects (particularly humans) is often enough to
make this line visible in gamma-ray measurements in an environment with a significant number of neutrons.

Inelastic scattering of neutrons (n,n’y) is usually accompanied by gamma-ray emission. The gamma rays have discrete
energies that are characteristic of the levels in the target nucleus. Gamma rays produced by this reaction are usually not of
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Fig. 2.16 Gamma-ray spectrum of uranium ore. Major radiations are from >'*Pb and 2'*Bi. Compare to the spectrum of processed uranium in
Fig. 2.12; most daughter products are removed during processing. Refer to the original PANDA book [6] for identification of additional peaks

interest for NDA, although they may complicate analysis and can provide information about materials present during a
gamma-ray measurement in an environment with a significant neutron flux. For example, an 847 keV photon may indicate fast
neutrons scattering on iron.

A major source of neutrons from plutonium compounds and UFg is the interaction of alpha particles from nuclear decay
with low-atomic-number nuclei in the compound or surrounding matrix material (see Chap. 13 for more details). This effect
can induce the emission of various particles; a common example in nuclear safeguards and security applications is the
interaction of alpha particles with fluorine, which can undergo a few different reactions:

BF+a—n+2*Na [Tz/z =2.60 year]
YFira—-p+ ZNe*.

The fluorine reaction usually proceeds to the ground state of **Na, which does not result in prompt gamma-ray emission;
however, the subsequent 8 decay of **Na leads to gamma rays with energies of 511 and 1274.5 keV. These radiations are
evident in samples of PuF, and ***PuQ, with even trace fluorine impurities and are not generally useful as assay signatures but
are an indicator of chemical form or possibly impurities present in an item. Knowing that they are occurring is important for
assay with neutron-measurement techniques.
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3.1 Introduction

A knowledge of gamma-ray interactions is important to the nondestructive assay (NDA) practitioner to understand gamma-
ray detection and attenuation. A gamma ray must interact with a detector to be recorded. Although the isotopes of uranium and
plutonium emit gamma rays at fixed energies and emission probabilities, the gamma-ray intensity measured outside a
distributed source is always attenuated because of gamma-ray interactions within the item. This attenuation must be carefully
considered when conducting analyses of gamma-ray NDA measurements.

This chapter discusses the exponential attenuation of gamma rays in bulk materials and describes the major gamma-ray
interactions and the application of gamma-ray shielding, filtering, and collimation. The discussion given here is necessarily
brief. For more detailed discussions, see Refs. [1-3].

3.2 Exponential Attenuation

Gamma rays were first identified in 1900 by Villard [4] as a component of the radiation from radium that was unaffected by
magnetic fields and had much higher penetrability than alpha and beta particles. In 1909, Soddy and Russell [5] found that
gamma-ray attenuation followed an exponential law and that the ratio of the attenuation coefficient to the density of the
attenuating material was nearly constant for all materials.

3.2.1 The Fundamental Law of Gamma-Ray Attenuation

Figure 3.1 illustrates a simple attenuation experiment.
When gamma radiation of intensity (/) is incident on an attenuator of thickness (x), the emerging intensity (/) of uncollided
photons transmitted through the attenuator is given by the exponential expression

I=1Iye H&, (31)
where u, is the linear attenuation coefficient (expressed in cm ™ '). The ratio (I/Iy) is called the transmission.

Figure 3.2 illustrates exponential attenuation for three different gamma-ray energies and shows that the transmission
increases with increasing gamma-ray energy and decreases with increasing attenuator thickness.
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Fig. 3.1 The fundamental law of gamma-ray attenuation. The transmitted gamma-ray intensity (I) is a function of gamma-ray energy, attenuator
composition, and attenuator thickness. The equation represents the intensity of gamma rays that transit the attenuator uncollided and are neither
absorbed nor scattered
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Fig. 3.2 Transmission of gamma rays through lead attenuators

Measurements with different sources and attenuators show that the linear attenuation coefficient (u,) depends on the
gamma-ray energy, the atomic number (Z), and the density (p) of the attenuator. For example, lead has a high density and a
high atomic number and transmits a much lower fraction of incident gamma radiation without interaction than does a similar
thickness of aluminum or steel. Figure 3.3 shows the linear attenuation of solid sodium iodide (Nal), a common material used
in gamma-ray detectors. Note the dependence on the three different interactions (to be discussed later in this chapter):
photoelectric absorption, Compton scattering, and pair production.

Alpha and beta particles have a well-defined range or stopping distance; however, as Fig. 3.2 shows, gamma rays do not
have a unique range. The reciprocal of the attenuation coefficient (1/u,) has units of length and is often called the mean free
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Fig. 3.3 Linear attenuation coefficient of Nal, showing contributions from photoelectric absorption, Compton scattering, and pair production

path. The mean free path can generally be thought of as the average distance a gamma-ray travels in a medium before
interacting. Mathematically, it is the attenuator thickness that produces a transmission of 1/e, or ~ 0.37.

3.2.2 Mass Attenuation Coefficient

The linear attenuation coefficient is simple to measure experimentally, but care must be taken in its use because of its
dependence on the density of the attenuating material. For example, at a given energy, the linear attenuation coefficients of
water, ice, and steam are all different, even though the same elemental mixture of H,O is involved in each case.

Gamma rays interact primarily with atomic electrons; therefore, the attenuation coefficient must be proportional to the
electron density (P), which is proportional to the bulk density (p) of the absorbing material. However, for a given material, the
ratio of the electron density to the bulk density is a constant (Z/A), independent of bulk density. The ratio (Z/A) is nearly
constant for all but the heaviest elements and hydrogen.

p=z~2 (3.2)

where

P = electron density
7. = atomic number
p = mass density
A = atomic mass

The ratio of the linear attenuation coefficient to the density (u,) is called the mass attenuation coefficient (1) and has the
dimensions of area per unit mass (cm?/g)." The units of this coefficient hint that one may think of it as the effective cross-
sectional area of electrons per unit mass of the attenuator. The mass attenuation coefficient can be written in terms of a reaction
cross section, o(cm?),

"Note that some texts will call 1 (sans subscript) the linear attenuation coefficient and p/p the mass attenuation coefficient.
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(3.3)

where N, is Avogadro’s number (6.022 x 103 atoms/mol), and A [g/mol] is the relative atomic mass of the attenuator
material. The cross section is the probability that a gamma ray will undergo a single interaction. Chapter 14 gives a more
complete definition of the cross-section concept. Using the mass attenuation coefficient, Eq. 3.1 can be rewritten as

I=1Ioe "™ (3.4)

The mass attenuation coefficient is independent of bulk density; for the example mentioned above, water, ice, and steam all
have the same value of y. This coefficient is more commonly tabulated than the linear attenuation coefficient because it
quantifies the gamma-ray interaction probability for an individual element. References [6, 7] are widely used tabulations of the
mass attenuation coefficients of the elements and were used, along with others, in compiling the National Institute of
Standards and Technology Photon Cross Sections Database [8]. Equation 3.5 is used to calculate the effective mass
attenuation coefficient for compound materials

H= Zﬂi mi, (3.5)

where

{; = mass attenuation coefficient of i element
m; = mass fraction of i element.

The use of Eq. 3.5 is illustrated as follows for solid uranium hexafluoride (UFg) at 200 keV:

41, = mass attenuation coefficient of U at 200 keV = 1.23 cm?/g
j4r = mass attenuation coefficient of F at 200 keV = 0.123 cm*/g
m, = mass fraction of U in UFg = 0.68

my = mass fraction of F in UF¢ = 0.32

p = density of solid UF, = 5.1 g/em’®

B = puam, + pms= 1.23 x 0.68 + 0.123 x 0.32 = 0.88 cm’/g

He=pp=088x51=45cm "

33 Interaction Processes

The gamma rays of interest to NDA applications interact with detectors and attenuators via three major processes: photoelectric
absorption, Compton scattering, and pair production. For NDA applications that involve nuclear safeguards, the typical energy
range of interest extends from roughly 60 keV to 1001 keV. Because of the energy threshold on pair production, only the
photoelectric effect and Compton scattering will play major roles in this range. For the application of nuclide identification—
where it is necessary to extend to 3 MeV and beyond—pair production will be a commonly occurring interaction.

3.3.1 Photoelectric Effect

In 1887, Heinrich Hertz discovered the photoelectric absorption process [9] by observing that photons of ultraviolet light
liberate electrons from a metal surface. In the equivalent process for gamma rays, the gamma ray loses all of its energy to an
atomic electron in one interaction. The probability for this process depends very strongly on gamma-ray energy (E,) and
atomic number (Z) of the material. A gamma ray may interact with a bound atomic electron in such a way that it loses all of its
energy and ceases to exist as a photon (see Fig. 3.4). Some of the gamma-ray energy is used to overcome the electron binding
energy, and most of the remainder is transferred to the freed electron as kinetic energy. To conserve momentum, a very small
amount of recoil energy remains with the atom. Unscattered gamma rays from a sample that undergo photoelectric absorption
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Fig. 3.4 A schematic representation of the photoelectric absorption process

in the detector contribute to the full-energy peak in a spectrum. These interactions are the most useful in NDA measurements.
However, photoelectric absorption can also contribute to the region of a spectrum known as the continuum if the source
gamma ray had a scattering event outside of the detector.

The probability of photoelectric absorption depends on the gamma-ray energy, the electron binding energy, and the atomic
number of the atom. The probability is greater the more tightly bound the electron; therefore, K-shell electrons are most
affected (more than 80% of photoelectric interactions involve K electrons) if the gamma-ray energy exceeds the K-electron
binding energy. The probability is given approximately by Eq. 3.6, which shows that the interaction is more important for
heavy nuclei—such as lead and uranium—and low-energy gamma rays.

Zn
Fpe X 735> (3.6)

where p,. = photoelectric mass attenuation coefficient and the exponent (n) varies between 4 and 5 depending on the incident
photon energy [10].

As the gamma-ray energy decreases, the probability of photoelectric absorption increases rapidly (see Fig. 3.3). Photo-
electric absorption is the predominant interaction for low-energy gamma rays, X-rays, and bremsstrahlung.

The energy of the photoelectron (E.) released by the interaction is the difference between the incident gamma-ray energy
(E,) and the electron binding energy (Ey):

Ee:E}/—Eb- (37)

In most detectors, the photoelectron is stopped quickly in the active volume of the detector, which induces a response whose
amplitude is proportional to the energy deposited by the photoelectron. The electron binding energy is not lost but appears as
characteristic X-rays emitted in coincidence with the photoelectron. In most cases, these X-rays are eventually absorbed in the
detector via photoelectric interaction in coincidence with the liberated photoelectron, and the resulting output pulse is
proportional to the total energy of the incident gamma ray. For low-energy gamma rays that interact near the surface of
detectors, a sufficient number of K-shell X-rays can escape from the detector to cause escape peaks in the observed spectrum;
the peaks appear below the full-energy peak by an amount equal to the energy of the X-ray. This effect is illustrated in Fig. 3.5.

Figure 3.6 shows the photoelectric mass attenuation coefficient of lead. The interaction probability increases rapidly as
energy decreases but then becomes much smaller at a gamma-ray energy just below the binding energy of the K-shell electron.
This discontinuity is called the K-edge; below this energy, the gamma ray does not have sufficient energy to dislodge a K-shell
electron. The discontinuity exists because, for energies below the K-edge, the K-shell electrons no longer play a part in
photoelectric interactions, which causes a discreet change in the interaction probability across the edge. Below the K-edge, the
interaction probability increases again until the energy drops below the binding energies of the L electrons; these
discontinuities are called the L;, Ly, and L;; edges. The presence of these absorption edges is important for densitometry
and X-ray fluorescence measurements (see Chaps. 11 and 12).
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Fig. 3.6 Photoelectric mass attenuation coefficient of lead

3.3.2 Compton Scattering

Compton scattering is the process whereby a photon interacts with a bound or free electron and transfers part of its energy to
the electron (see Fig. 3.7). When considering a bound electron, Compton scattering is more probable when the incident photon
energy (E,) is much greater than the electron-binding energy (Ey).

Conservation of energy and momentum allows only a partial energy transfer when the electron is not bound tightly enough
for the atom to absorb recoil energy. In this situation, the photoelectric effect is forbidden but Compton scattering is allowed.
The probability for this process is weakly dependent on energy and is nearly independent of the atomic number (Z) because it
depends on the electron density (N, Z/A; electrons per unit mass of attenuating material), which varies little for all elements
except hydrogen.”

ZHydrogen (>99% 'H) is the only element without neutrons, so its electron density is about twice that of most nuclides.
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The electron becomes a free electron with kinetic energy equal to the difference of the energy lost by the photon and the
electron binding energy. Because the electron binding energy is very small compared with the incident photon energy, the
kinetic energy of the electron is very nearly equal to the energy lost by the incident photon:

E.=E,—E, (3.8)
where
E. = energy of scattered electron.
E, = energy of incident photon.
E,’ = energy of scattered photon.

Two particles leave the interaction site: the freed electron and the scattered photon. The directions of the electron and the
scattered photon depend on the amount of energy transferred to the electron during the interaction. Equation 3.9 gives the
energy of the scattered photon,

2

myc
;, =7 (3.9)

1 — cos ¢ + =5~
v

where

moc” = rest mass energy of electron = 511 keV
¢ = angle between incident and scattered photons (see Fig. 3.7).

This energy is minimum for a collision where the photon is scattered 180° and the electron moves forward in the direction of
the incident photon. For this case, the energy of the scattered photon is given by Eq. 3.10, and the energy of the scattered
electron is given by Eq. 3.11:

2 Mo

=256 keVs if E, > T (3.10)

2
/ . myc - mpc
E (min)= e~
2+,
v
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Fig. 3.8 A polar plot of the differential cross section for the number of photons (incident from the left) Compton scattered into a unit solid angle at a
mean scattering angle ¢b. The curves represent incident photon energies [10]

2
E.(max)= E s =~ E, —256 keV;iny>>w (3.11)
moc?* 2
1+ 5%

For very small angle scattering (¢ ~ 0°), the energy of the scattered photon is only slightly less than the energy of the incident
photon, and the scattered electron takes very little energy away from the interaction. The energy given to the scattered electron
ranges from near zero to the maximum given by Eq. 3.11. The probability for Compton scattering of a photon from a free
electron is given by the differential cross section first derived by Klein and Nishina [11]. This is shown in the polar plot of
Fig. 3.8 for different incident photon energies.

The differential cross section (i.e., the interaction probability) with respect to solid angle for the scattered photon becomes
strongly peaked in the forward direction (small photon-scattering angles) with increasing incident photon energy. Figure 3.9
shows the differential cross section (in electrons/MeV) for scattering a recoil electron into a certain kinetic energy interval as a
function of that recoil energy. The multiple curves represent various incident photon energies. Note that especially as the
incident photon energy increases, the distribution of recoil-electron energies is relatively flat but increases to a sharp
maximum (the ‘Compton Edge’) at the highest possible recoil energy. Nelms [12] provides results in this regard for incident
photon energies from 10 keV up to 500 MeV.

When Compton scattering occurs in a detector, the scattered electron is usually stopped in the detection medium, and the
detector produces a response that is proportional to the energy lost by the incident photon. Compton scattering in a detector
produces a spectrum of output pulses from zero up to the maximum energy given by Eq. 3.11. It is difficult to relate the
Compton-scattering spectrum to the energy of the incident photon. Figure 3.10 shows the measured gamma-ray spectrum
from a monoenergetic gamma-ray source (**’Cs). The full-energy peak at 662 keV is formed by interactions where the
gamma-ray deposits all of its energy in the detector either by a single photoelectric absorption or by a series of Compton
scatterings followed by photoelectric absorption.

The region of the spectrum below the full-energy peak is formed by Compton scattering, where the photon loses only part
of its energy in the detector. The step near 470 keV corresponds to the maximum energy that can be transferred to an electron
by a 662-keV gamma ray in a single Compton-scattering event. This step is called a Compton edge. Note that in the spectrum,
the structure of the Compton edge is spread out and is most intense at a slightly lower energy than the maximum (free-
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Fig. 3.10 High-resolution spectrum of *’Cs showing full-energy peak, Compton edge, and backscatter peak from the 662 keV gamma ray. Events
below the full-energy peak are caused by Compton scattering in the detector and surrounding materials

electron) calculated value. The limitations of detector resolution are insufficient to explain this, which is made clear in high-
purity germanium spectra. The smearing of the edge is mainly due to the distribution of momentum of the bound electrons in
the detection medium [13]. This effect is enhanced due to the tendency for large-angle scattering to occur from inner-shell
electrons [14].

The small peak around 188 keV shown in Fig. 3.10 is called a backscatter peak. The backscatter peak is formed when the
photon undergoes a large-angle scattering (~180°) in the material that surrounds the detector and then is absorbed in the
detector by photoelectric interaction. The energy of the backscatter peak is given by Eq. 3.12, which shows that the maximum
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Fig. 3.11 Energy of the Compton edge and backscatter versus the energy of the incident gamma ray

energy is half the rest energy of the electron, i.e., 256 keV. The sum of the energy of the backscatter peak E.(180°) and the
Compton edge E'y(180°) equals the energy of the incident photon,

E.(180") + E,(180") =E,. (3.12)

Again, the backscatter gamma ray energy (E;(ISO °)=E,—E.(180° )) is detected when the original photon first undergoes
a 180° scatter outside the detector, followed by full-energy deposition of the scattered photon inside the detector. The
Compton edge energy (Ee(180°):Ey —E’Y(ISO")) is detected by 180° scattering of full-energy photons inside the

detector, followed by escape of the scattered photon and full-energy deposition of the Compton electron in the detector.

If the incident full-energy photon undergoes Compton-edge scattering and is followed by additional scattering inside the
detector before its escape, counts will accumulate between the Compton edge and the full-energy peak. Counts can also be
contributed to this region by small-angle scattering of the incident photon before it reaches the detector. In this case, the
scattered photon retains an energy greater than the Compton edge and deposits this energy in the detector via eventual
photoelectric absorption.

Figure 3.10 illistrates the general features in a spectrum for incident photon energies well above half the rest energy of the
electron. Figure 3.11 illustrates how the Compton-edge and backscatter energies depend on the incident photon energy. At
half the rest energy of the electron (256 keV), the Compton-edge and backscatter energies are the same. Below that, the
backscatter energy is higher than the Compton-edge energy.

When the incident photon energy is much larger than the electron binding energy, the electron can be considered
essentially free in an approximate sense. The nucleus has only a minor influence, and the probability for Compton scattering
is nearly independent of atomic number. The interaction probability depends on the electron density, which is proportional to
Z/A, and is nearly constant for all materials. The Compton-scattering probability is a slowly varying function of gamma-ray
energy (see Fig. 3.3).

3.3.3 Pair Production

A gamma ray with an energy of at least 1.022 MeV can create an electron-positron pair when it is under the influence of the
strong Coulomb field of a nucleus (see Fig. 3.12). In this interaction, the nucleus receives a very small amount of recoil energy
to conserve momentum, but the nucleus is otherwise unchanged, and the gamma ray disappears. This interaction has a
threshold of 1.022 MeV, the minimum energy required to create the electron and positron, each of which have a rest energy of
0.511 MeV. If the gamma-ray energy exceeds 1.022 MeV, the excess energy is shared between the electron and positron as
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Fig. 3.13 Gamma-ray spectrum of a >*Th spectrum showing single-escape (2103.5 keV) and double-escape (1592.5 keV) peaks that arise from
pair-production interactions of 2614.5 keV gamma rays from “°*T1 in a germanium detector

kinetic energy. This interaction process is relatively unimportant for nuclear material assay when safeguards is the focus
because most important gamma-ray signatures are below 1.022 MeV. However, when nuclide identification is the focus, we
must consider the effects of pair production because this work often spans a multi-MeV energy range.

The electron and positron from pair production are rapidly slowed down in the attenuator. After losing its kinetic energy,
the positron combines with an electron in an annihilation process, which releases two photons—each with an energy of
0.511 MeV. These photons can interact further with the attenuating material or can escape. In a gamma-ray detector, this
interaction often gives three peaks for a high-energy incident gamma ray (see Fig. 3.13). When the pair production event
occurs inside the detector, the kinetic energy of the electron and positron is absorbed in the detector. Analogous to the case of
germanium X-ray escape discussed previously, none, one, or both of the annihilation photons can escape from the detector. If
both annihilation photons are absorbed in the detector, the interaction contributes to the full-energy peak in the measured
spectrum; if one of the annihilation photons escapes from the detector, the interaction contributes to the single-escape peak
located 0.511 MeV below the full-energy peak; if both annihilation photons escape, the interaction contributes to the double-
escape peak located 1.022 MeV below the full-energy peak. The relative heights of the three peaks depend on the energy of
the incident gamma ray and the size of the detector. These escape peaks could arise when samples of irradiated fuel, thorium,
and 2**U are measured because these materials possess important gamma rays above the pair-production threshold. A ***Th
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Fig.3.14 Gamma-ray spectrum of the fission product 144 pp showing single-escape (SE) (1674 keV) and double-escape (DE) (1163 keV) peaks that
arise from pair-production interactions of 2186 keV gamma rays in a germanium detector

spectrum is shown in Fig. 3.13. The prominent 2614.5 keV gamma rays from the daughter 2**T1 are a common source of
single- and double-escape peaks.

Irradiated fuel is sometimes measured using the 2186-keV gamma ray from from the short-lived daughter '**Pr
(17 minutes) of the fission product '**Ce (285 days). The gamma-ray spectrum of "**Pr shown in Fig. 3.14 shows the
single-escape (SE) and double-escape (DE) peaks that arise from pair-production interactions of the 2186-keV gamma ray in a
germanium detector.

Pair production is impossible for gamma rays with energy less than 1.022 MeV. Above this threshold, the probability of the
interaction increases rapidly with energy (see Fig. 3.3). The probability of pair production varies approximately as the square
of the atomic number (Z) and is significant in high-Z elements, such as lead or uranium. In lead, approximately 20% of the
interactions of 1.5 MeV gamma rays are through the pair-production process, and the fraction increases to 50% at 2.0 MeV.
For carbon, the corresponding interaction fractions are 2% and 4%.

3.3.4 Total Mass Attenuation Coefficient

All three interaction processes described above contribute to the total mass attenuation coefficient. The relative importance of
the three interactions depends on incident photon energy and the effective atomic number of the attenuating material.
Figure 3.15 shows a composite of mass attenuation curves that cover a wide range of energy and atomic number. It shows
the dramatic variation of the three processes. All elements except hydrogen show a sharp, low-energy rise that indicates where
photoelectric absorption is the dominant interaction. The position of the rise is very dependent on atomic number. Above the
low-energy rise, the value of the mass attenuation coefficient decreases gradually, indicating the region where Compton
scattering is the dominant interaction. The mass attenuation coefficients for all elements with atomic number less than
26 (iron) are nearly identical in the energy range of 200-2000 keV. The attenuation curves converge for all elements except
hydrogen in the range of 1-2 MeV. The shape of the mass attenuation curve of hydrogen shows that it interacts with photons
with energy greater than 10 keV almost exclusively by Compton scattering. The mass-attenuation coefficient curve for
hydrogen does not converge with those of the other elements around 2 MeV because the lack of neutrons in hydrogen ('H)
gives it a (relative) electron density that is higher by a factor of 2. Above 2 MeV, the pair-production interaction becomes
important for high-Z elements, and the mass attenuation coefficient begins to rise again. An understanding of the major
features of Fig. 3.15 is very helpful to the understanding of NDA techniques.
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Table 3.1 Effect of a cadmium filter on a plutonium spectrum

Plutonium signal (counts/s)*

Absorber (cm) 60 keV 129 keV 208 keV 414 keV

0 13.57 x 10° 11.29 x 10* 850 x 10* 12.02 x 10*
0.1 2.40 x 10 0.67 x 10* 6.76 x 10* 1.85 x 10*
0.2 1.86 x 10* 0.34 x 10* 5.37 x 10* 1.69 x 10*

2 Am = 0.135%; >**Pu = 81.9%; **'Pu = 1.3%. Signal is from a 2 g disk of plutonium metal, 1 cm diameter x 0.13 cm thick

3.4 Filters

In many assay applications, the gamma rays of interest can be measured more easily if lower-energy gamma rays can be
absorbed by photoelectric interaction before they reach the detector. The lower-energy gamma rays can cause significant
count-rate-related losses in the detector and spectral distortion if they are not removed. The removal process is often called
filtering, although it is nothing more than selective attenuation. A perfect filter material would have a transmission of zero
below the energy of interest and a transmission of unity above that energy, but as Fig. 3.15 shows, such a material does not
exist. Useful filters can be obtained by selecting attenuators of appropriate atomic number such that the sharp rise in
photoelectric cross section is near the energy of the gamma rays that must be attenuated but well below the energy of the
assay gamma rays of interest.

Filtering is usually employed in the measurement of plutonium gamma-ray spectra. Except immediately after chemical
separation of americium, all plutonium samples have significant levels of **' Am, which emits a very intense gamma ray at
~60 keV. In most items, this gamma ray is the most intense gamma ray in the spectrum and must be attenuated so that the
plutonium gamma rays can be accurately measured. A thin sheet of cadmium or tin is commonly used to attenuate these
intense **' Am gamma rays. Table 3.1 shows how a cadmium filter affects the spectrum of a 2 g disk of plutonium metal. In the
absence of the filter, the 60 keV gamma ray dominates the spectrum and could even paralyze the detector. A 1-2 mm cadmium
filter drastically attenuates the 60 keV activity but only slightly attenuates the higher-energy plutonium lines. The plutonium
spectrum below 250 keV is usually measured with a cadmium filter. When only the **’Pu 414 keV gamma ray is of interest,
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lead may be used as the filter material because it will—depending on its thickness—attenuate gamma rays in the 100-200 keV
region and will stop most of the 60 keV gamma rays. It is interesting to note that at 60 keV, the mass attenuation coefficients of
lead and cadmium are essentially equal in spite of the higher Z of lead (82) relative to cadmium (48). This effect occurs
because the K-edge of lead appears at 88 keV, as discussed in Sect. 3.3.2.

A cadmium filter is often used when measuring *>°U because it attenuates gamma rays and X-rays in the 90-120 keV
region and does not significantly affect the 186 keV gamma ray from **>U. Filters may also be used for certain irradiated fuel
measurements. The 2186 keV gamma ray from the fission products '**Ce-'**Pr is measured in some applications as an
indicator of the residual fuel material in leached hulls produced at a reprocessing plant (see Chap. 21). The major fission-
product gamma-ray activity is in the 500-900 keV region and can be selectively reduced relative to the 2186 keV gamma ray
using a 10—-15 cm thick lead filter.

Graded filters with two or more materials are sometimes used to attenuate the characteristic X-rays from the primary filter
material before they interact in the detector. When gamma rays are absorbed in the primary filter material, the interaction
produces copious amounts of X-rays. For example, when the 60 keV gamma rays from 2*' Am are absorbed in a thin cadmium
filter, a significant flux of 23 and 27 keV cadmium X-rays can be produced. If these X-rays create a problem in the detector,
they can be attenuated easily using a very thin sheet of copper. The K X-rays of copper are around 8 keV, which is usually a
sufficiently low energy that does not interfere with the measurement. If the primary filter material is lead, cadmium is used to
absorb the characteristic K X-rays of lead at 75 and 85 keV, and copper is used to absorb the characteristic K X-rays of
cadmium at 23 and 27 keV. In graded filters, the lowest Z material is always placed closest to the detector.

3.5 Shielding

In NDA instruments, shields and collimators are required to limit the detector response to background gamma rays and to
shield the operator and detector from transmission and activation sources. Gamma-ray shielding materials should be of high
density and high atomic number so that they have a high total linear attenuation coefficient and a high photoelectric absorption
probability. The most common shielding material is lead because it is readily available, has a density of 11.35 g/cm® and an
atomic number of 82, and is relatively inexpensive. Lead can be molded into many shapes; however, because of its high
ductility, it cannot be machined easily or hold a given shape unless supported by a rigid material.

In some applications, an alloy of tungsten (atomic number 74) is used in place of lead because it has significantly higher
density (17 g/cm®), can be more easily machined, and holds a shape well. Table 3.2 shows some attenuation properties of the
two materials. The tungsten is alloyed with nickel and copper to improve its machinability.

Table 3.2 shows that at energies above 500 keV, the tungsten alloy has a significantly higher linear attenuation coefficient
than lead because Compton scattering dominates in this energy range and is mainly dependent on density, which is higher for
tungsten than lead. Thus, the same shielding effect can be achieved with a thinner shield. At energies below 500 keV, the
difference between the attenuation properties of the two materials is less significant; the higher density of the tungsten alloy is
offset by the lower atomic number. The tungsten alloy is used where space is severely limited or where machinability and
mechanical strength are important. However, tungsten is 20-30 times more expensive than lead; therefore, it is used sparingly
and is almost never used for massive shields. The alloy is often used to hold intense gamma-ray transmission sources or to
collimate gamma-ray detectors. Note also that depleted uranium at atomic number 92 and density of 18.95 g/cm? is an even
better gamma-ray shield than tungsten. The radioactivity of a depleted uranium shield (colloquially called a pig) is normally
far less than the industrial radiation source it is designed to contain.

Table 3.2 Attenuation properties of lead and tungsten

‘ Linear attenuation coefficient (cm™!) ‘ Thickness (cm)?®
Energy (keV) ‘ Lead ‘ Tungstenb ‘ Lead | Tungstenb
1000 | 077 | 1.08 12.98 12.14
500 1.70 2.14 1.35 1.08
200 10.6 11.5 0.22 0.20
100 | 60.4 | 64.8 10.038 10.036

*Thickness of attenuator with 10% transmission
®Alloy: 90% tungsten, 6% nickel, 4% copper
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4.1 Introduction

For a gamma ray to be detected, it must interact with matter, and that interaction must be recorded. Fortunately, the
electromagnetic nature of gamma-ray photons allows them to interact strongly with the electrons in the atoms of all matter.
The key process by which a gamma ray is detected is ionization, where it gives up part or all of its energy to an electron. The
unbound energetic electrons collide with other atoms and liberate many more electrons. The liberated charge is collected,
either directly (as with a proportional counter or a solid-state semiconductor detector) or indirectly (as with a scintillation
detector), to register the presence of the gamma ray and measure its energy. The final result is an electrical pulse whose voltage
is proportional to the energy deposited in the detecting medium. The resolution of a detector or its ability to distinguish
incoming gamma rays of different energies depends on multiple factors, which are covered in some detail in Sect. 4.3.

In this chapter, we present some general information on types of gamma-ray detectors that are used in nondestructive assay
(NDA) of nuclear materials. The electronic instrumentation associated with gamma-ray detection is discussed in Chap. 5.
More in-depth treatments of the design and operation of gamma-ray detectors can be found in Refs. [1, 2].

4.2 Types of Detectors

Many different detectors have been used to register the gamma ray and its energy. In NDA, it is usually necessary to measure
not only the amount of radiation emanating from a sample but also its energy spectrum. Therefore, the detectors of most use in
NDA applications are those whose signal outputs are proportional to the energy deposited by the gamma ray in the sensitive
volume of the detector. This chapter will give an overview of the most commonly used NDA gamma-ray detectors; detector
selection is discussed in Chap. 5. Table 4.1 shows some of the properties of a few commonly used spectroscopic gamma-ray
detectors, with microcal included for comparison.

4.2.1 Gas-Filled Detectors

Gas counters consist of a sensitive volume of gas between two electrodes (see Fig. 4.1). In most designs, the outer electrode is
the cylindrical wall of the gas pressure vessel, and the inner (positive) electrode is a thin wire positioned at the center of the
cylinder. In some designs (especially ionization chambers), both electrodes can be positioned in the gas, separate from the gas
pressure vessel.
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Table 4.1 Typical gamma ray dector properties

M. Lombardi et al.

Detector Nal:Tl LaBr;:Ce® CdZnTe HPGe® (planar) Microcal

Type Scintillator® Scintillator Solid state Solid state Low temperature
Average Z 50 45 49 32 50
Density(g/cm?®) 3.67 5.06 5.76 532 7.3
Resolution:% FWHM? @ 662 keV 7% <3% 3.2%" 0.2%° N/A
Resolution:% FWHM @ 122 keV 13% 6% 6.3% 0.4% <0.06%
Scintillation light peak A (nm)® 415 380 N/A N/A N/A

“https://www.crystals.saint-gobain.com/products/standard-and-enhanced-lanthanum-bromide

"HPGe = high-purity germanium

“Intrinsic properties of scintillator materials are from Ref. [1] unless noted otherwise

YFWHM = full width at half maximum

“Resolution values taken from Ref. [3]

Resolution at 662 keV improves to ~2.5% for thinner crystals

£Glass transmits down to 350 nm. Quartz transmits down to 180 nm. Commercial suppliers currently use glass-window photomultiplier tubes

Gas Tube
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Fig. 4.1 The equivalent circuit for a gas-filled detector. The gas constitutes the sensitive (detecting) volume. The potential difference between the
tube housing and the center wire produces a strong electric field in the gas volume. The electrons from ionizations in the gas travel to the center wire
under the influence of the electric field, producing a charge surge on the wire for each detection event

An ionization chamber is a gas-filled counter for which the voltage between the electrodes is low enough that only the
primary ionization charge is collected without any type of charge multiplication. The electrical output signal is not
proportional to the energy deposited in the gas volume.

If the voltage between the electrodes is increased, the ionized electrons attain enough kinetic energy to cause further
ionizations, which leads to charge multiplication within the detector. One then has a proportional counter that can be tailored
for specific applications by varying the gas pressure and/or the operating voltage. The output signal is proportional to the
energy deposited in the gas by the incident gamma-ray photon, and the energy resolution is intermediate between Nal
scintillation counters and germanium (Ge) solid-state detectors. Proportional counters have been used for spectroscopy of
gamma rays and X-rays whose energies are low enough (a few tens of keV) to interact with reasonable efficiency in the
counter gas.

If the operating voltage is increased further, charge multiplication in the gas volume increases (avalanches) until the space
charge produced by the residual ions inhibits further ionization. As a result, the amount of ionization saturates and becomes
independent of the initial energy deposited in the gas. This type of detector is known as the Geiger-Mueller (GM) detector. A
GM tube gas counter does not differentiate among the kinds of particles it detects or their energies; it counts only the number
of particles that enter the detector. This type of detector is the basis of the conventional # — y dosimeter used in health physics.

Gas counters do not have much use in gamma-ray NDA of nuclear materials. The scintillation and solid-state detectors are
much more desirable for obtaining the spectroscopic detail needed in the energy range typical of uranium and plutonium
radiation (~100-1000 keV). Gas counters are described in more detail in Chap. 15 because they are more widely used for
neutron detection.

4.2.2 Scintillation Detectors

The sensitive volume of a scintillation detector is a luminescent material (a solid, liquid, or gas) that is viewed by a device that
detects the gamma-ray-induced light emissions, usually a photomultiplier tube (PMT) or a silicon photomultiplier (SiPM; [4]).
The scintillation material may be organic or inorganic; the latter is more common. Examples of organic scintillators are
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Fig. 4.2 Typical arrangement of components in a scintillation detector. The scintillator and PMT are often optically linked by a light pipe. The
dynodes (1-13 in the figure) are arranged to allow successive electron cascades through the tube volume. The final charge burst is collected by the
anode and is usually passed to a preamplifier for conversion to a voltage pulse

anthracene, plastic, and liquid. The latter two are less efficient than anthracene—the standard against which other scintillators
are compared. Some common inorganic scintillation materials are sodium iodide (Nal), cesium iodide (Csl), zinc sulfide
(ZnS), lanthinum tri-bromide (LaBr3), and lithium iodide (Lil). The most common scintillation detectors are solid, and the
most popular are the inorganic crystals Nal, LaBr;, and Csl. Some new scintillators, such as CLYC, CLLBC, and SrI, are
being explored in applications where better gamma resolution than Nal is desired. A comprehensive discussion of scintillation
detectors can be found in Refs. [1, 2, 5, 6]. When gamma rays interact in scintillator material, ionized (excited) atoms in the
scintillator material “relax” to a lower-energy state and emit photons of light. In a pure inorganic scintillator crystal, the return
of the atom to lower-energy states via the emission of a photon is an inefficient process. Furthermore, the emitted photons are
usually too high in energy to lie in the range of wavelengths to which the photomultiplier is sensitive. Small amounts of
impurities, called activators, are added to all scintillators to enhance the emission of visible photons. Crystal de-excitations
channeled through these impurities give rise to photons that can activate the photomultiplier. One important consequence of
luminescence through activator impurities is that the bulk scintillator crystal is transparent to the scintillation light. A common
example of scintillator activation encountered in gamma-ray measurements is thallium-doped sodium iodide [Nal(T1)].

Scintillators such as CLYC can also be used for neutron detection. In this case, the 6Li(n,oc) reaction is used for thermal-
neutron detection, and pulse-shape discrimination allows for separation of the gamma and neutron signals [7, 8]. This
scintillator and others that are sensitive to both gamma rays and neutrons will be described in greater detail in Chap. 15.

The scintillation light is emitted isotropically; so, the scintillator is typically surrounded with reflective material (such as
MgO) to minimize the loss of light and then is optically coupled to the photocathode of a PMT (see Fig. 4.2).

Scintillation photons incident on the photocathode liberate electrons through the photoelectric effect, and these
photoelectrons are then accelerated by a strong electric field in the PMT. As these photoelectrons are accelerated, they collide
with electrodes in the tube (known as dynodes) and release additional electrons. This increased electron flux is then further
accelerated to collide with succeeding electrodes, causing a large multiplication (by a factor of 10* or more) of the electron
flux from its initial value at the photocathode surface. Finally, the amplified charge burst arrives at the output electrode (the
anode) of the tube. The magnitude of this charge surge is proportional to the initial amount of charge liberated at the
photocathode of the PMT; the constant of proportionality is the gain of the PMT. Furthermore, by virtue of the physics of the
photoelectric effect, the initial number of photoelectrons liberated at the photocathode is proportional to the amount of light
incident on the phototube, which in turn, is proportional to the amount of energy deposited in the scintillator by the gamma ray
(assuming no light loss from the scintillator volume). Thus, an output signal is produced that is proportional to the energy
deposited by the gamma ray in the scintillation medium. However, as discussed above, the spectrum of deposited energies
(even for a monoenergetic photon flux) is quite varied because of the competing processes of the photoelectric effect, the
Compton effect, and various scattering phenomena in the scintillation medium, as well as the statistical fluctuations associated
with all of these processes. This result is discussed in more detail in Sect. 4.3.

4.2.3 Solid-State Detectors

In solid-state detectors, the charge produced by the photon interactions is collected directly. The gamma-ray energy resolution
of these detectors is dramatically better than that of scintillation detectors, so greater spectral detail can be measured and used
for special nuclear material (SNM) evaluations. A generic representation of the solid-state detector is shown in Fig. 4.3. The
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Fig. 4.3 Typical arrangement of components in a solid-state detector. The crystal is a reverse-biased p-n junction that conducts charge when
ionization is produced in the sensitive region. The signal is usually fed to a charge-sensitive preamplifier for conversion to a voltage pulse (see
Chap. 5)
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Fig. 4.4 Tllustration of various solid-state detector crystal configurations: (left) open-ended cylindrical or true coaxial, (middle) closed- ended
cylindrical, and (right) planar. The p-type and n-type semi-conductor materials are labeled accordingly. The regions labeled i are the depleted
regions that serve as the detector sensitive volumes. In the context of semiconductor diode junctions, this region is referred to as the intrinsic region
or a p-i-n junction

sensitive volume is an electronically conditioned region (known as the depleted region) in a semiconductor material in which
liberated electrons and holes move freely. Germanium possesses the most ideal electronic characteristics in this regard and is
the most widely used semiconductor material in solid-state detectors. As Fig. 4.3 suggests, the detector functions as a solid-
state proportional counter, with the ionization charge swept directly to the electrodes by the high electric field in the
semiconductor, produced by the bias voltage. The collected charge is converted to a voltage pulse by a preamplifier. The
most popular early designs used lithium-drifted germanium [Ge(Li)] as the detection medium. The lithium served to inhibit
trapping of charge at impurity sites in the crystal lattice during the charge-collection process. In recent years, manufacturers
have produced high-purity (hyperpure) germanium (HPGe) crystals, essentially eliminating the need for the lithium doping
and thus simplifying operation of the detector.

Solid-state detection media other than germanium and silicon have been applied to gamma-ray spectroscopy. In NDA
measurements, as well as many other applications of gamma-ray spectroscopy, it would be advantageous to have high-
resolution detectors that operate at room temperature, thereby eliminating the cumbersome apparatus necessary for cooling the
detector crystal. Operation of room-temperature semi-conductor materials (such as CdTe, Hgl2, and GaAs) has been
extensively researched [9]. Their higher average atomic numbers provide greater photoelectric efficiency per unit-volume
of material. The room-temperature semi-conductor most commonly used today is CdZnTe.

Solid-state detectors are produced mainly in two configurations: planar and coaxial. These terms refer to the detector
crystal shape and the manner in which it is wired into the detector circuit. The most commonly encountered detector
configurations are illustrated in Fig. 4.4. Coaxial detectors are produced either with open-ended (true coaxial) or closed-
ended crystals (Fig. 4.4). In both cases, the electric field for charge collection is primarily radial, with some axial component
present in the closed-ended configuration. Coaxial detectors can be produced with large sensitive volumes and therefore with
large detection efficiencies at high gamma-ray energies. In addition, the radial electric field geometry makes the coaxial
(especially the open-ended coaxial) solid-state detectors best for fast timing applications. The planar detector consists of a
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crystal of either rectangular or circular cross section and a sensitive thickness of 1-20 mm; for example, Fig. 4.4. The electric
field is perpendicular to the cross-sectional area of the crystal. The crystal thickness is selected on the basis of the gamma-ray
energy region relevant to the application of interest, with the small thicknesses optimum for low-energy measurements (e.g.,
in the L-X-ray region for SNM). Planar detectors usually achieve the best energy resolution because of their low capacitance;
they are preferred for detailed spectroscopy, such as the analysis of the complex low-energy gamma-ray and X-ray spectra of
uranium and plutonium.

In the quiescent state, the reverse-bias-diode configuration of a germanium solid-state detector results in very low currents
in the detector (usually in the picoampere to nanoampere range). This leakage current can be further reduced from its room-
temperature value by cryogenic cooling of solid-state medium, typically to liquid nitrogen temperature (77 K). This cooling
reduces the natural, thermally generated electrical noise in the crystal but constitutes the main disadvantage of such detectors:
the detector package must include capacity for cooling, which usually involves a dewar to contain the liquid nitrogen coolant.
An alternative option is to use a mechanically cooled detector [10, 11]. A discussion on a less-common, popular solid-state
detector material for photon spectroscopy, lithium-drifted silicon [Si(Li)] can be found in Sect. 3.3.2 of the original PANDA
book [12].

4.2.3.1 Wide-Energy Detectors

Wide- or extended-energy germanium detectors—a type of planar germanium detector—have a point contact. They are more
sensitive at lower energies than standard HPGe detectors, generally with an energy detection limit as low as 3 keV. These
detectors often have thin carbon composite endcap windows. In addition, they lack the lithium dead layer that is standard on
p-type HPGe detectors, enabling additional increased low-energy sensitivity. With thicknesses of up to 30 mm, these detectors
not only have good resolution at low energy but also comparable resolution to coaxial HPGes at higher energies. Detection
efficiency is maximized at low-to-mid energies. A discussion of the optimal HPGe detector selection, based on application,
can be found in Ref. [13]. Further details on the design and use of solid-state detectors for gamma-ray spectroscopy can be
found in Refs. [1, 2, 14].

4.2.3.2 Radiation Damage

Performance degradation due to radiation damage can occur in all gamma-radiation detectors but is particularly noticeable in
high-resolution detectors. The amount of damage produced in the detector crystal per unit of incident flux is greatest for
neutron radiation. Thus, in environments where neutron levels are high (such as accelerators, reactors, or instruments that have
intense neutron sources), the most significant radiation damage effects will be observed. Furthermore, radiation damage
effects can be of concern in NDA applications where large amounts of nuclear material are continuously measured with high-
resolution gamma-ray spectroscopy equipment; for example, in measurements of plutonium isotopics in a high-
throughput mode.

The primary effect of radiation damage is the creation of dislocation sites in the detector crystal. This effect increases the
amount of charge trapping, reduces the amplitudes of some full-energy pulses, and produces low-energy tails in the spectrum
photopeak; thus, the resolution is degraded, and spectral detail is lost. An example of this effect is shown in Fig. 4.5 (Ref.
[15]). It has been generally observed that significant performance degradation begins with a neutron fluence of approximately
10° n/cm?, and detectors become unusable at a fluence of approximately 10'® n/cm? [16]. However, n-type HPGe crystals are
demonstrably less vulnerable to neutron damage. Procedures have been described in which the effects of the radiation damage
can be reversed through warming (annealing) the detector crystal [17]. Additional information on radiation damage to high-
resolution solid-state detectors can be found in Refs. [18-20].

4.2.4 Microcalorimeter Detectors

Microcalorimeter detectors (frequently referred to as microcal detectors) are sensitive devices that can produce extremely
high-resolution spectra by exploiting material properties at very low temperatures (< 0.1 Kelvin). The technology has become
quite mature and has been identified as an important technique when exceptionally precise gamma-ray measurements are
required. A gamma-ray spectrum from a microcal detector can readily have a resolution an order of magnitude better than a
HPGe detector, with a typical full width at half maximum (FWHM) of 75 eV for a peak near 100 keV [21]. However, because
the detectors must operate at such cold temperatures, microcalorimeter instruments are typically more costly and complex than
other gamma spectrometers. This section provides a brief overview of the technology; further information about microcal
detectors for gamma-ray spectroscopy may be found in Refs. [21-23].
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Fig. 4.5 The deterioration of a high-resolution, solid-state detector gamma spectrum with increasing neutron fluence(p). The width of the
1.33 MeV “°Co photopeak is indicated in each spectrum. Only the high-energy portion of the spectrum is shown. Also noted is the width of an
electronic pulser peak. (Adapted from [15])

A microcalorimeter is a microfabricated device that consists of essentially two components: an absorber and a sensor. The
absorber is engineered such that a single photon of the energy range of interest that strikes it will increase its temperature by a
measurable amount. The sensor, thermally coupled to the absorber, is designed to be sensitive to the temperature increase of
the absorber and convert the heat pulse into an electrical signal. The more energy the photon deposits in the absorber, the
larger its temperature increase and the larger the electrical pulse produced in the sensor.
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Microcalorimeters must operate at low temperatures for a few reasons. First, the absorber must have very low heat capacity
so that the tiny amount of energy deposited by a photon leads to a measurable temperature change. Because the specific heat of
most materials decreases with temperature, energy resolution is therefore inversely proportional to the operating temperature;
however, the absorber must be large enough for a photon to have a high probability of being absorbed in the first place.
Because the heat capacity of most metals decreases strongly with decreasing temperature, typically an absorber of practical
size will have a useful heat capacity only when it is well below 1 Kelvin. The most common absorber is tin because of its
favorable thermodynamic properties and reasonable absorption cross section. A typical tin gamma-ray absorber has an active
area of 2.5 mm” and is 0.4—1 mm thick. Second, the low temperature is necessary to reduce thermal noise in the sensor and
achieve the high-energy resolution. This effect is comparable to the need to cool solid-state detectors, such as HPGe detectors,
below a certain temperature to eliminate thermally excited electron-hole pairs, where microcal detectors are sensitive to
thermal excitations (phonons) instead of electron excitations.

The most common and mature sensor technology is the superconducting transition-edge sensor (TES)—a small
superconducting structure with a superconducting transition temperature on the order of 100 millikelvin. Above this
temperature, the superconductor behaves as a normal metal with finite electrical resistance; below this temperature, the
superconductor carries no resistance. The transition between these phases is extremely sharp in temperature. The TES is
voltage biased so that in this transition regime, a small temperature change will cause a large increase in resistance. This
sensitivity allows a wide range of photon energies to be measured with high resolution. The TES is designed to then quickly
cool again so that the pulse produced is on the order of 5 ms. Each TES is coupled to a device called a SQUID
(superconducting quantum interference device), which behaves as a highly sensitive cryogenic amplifier. Each signal is
then measured using appropriate data acquisition electronics and software. After the signals are processed, a histogram of the
pulse heights is made and calibrated into a spectrum.

Special refrigerators, or cryostats, are used to keep the microcalorimeters at the desired operating temperature. These
cryostats are either adiabatic demagnetization refrigerators or dilution refrigerators. Both cryostat types typically use a pulse
tube compressor to attain temperatures below 4 Kelvin—with no consumption of liquid cryogens—and have specialized
stages to reach base temperatures of tens of millikelvin. Adiabatic demagnetization refrigerators exploit the cooling power of a
paramagnetic salt placed within a high magnetic field, and dilution refrigerators use cooling properties of a mixture of liquid
*He and *He. Both cryostats are typically large, expensive, and difficult to transport compared with HPGes.

Because they must be small, a single microcalorimeter device has poor efficiency compared with solid-state or scintillation
detectors; therefore, a typical microcal detector system uses an array of hundreds of individual microcalorimeter sensor
elements to increase detector efficiency, with typical active areas of around 50 mm?. Even still, the detector efficiency is
limited compared with scintillators and HPGe detectors. Current instruments are designed for the energy range of 50-250 keV
needed for plutonium and uranium isotopic analysis and do not have useful efficiency at higher energies. Increases in the
number of sensors and advancements in the ability to electronically read out many sensors promise to continue to improve
detector efficiency. Large array modules, with more than 100 elements, have necessitated the technique of microwave
multiplexing, which permits hundreds of signals modulated in frequency space to be transmitted along one coaxial cable.
Current instruments operate at several thousand counts per second from a detector array of several hundred microcalorimeter
sensor elements [21].

42,5 Comparison of Detector Types

There is often a trade-off between cost, ease of use, resolution, and efficiency when comparing various detector types. For
example, Nal can be made very large; 2 x 4 x 16 in. or 4 x 4 x 16 in. Nal “logs” are commonly found in mobile search-type
detectors. These detectors have much broader resolution than some of the common semiconductors but are unmatched in
terms of efficiency. HPGe detectors have excellent resolution but must be operated at liquid-nitrogen temperatures. CZT falls
in between, with good resolution and room-temperature operability; however, it cannot be grown very large as a single crystal
and thus has lower efficiencies. Chapter 10, Sect. 10.4.1.2, discusses the trade-off between resolution and efficiency, with a
focus on plutonium isotopics. A comparison of several commonly used semiconductor detector materials with Nal is
presented in Table 4.2.
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Table 4.2 Comparison of several semiconductor detector materials

M. Lombardi et al.

Best y-Ray energyresolution
Material Atomic numbers Energy pere-h Pair (8)*(eV) at 122 keVb(keV)
Ge (77 K) 32 2.96 0.46
CdZnTe 48, 30, 52 5.0 Varies®
CdTe 48, 52 4.43 35
Hgl, 80, 53 43 32
GaAs 31,33 42 2.6
Nal (300 K)* 11,53 26.3¢ 14.2

“This quantity determines the number of charge carriers produced in an interaction (see Sect. 4.3.3)

PRepresentative resolution data, as tabulated in Ref. [24]. Energy resolution is discussed further in Sect. 4.3.3 and in Chap. 5

€Although not a semiconductor material, Nal is included in the table for convenient comparison

4 Much work regarding reducing or compensating for hole trapping in CZT has greatly improved the energy resolution of this detector material [25]
9 For Nal, energy required per scintillation photon (eV)

4.3 Characteristics of Detected Spectra

In gamma-ray spectroscopy applications, the detectors produce output pulses whose magnitudes are proportional to the energy
deposited in the detecting medium by the incident photons. The measurement system includes some method of sorting all of
the generated pulses and displaying their relative numbers. The basic tool for accomplishing this task is the multichannel
analyzer, whose operation is discussed in Chap. 5. The end result of multichannel analysis is a histogram (spectrum) of the
detected output pulses, sorted by magnitude. The pulse-height spectrum is a direct representation of the energy spectrum of the
gamma-ray interactions in the detection medium and constitutes the spectroscopic information used in gamma-ray NDA.

4.3.1 Generic Detector Response

Regardless of the type of detector used, the measured spectra have many features in common. Consider the spectrum of a
monoenergetic gamma-ray source of energy E,. The gamma-ray spectrum produced by the decaying nuclei is illustrated in
Fig. 4.6a. The gamma-ray photons originate from nuclear transitions that involve specific energy changes. There is a very
small fluctuation in these energy values because of two effects: the quantum uncertainties in the energies of the transitions,
called the Heisenberg Uncertainty; and recoil effects as the gamma-ray photons are emitted. These uncertainties are finite but
negligible compared with the other energy-broadening effects (discussed as follows and so are not shown on the figure). Thus,
the “ideal” monoenergetic gamma-ray spectrum from free decaying nuclei is essentially a sharp line at the energy E,.

Because detected gamma-ray photons do not usually come from free nuclei but are emitted in material media, some
photons undergo small-angle scattering before they emerge from the radioactive sample. This scattering leaves the affected
photons with slightly less energy than E, and the energy spectrum of photons emitted from a material sample is slightly
broadened into energies below Ej, as shown in Fig. 4.6b. The magnitude of this broadening is also quite small with respect to
other effects discussed as follows and is exaggerated in Fig. 4.6b to call attention to its existence.

When the gamma ray enters the detection medium, it transfers part or all of its energy to an atomic electron, freeing the
electron from its atomic bond. This freed electron then transfers its kinetic energy—in a series of collisions—to other atomic
electrons in the detector medium.

The amount of energy required to produce electron-ion pairs in the detecting medium determines the amount of charge that
will be produced from a detection event that involves a given amount of deposited energy (see Table 4.2). A photoelectric
interaction transfers all of the incident photon’s energy to a photoelectron; this electron subsequently causes multiple
ionizations until its energy is depleted. The amount of charge produced from this type of event is therefore proportional to
the original photon energy. A Compton-scattering interaction transfers only part of the incident photon’s energy to an
electron, and that electron subsequently causes ionization until its energy is depleted. The amount of charge produced from
this type of event is proportional to the partial energy lost by the incident photon but conveys no useful information about the
original photon energy. Multiple Compton-scattering events for a single photon can produce amounts of charge closer to the
full energy of the original photon; however, the likelihood that a photon will undergo multiple Compton-scattering events
within the detector depends on the initial photon energy and the physical size of the detector relative to the mean free paths of
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Fig. 4.6 An idealization of the photon spectrum (a) produced by free nuclei, (b) emerging from a material sample, and (c¢) displayed from
interactions in a detecting medium

the scattered photons. The idealized detector response to the photoelectric and Compton interactions in the detection medium
is shown in Fig. 4.6. The maximum energy that can be deposited in the detection medium from a Compton-scattering event
comes from an event where the photon is scattered by 180°. The Compton-generated detector pulses are therefore distributed
below this maximum energy, E, in Fig. 4.6¢c, and constitute a source of “background” pulses that carry no useful energy
information. This part of the spectrum is generally referred to as the Compton continuum. Note: Detected photons that
undergo Compton scattering in materials between the source and the detector contribute to the continuum.

The full-energy peak in Fig. 4.6¢ is significantly broadened by the statistical fluctuation in the number of scintillation
photons or electron-ion pairs produced by the photoelectron. This effect is the primary contributor to the width of the full-
energy peak and is therefore the dominant factor in the detector energy resolution (see Sect. 4.3.3).
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Fig. 4.7 A realistic representation of the gamma detector spectrum from a monoenergetic gamma source. The labeled spectral features are
explained in the text

4.3.2 Spectral Features

A more realistic representation of a detector-generated gamma-ray spectrum from a monoenergetic gamma-ray flux is shown

in Fig. 4.7. The spectral features labeled A through G are explained after the figure.

(A.) The Full-Energy Peak. This peak represents the pulses that arise from the full-energy, photoelectric interactions in the
detection medium. Some counts also arise from single or multiple Compton-scattering events that are followed by a
photoelectric absorption. Its width is determined primarily by the statistical fluctuations in the charge produced from the
interactions plus a contribution from the pulse-processing electronics (see Sect. 4.3.3 and Chap. 5). Its centroid
represents the photon energy Ey. Its net area, above background, represents the total number of full-energy interactions
in the detector and is usually proportional to the activity/mass of the emitting nuclide.

(B.) Compton Continuum. These pulses, distributed smoothly up to a maximum energy E. (see Fig. 4.6), come from
interactions involving only partial photon energy loss in the detecting medium. Compton events from higher-energy
photons are the primary source of background counts under the full-energy peaks in more complex spectra.

(C.) The Compton Edge. This region of the spectrum represents the maximum energy loss by the incident photon through
Compton scattering. It is a broad asymmetric peak that corresponds to the maximum energy (E.) that a gamma-ray
photon of energy E, can transfer to a free electron in a single scattering event. This event corresponds to a “head-on”
collision between the photon and the electron, during which the electron moves forward, and the gamma-ray scatters
backward through 180° (see Chap. 3, Sect. 3.3.2). The energy of the Compton edge is given by Eq. 3.11.

(D.) The Compton Valley. For a monoenergetic source, pulses in this region arise from either multiple Compton-scattering
events or from full-energy interactions by photons that have undergone small-angle scattering (in either the source
materials or intervening materials) before entering the detector. Unscattered photons from a monoenergetic source
cannot produce pulses in this region from a single interaction in the detector. In more complex spectra, this region can
contain Compton-generated pulses from higher-energy photons.

(E.) Backscatter Peak. This peak is caused by gamma rays that have interacted by Compton scattering in one of the materials
that surrounds the detector. Gamma rays scattered by more than ~115° will emerge with nearly identical energies in the
200-250 keV range. Therefore, a gamma ray source will give rise to many scattered gamma rays whose energies are near
this minimum value (see Ref. [1] and Chap. 3, Sect. 3.3.2). The energy of the backscatter peak is given by Eq. 3.10.

(F.) Excess-Energy Region. With a monoenergetic source, events in this region are from high-energy gamma rays and cosmic
interactions from the natural background and from pulse-pileup events if the count rate is high enough (see Chap. 5). Ina
more complex spectrum, counts above a given photopeak are primarily Compton events from the higher-energy
gamma rays.
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(G.) Low-Energy Rise. This feature of the spectrum, very near the “zero-pulse-height-amplitude” region, may contain
contributions from low-amplitude electronic noise in the detection system that is processed in the same way as
low-amplitude detector pulses. This noise tends to be at rather high frequency and so appears as a high-count-rate
phenomenon. Electronic noise is usually filtered out of the analysis electronically (see Chap. 5), so this effect does not
tend to be noticeable in the displayed spectrum.

In more complex gamma-ray spectra containing many different photon energies, the Compton-edge and backscatter-peak
features tend to “wash out,” leaving primarily full-energy peaks on a relatively smooth Compton background.

4.3.3 Detector Resolution

The resolution of a detector is a measure of its ability to resolve two peaks that are close together in energy. The parameter
used to specify the detector resolution is the full width of the (full-energy) photopeak at half its maximum height (FWHM). If
a standard Gaussian shape is assumed for the photopeak, the FWHM is given by

FWHM =26+/2 - In(2), (4.1)

where o is the width parameter for the Gaussian. High resolution (small FWHM) makes the distinction of close-lying peaks
easier. In addition, the determination of the Compton continuum under the peak is more accurate without interference from
overlapping peaks. The more complex a gamma-ray spectrum is, the more desirable it is to have the best energy resolution
possible.

Both natural and technological limits apply to how precisely the energy of a gamma-ray detection event can be registered
by the detection system. The natural limit on the energy precision arises primarily from the statistical fluctuations associated
with the charge production processes in the detector medium. The voltage integrity of the full-energy pulses can also be
disturbed by electronic effects (noise, pulse pileup, improper pole-zero settings, etc.). These electronic effects have become
less important as technology has improved, but their potential effects on the resolution must be considered in the setup of a
counting system. The electronic and environmental effects on detector resolution are discussed in more detail in Chap. 5.

The two types of detectors most widely used in gamma-ray NDA applications are the Nal(T1) scintillation detector and the
germanium solid-state detector. The Nal detector generates full-energy peaks that are much wider than their counterparts from
the germanium detector. This result is illustrated in Fig. 4.8, where the wealth of detail evident in the germanium spectrum of
plutonium gamma rays is all but lost in the corresponding Nal spectrum.

10° 3
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101 1 1 T T
0 100 200 300 400 500

Energy (keV)

Fig. 4.8 Gamma-ray spectrum from a plutonium sample with 94.2% ***Pu, taken with a high-resolution, HPGe solid-state detector and with a Nal
scintillation counter
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By considering the statistical limit on the energy precision, it is possible to understand the origin of the difference in the
energy resolution achievable with various types of detectors. Ideally, the number of electron charges (n) produced by the
primary detection event depends on the total energy deposited (E) and the average amount of energy required to produce an
electron-ion pair (9):

n=

E
5 (4.2)
The random statistical variance in # is the primary source of fluctuation in the full-energy pulse amplitude. However, for some

detector types, this statistical variance is observed to be less than (that is, better than) the theoretical value by a factor known as
the Fano factor [26, 27]:

o*(n)=Fn= %E. (4.3)
This effect occurs because part of the energy lost by the incident photon goes into the formation of ion pairs, and part goes into
heating the lattice crystal structure (thermal energy). The division of energy between heating and ionization is essentially
statistical. Without the competing process of heating, all of the incident energy would result in ion-pair production, and there
would be no statistical fluctuation in n (F = 0).

By contrast, if the probability of ion-pair production is small, then the statistical fluctuations would dominate (F =2 1). For
scintillators, the factor (F) is approximately unity; for germanium, silicon, and gases, it is approximately 0.15 [1, 2]. Because
the number of charge carriers (n) is proportional to the deposited photon energy (Eq. 4.2), the statistical portion of the relative
energy resolution is given by

1

Bow _ 2:350(n) _, 5 [%T. (4.4)

E n

The electronic contribution to the energy fluctuations (AE,,.,) is essentially independent of photon energy and determined
largely by the detector capacitance and the preamplifier. Thus, the total energy resolution can be expressed as the combination
of the electronic and statistical effects:

AzEtot = A2Eelect + AZEstat =+ ﬂE (45)

In Fig. 4.9, the energy resolutions of scintillation, solid-state, and microcalorimeter detectors are compared for the measure-
ment of gamma rays from a plutonium item. Techniques for measuring resolution are described in Chap. 5, Sect. 5.2.

The argument presented here assumes that the scintillation efficiency is the main factor influencing the number of electrons
produced at the photocathode of a scintillation detector. Other factors, such as scintillator transparency, play important roles.
To work effectively as a detector, a scintillating material must have a high transparency to its own scintillation light. In a
similar vein, factors such as charge-carrier mobility play an important role in determining the resolution of a solid-state
detector. This discussion is simplified by necessity, but it illustrates the primary reason why germanium detectors resolve so
much better than scintillation detectors. See Ref. [1] for a more complete discussion of detector resolution.

4.3.4 Detector Efficiency
The basic definition of absolute photon detection efficiency is

total number of photons detected in the full energy peak
total number of photons emitted by the source '

Eor =

(4.6)

For the following discussion, we will be concerned with only full-energy events and thus with the full-energy detection
efficiency. This total efficiency can be expressed as the product of four factors, defined below. These factors will be covered in
detail in Chaps. 5 and 6, although a short discussion on the final factor, intrinsic efficiency, is discussed here:
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Fig. 4.9 Low-burnup plutonium spectrum obained with several different detectors. (top) Figure shows the energy spectrum in the low-energy
region. (bottom) Figure shows an expanded view of the X-ray region. Counts have been arbitary normizaled forcomparison. Good resolution in this
region is critical in performing plutonium isotopic composition measurements

€10t = €geom * Eabsp * Esample * Eint- (47)

The geometric efficiency €qe0m is the fraction of emitted photons intercepted by the detector.

The absorption-efficiency &,y is the fraction of emitted photons not absorbed in intervening materials.

The sample efficiency €;qmpie is the fraction of emitted photons that escape the sample without being absorbed (the
reciprocal of the sample self-absorption correction (CF,,) discussed in Chap. 6).

The intrinsic efficiency ¢;,, is the probability that a gamma ray that enters the detector will interact and give a pulse in the
full-energy peak. In simplest terms, this efficiency comes from the standard absorption formula

e =1 — exp(— ppx), (4.8)

where p is the photoelectric mass attenuation coefficient, and p and x are the density and thickness of the sensitive detector
material. This simple expression underestimates the true intrinsic efficiency because the full-energy peak can also contain
events from multiple Compton-scattering interactions. In general, ¢;,, is also a weak function of the radius of the detector
because off-axis incident gamma rays are detected.



56

M. Lombardi et al.

e e
N o
¥

o o O 9
w ~ (S} (@)
1 1 1 1

o
N
1

Intrinsic Efficiency (counts/gamma)

o o
o

1
—

500 1000 1500 2000 2500 3000
Energy (keV)

o

Fig. 4.10 Typical intrinsic efficiency curve for a generic HPGe detector

Figure 4.10 shows a generic intrinsic efficiency curve for a standard HPGe detector. HPGe detectors are frequently referred

to by their relative efficiency, which by convention, is a comparison to the efficiency of a 3 x 3 in. Nal detector at 1332 keV
(using a Co-60 gamma ray). This comparison will be discussed further in Chaps. 5 and 6.
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5.1 Introduction

The subject of this chapter is the function and operation of the components of a gamma-ray spectroscopy system. In Chap. 4, it
was shown that the output pulse amplitude is proportional to the gamma-ray energy deposited in most detectors. The pulse-
height spectrum from such a detector contains full-energy peaks superimposed on a Compton continuum. The information
that is most important for the quantitative nondestructive assay (NDA) of nuclear material is contained in the full-energy peaks
of the gamma-ray spectrum. The electronic equipment that follows the detector serves to acquire an accurate representation of
the pulse-height spectrum and to extract the desired energy and intensity information from that spectrum.

This chapter provides a relatively brief introduction to the wide variety of instruments used in the gamma-ray spectroscopy
of nuclear materials. It emphasizes the function of each component and provides information about important aspects of
instrument operation. For a detailed description of instrument operation, the reader should refer to the instruction manuals
provided with each instrument. Because the state of gamma-ray spectroscopy equipment is rapidly advancing, the best sources
of current information are often the manufacturers and users of the instruments. However, although the manufacturers are
clearly the best source of information about the electronic capabilities of their equipment, those active in the application of
gamma-ray spectroscopy to NDA are usually the best source of information on effective assay procedures and the selection of
equipment for a given application. Books and reports on gamma-ray spectroscopy equipment are often out of date soon after
they are published.

Gamma-ray spectroscopy systems can be divided into two classes according to whether they use analog or digital
multichannel analyzers (MCAs). The main difference between the two types of MCAs is that for the analog MCA, the pulses
from the preamplifier are processed by the analog amplifier and then analyzed for pulse height by the analog-to-digital
converter (ADC) whereas the digital MCA digitizes the pulses from the preamplifier and then digitally processes the pulses
using a quasi-trapezoid pulse shape. Figures 5.1 and 5.2 show block diagrams of the two classes. Both systems begin with a
detector, where the gamma-ray interaction produces a weak electrical signal that is proportional to the deposited energy. They
start to diverge downstream of the preamplifier.

Section 5.2 discusses the process of selecting an appropriate detector for different NDA applications. Sections 5.3 through
5.9 discuss the basic components of gamma-ray spectroscopy systems; the discussion of each component is presented in the
order in which the electrical signal flows through the system. Section 5.10 presents auxiliary electronic equipment.
Components other than those shown in Figs. 5.1 or 5.2 usually must be added to form a useful NDA system. Shields,
collimators, sample holders, sample changers, scanning mechanisms, and source shutters are discussed in later chapters that
describe specific assay techniques and instruments.
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Fig. 5.2 Block diagram of a digital MCA-based gamma-ray spectroscopy system

5.2 Selection of Detector

This section contains some general guidance to the often-difficult matter of selecting an appropriate detector for a particular
NDA application. Not only are there several generic types of detectors but also a myriad of variations of size, shape,
packaging configuration, performance, and cost. The detector choice must be evaluated based on the technical requirements of
a proposed application and the nontechnical but often overriding matter of budgetary constraints.

The first and most important detector parameter to consider is resolution. A detector with high resolution usually gives
more accurate assays than one with low resolution. The resolution of a high-purity germanium (HPGe) detector is typically
0.5-2.0 keV for peak full width at half maximum (FWHM) in the energy range of interest for NDA applications
(50-1000 keV), whereas the resolution of a Nal detector is 20-60 keV in the energy range of 180-1000 keV. It is common
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to see the resolution of the Nal detector expressed as percentage of the peak energy, such as 10% resolution at 186 keV or 7%
resolution at 662 keV. (See Chap. 4 for more information about detector and detector resolution.) It is easier to accurately
determine the area of full-energy peaks in a complex spectrum when the peaks do not overlap, and the probability of overlap is
smaller with narrower peaks. The Compton continuum contributes less to the relative uncertainty on net full-energy-peak area
for a high-resolution spectrum because it is a smaller fraction of the total area in the peak region. A detector with a large peak-
to-Compton ratio will have a lower Compton continuum, which leads to more precise net peak areas. Full-energy-peak areas
are easier to evaluate in high-resolution spectra because the interference from small-angle Compton scattering in the sample is
reduced. Gamma rays that undergo small-angle scattering lose only a small amount of energy. If these scattered gamma rays
still fall in the full-energy-peak region, the calculated full-energy-peak area is likely to be incorrect. (See Chap. 8 for
discussions regarding the effect of scattered gamma rays on uranium enrichment measurements.) This problem is minimized
by using a high-resolution detector, which provides narrow, full-energy peaks.

The complexity of the spectrum should influence the detector choice; the more complex the spectrum becomes, the more
desirable high resolution becomes. Plutonium has a much more complex gamma-ray spectrum than uranium does; thus, HPGe
detectors are used more often in plutonium assay applications than in uranium assay applications.

The second performance parameter to consider is efficiency, which determines the full-energy-peak count rates that can be
expected as a function of energy, the time that is required to achieve a given precision, and the sensitivity that can be achieved.
Higher efficiency always costs more for a given detector type, but a given efficiency is less expensive to obtain in a
low-resolution Nal detector than in a high-resolution HPGe detector. There is considerable motivation to use a less-
expensive, lower-resolution detector when it can give satisfactory assay results.

Other parameters, such as space and cooling requirements and portability, also must be considered. The selection of an
appropriate detector is often difficult and could involve compromises among conflicting requirements. Once the selection is
made, considerable care should be taken to specify all pertinent parameters to prospective vendors to ensure that the desired
detector is obtained.

5.3  High-Voltage Bias Supply

All of the commonly used gamma-ray detectors require a high-voltage bias supply to provide the electric field that collects the
charge generated by the gamma-ray interaction in the solid-state detector or the photomultiplier attached to a scintillator. The
bias supply is not a part of the signal path but is required to operate the detector. It is usually the most reliable unit in a
spectroscopy system and the easiest to operate.

HPGe detectors require very low currents, typically <10~ A. The voltage requirements range from about one thousand
volts for a small planar HPGe detector to several thousand volts for a large coaxial HPGe detector. Bias supplies for HPGe
detectors usually provide up to 5 kV and 100 pA. The voltage-resolution and low-frequency filtering requirements are modest
because there is no charge amplification in the detector. The voltage is usually continuously variable in the range of 0-5 kV. In
the past, it was necessary to vary the voltage very slowly (<100 V/s) when turning on or changing the detector bias because
the field-effect transistor (FET) used in the first stage of the detector preamplifier is easily damaged by sudden voltage surges.
However, the protection provided by the filter now included in all high-quality preamplifiers is so good that an FET is rarely
destroyed for this reason.

The high-voltage bias supply requirements for photomultiplier tubes used with scintillation detectors are more stringent
than for solid-state diode detectors. The required voltage is typically less than one thousand volts, but the required current
handling is usually 1-10 mA. Because the gain of photomultiplier is a very strong function of the applied voltage, the stability
and filtering must be excellent. The 100 pA supplies used with HPGe detectors will usually not operate a photomultiplier tube.

Bias supplies come in a variety of packages. The most common for laboratory setups is the nuclear instrumentation module
(NIM), which is mated to a frame or bin (NIM bin) that supplies the necessary direct current (DC) voltages to power the
module. NIM modules meet the internationally accepted standards for dimensions, voltages, wiring, and connectors and are
widely used in NDA instrumentation. Other bias supplies fit in NIM bins but take power from the normal alternating-current
main source. The high-current bias supplies used to power multiple photomultiplier-tube arrays are often mounted in standard
45.7 cm (18 in.) wide instrumentation racks.

NIM bias supplies frequently use an electronic switching device to generate the required voltage. The switching device
generates a high-frequency noise that can find its way into the preamplifier and cause significant degradation of spectral
quality. This problem can be minimized by careful grounding and cable positioning. The noise generated by the power supply
can also introduce false signals into any pileup-rejection circuitry in use. Photomultiplier-tube bias supplies—even those that
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are not of the NIM type—can also be sources of high-frequency noise. As usual, an oscilloscope is a most useful aid in
detecting the presence of interfering electrical noise from any source.

Field measurements often employ all-in-one MCAs (discussed later) instead of NIM bin systems. The high-voltage bias
supplies for the all-in-one MCAs vary widely for different MCAs. Some connect to the MCA externally, and some connect to
the MCA internally—the latter of which requires the user to remove the MCA cover to plug in the bias supply module. The
high-voltage bias supplies are normally of either very high voltage (up to 5 kV) and low current (to be used with the HPGe
detectors) or lower high voltage (up to 2 kV) and higher current (to be used with scintillation detectors). They also come with
either positive bias or negative bias. Some all-in-one MCAs also have the built-in, high-voltage bias supply, and the user
controls all of its aspects (high-voltage values, polarity, and HPGe or scintillator type) through software.

Note that detector bias supplies can be lethal. Caution is always required, particularly when working with the high-current
supplies that power photomultiplier tubes. Persons who are accustomed to working with low-voltage, low-power, transistor-
ized circuits must be made aware of the danger associated with the use of detector power supplies.

5.4  Preamplifier

Preamplifiers are required for HPGe detectors and improve the performance of Nal scintillation detectors. The detector output
signal is usually a low-amplitude, short-duration current pulse; a typical pulse might be a few tenths of a microsecond long.
The preamplifier converts this current pulse to a voltage pulse whose rise time is about the same as the duration of the current
pulse, and the amplitude is proportional to the energy deposited in the detector during the gamma-ray interaction. To
maximize the signal-to-noise ratio of the output pulse and preserve the gamma-ray energy information, the preamplifier
must be placed as close to the detector as possible. The closeness of the preamplifier to the detector crystal minimizes the
capacitance at the preamplifier input, thereby reducing the output noise level. The preamplifier also serves as an impedance-
matching device between the high-impedance detector and the low-impedance coaxial cable that transmits the amplified
detector signal to the analog amplifier in an analog system and to the flash ADC in a digital system. The amplifier and
preamplifier may be separated by as much as several hundred meters.

Because the detector and preamplifier must be located closely to each other, the preamplifier is often positioned in an
inconvenient location, surrounded by shielding, and inaccessible during use. Most preamplifiers have no external controls; the
gain and pulse-shape adjustments are included in the analog amplifier in analog systems and in the filtering stage of digital
systems, the latter of which is usually in a more convenient location close to other system electronics. Because it lacks external
controls, the preamplifier occupies only a few hundred cubic centimeters. Its small volume is advantageous when the
preamplifier must be located inside the detector shielding. For single Nal detectors, the preamplifier is often built into the
cylindrical housing that holds the photomultiplier-tube socket. For HPGe detectors manufactured before the 1980s, the
preamplifier was usually housed in a small rectangular box. Since then, preamplifiers for HPGe detectors have been packaged
in an annular configuration behind the end cap of the detector cryostat. This configuration eliminates awkward boxes that
protrude at right angles from cryostats and makes the detectors easier to shield. Figure 5.3 shows the basic preamplifier
configurations just described.

Although preamplifiers have few controls, they have several connectors. Usually included are one or two output connectors
and a test input through which pulses can be routed from an electronic pulser to simulate gamma-ray events for testing the
performance of the preamplifier and the other signal-processing instruments in the system. (The simulated gamma-ray peak
produced in the acquired spectrum can also give a good estimate of the electronic losses suffered by the system; see Chap. 7.)
The detector high-voltage bias is often applied through a connector mounted on the preamplifier. A multi-pin connector is
usually included to provide the power needed for operating the preamplifier; the power is often supplied by the main amplifier.
Certain Nal preamplifiers generate the required low voltage from the detector bias voltage.

The preamplifier output pulse is a fast positive or negative step followed by a very slow, exponential decay. The rise time is
a few tenths of a microsecond, and the decay time is ~100 ps or more (with ~50 ps decay constant). The amplitude of the fast
step is proportional to the charge delivered to the preamplifier input and therefore proportional to the energy deposited in the
detector. The long decay time means that a second pulse often occurs before the tail of the preceding pulse has decayed. This
effect is seen in Fig. 5.4 (top), which shows an example of the preamplifier output from a large, coaxial HPGe detector. The
amplitude of the fast-rising step can be distorted if the energy deposition rate becomes so high that the average DC level rises
beyond the linear range of the preamplifier, as seen in Fig. 5.4 (bottom). In this situation, as count rate continues to increase,
the voltage rises to such a level that a constant DC voltage equal to the maximum voltage of the preamplifier is output, and
there are no pulses at all. The preamplifier is then paralyzed or saturated.
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Fig. 5.3 Detectors that have cylindrical, annular, and rectangular preamplifiers

Most manufacturers offer several preamplifier models that are optimized for different detector types. Parameters such as
noise level, sensitivity, rise time, and count-rate capability can be different for different models. The count-rate capability is
usually specified as the maximum charge per unit time (C/s) delivered from the detector to the preamplifier input. For HPGe
detectors, the equivalent energy per unit time (MeV/s) is often specified. When this number is divided by the average gamma-
ray energy, the result is the maximum count rate that the preamplifier can handle.

Few choices usually can be made when selecting a preamplifier for a Nal detector; however, several significantly different
options are available for HPGe detectors. The selection depends on the detector and the measurement application. Because
HPGe detectors are always sold with an integral preamplifier, the selection must be made when the detector is purchased.

Because of its low noise, a FET is always the first amplifying stage in an HPGe detector preamplifier. When HPGe
detectors were first produced, the FET was always operated at room temperature in the preamplifier enclosure; however, better
resolution can be achieved when the FET is cooled along with the detector crystal. The improvement in resolution is especially
significant at gamma-ray energies below 200 keV. The preamplifier feedback resistor and other associated circuit components
could be located inside the cryostat with the FET and the detector crystal. The penalty for the improved performance is that if
the FET fails and must be replaced, the cryostat must be opened, usually by the manufacturer at considerable expense to the
user. However, preamplifiers that use cooled FETSs are now so reliable and so well-protected from high-voltage surges that the
transistors rarely fail. As a result, this type of preamplifier is now the most commonly used.

Most manufacturers also offer a high or low count-rate option. This option is needed because detector resolution cannot be
optimized simultaneously for high and low count rates. Most detector-preamplifier units are optimized to operate at low count
rates (<10,000 cps) because this option provides the best resolution possible. If the primary application will involve count
rates greater than 50,000 cps, the manufacturer should be asked to optimize the detector for high-count-rate performance.

HPGe detector crystals are fabricated in planar, coaxial, semi-coaxial, or semi-planar geometries; the designation refers to
the shape of the crystal and the location of the charge-collecting contacts. Because of their very low electrical capacitance,
small planar detectors (<20 cm®) have lower noise and better resolution than large detectors. To obtain the best possible
resolution from small planar detectors, the feedback resistor is sometimes removed from the preamplifier; however, without
the feedback resistor, the decay time of the output pulse is very long, and the output level increases with each successive pulse.
Figure 5.5 shows the output of a preamplifier that does not have a feedback resistor. When the maximum allowable DC level is
reached, the preamplifier must be reset using a pulsed-optical or transistorized method. The reset pulse can saturate the main
amplifier for up to several hundred microseconds, and the data acquisition equipment must be disabled to avoid the analysis of
invalid, distorted pulses. Pulsed-optical preamplifiers have a low reset threshold voltage, so they work effectively with only
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Fig. 5.4 (top) Normal output pulses from a typical HPGe detector preamplifier. The important energy information is contained in the amplitude of
the fast-rising voltage step (~0.5 ps). The pileup of pulses on the long tails (~50 ps exponential decay constant) does not affect the validity of the
energy information. (bottom) Output pulses from a high rate measurement. Some of the pulses are above the maximum range of the preamplifier and

are cut off at the maximum voltage

X-rays and low-energy gamma rays. For higher-energy gamma rays and/or at high rates, a transistor reset preamplifier is

needed.

In recent years, preamplifiers that use variations of the pulsed-optical method have been developed for high-count-rate
applications. In one case, the optically coupled reset device is replaced by a transistor network. In another case, the reset is
accomplished by optical means, but the preamplifier is reset after nearly every event, thereby reducing the amplifier

saturation time.

5.5 Analog Amplifier

The sharp rise with long decay-time pulses of the preamplifier is not suitable for direct measurement of peak height. An ideal
pulse gradually approaches a relatively flat top and then quickly falls away to the baseline voltage. The pulse should also be
narrow to minimize the pileup.
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Fig. 5.5 Output pulses from a pulsed-optical preamplifier on an HPGe. Because there is no feedback resistor, the noise level is lower than in
resistively coupled preamplifiers. The output level rises in a stairstep fashion and must be reset when the maximum allowable voltage is reached

After leaving the preamplifier, the gamma-ray pulses are amplified and shaped to meet the requirements of the pulse-
height-analysis instrumentation that follows the main amplifier. Most spectroscopy-grade amplifiers are single- or double-
width NIM modules. All-in-one MCAs have a built-in amplifier and are often adequate for the intended application.

The main amplifier accepts the low-voltage pulse from the preamplifier and amplifies it into a linear voltage range of
0-10 V for most high-quality amplifiers. Within the linear range, all input pulses are accurately amplified by the same factor.
The amplification is nonlinear for output pulses that exceed the maximum range. The amplifier gain can be adjusted over a
wide range, typically by a factor of 10-5000. Amplifiers usually have two gain controls (coarse and fine) to allow continuous
gain adjustment.

The shaping function of the main amplifier is vital to the production of high-quality spectra. The amplified pulses are
shaped to optimize the signal-to-noise ratio and to meet the pulse-shape requirements of the pulse-height-analysis electronics.
Because MCAs measure the input pulse amplitude with respect to an internal reference (baseline) voltage, the amplifier output
must return quickly to a stable voltage level—usually zero—between gamma-ray pulses. The stability of the baseline voltage
level is extremely important because any baseline fluctuation perturbs the measurement of the gamma-ray pulse amplitude and
contributes to the broadening of the full-energy peak.

A narrow pulse shape permits a quick return to baseline; however, the pulse must be wide enough to allow sufficient time to
collect all of the charge liberated by the interaction of the gamma ray in the detector. The pulse shape should also provide a
signal-to-noise ratio that minimizes the variation in output pulse amplitude for a given quantity of charge deposited at the
preamplifier input. Unfortunately, the pulse width that provides the optimum signal-to-noise ratio is usually wider than that
required for a quick return to baseline. At low count rates, the pulse can be wide because the probability is small that a second
pulse will arrive before the amplifier output has returned to the baseline level. However, as the count rate increases, the
probability that pulses occur on a perturbed baseline also increases, and the spectrum is distorted in spite of the optimum
signal-to-noise ratio. A narrower pulse width than required for the optimum signal-to-noise ratio usually gives the best
resolution at high count rates; however, the resolution is not as good as can be obtained at low count rates. Figure 5.6 shows
the example of the preamplifier output pulses and the corresponding amplifier pulses.

The amplifiers used with high-resolution HPGe detectors employ a combination of electronic differentiation, integration,
and active filtering to provide the desired pulse shape. Qualitatively, differentiation removes low frequencies from a signal,
and integration removes high frequencies. Differentiation and integration are characterized by a time constant—usually
expressed in units of microseconds—that defines the degree of attenuation as a function of frequency. The greater the time
constant, the greater the attenuation of low frequencies by differentiation and the attenuation of high frequencies by
integration. When both differentiation and integration are used, the low- and high-frequency components are strongly
suppressed, and a relatively narrow band of middle frequencies is passed and amplified. Figure 5.7 shows schematics of
the CR-RC (capacitor-resistor-resistor-capacitor) differentiation and integration filter.
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Fig. 5.6 Resistive feedback preamplifier pulses (blue) and the corresponding analog amplifier pulses (red). The heights of the amplifier pulses are
proportional to the heights of the preamplifier pulses. The voltage scales of the preamplifier pulses and amplifier pulses are not the same; the
amplitude of the latter is typically many times larger than the former
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Fig. 5.7 Effects of the differentiation and integration filters

Because most spectroscopy amplifiers function best when the differentiation and integration time constants are equal, a
single control usually selects time constants in the range of 0.25—-12 ps. When the two time constants are equal, the amplifier
output pulse is nearly symmetrical (see the unipolar pulse in Fig. 5.8). The total pulse width is approximately six times the
time constant. At low count rates, large coaxial HPGe detectors usually have optimum resolution with time constants of
3—4 ps, and small planar HPGe detectors resolve best with time constants of 6-8 ps. The problem of pulse pileup is more
severe when long time constants are used to exploit the intrinsically better resolution of the smaller detectors. The time
constant used in a given situation depends on the detector, the expected count rate, and whether resolution or data throughput
is of greater importance.

High-resolution HPGe detectors are relatively slow and require time constants longer than those needed for other types of
detectors. Nal scintillation detectors, which have resolutions that are 10-20 times worse than those of HPGe detectors, operate
well with time constants of 0.25—-1.0 ps. Organic scintillation detectors, which have almost no energy resolution, can operate
with time constants of only 0.01 ps; when energy resolution is not required but high-count-rate capability is, they are very
useful. Unfortunately, no detector now available combines very high resolution with very high count-rate capability.

Spectroscopy amplifiers usually provide two different output pulse shapes: unipolar and bipolar. The bipolar pulse is
usually obtained by differentiating the unipolar pulse. Figure 5.8 shows both unipolar and bipolar output signals from a typical
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Fig. 5.8 Unipolar and bipolar output signals from a typical spectroscopy amplifier with differentiation/integration pulse shaping
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Fig. 5.9 Filter circuit with pole-zero compensation

spectroscopy amplifier. The unipolar output has a better signal-to-noise ratio and is usually used for energy analysis, whereas
the bipolar output has superior timing information and overload recovery. The bipolar pulse shape is usually better for timing
applications because the zero crossover point (the point where the bipolar pulse changes sign) is easily detected and is very
stable. The crossover point corresponds to the peak of the unipolar output and is nearly independent of output pulse amplitude.

5.5.1 Pole-Zero Compensation Circuit

The CR-RC circuit shown in Fig. 5.7 assumes that the input pulse is a step pulse; however, a typical pulse from a normal
resistive feedback preamplifier consists of a steep rise with a long falling tail. The output pulse from the CR (capacitor-
resistor) differentiation filter will not be critically damped but will be underdamped. This underdamped ““post-differentiation”
pulse will lead to an underdamped “post-integration” output pulse.

Most amplifiers include a pole-zero compensation circuit to help maintain a stable baseline. The pole-zero circuit was
introduced around 1967 and was the first major improvement in amplifier design after the introduction of transistors. It
significantly improves amplifier performance at high count rates. The term pole zero arises from the terminology of the
Laplace transform methods used to solve the simple differential equation that governs the circuit behavior. The circuit is very
simple; it consists of an adjustable resistor in parallel with the analog amplifier input capacitor. Figure 5.9 shows the filter
circuit with the pole-zero compensation.
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Fig. 5.10 The effect of pole-zero adjustment on the amplifier output (left) and the full-energy-peak shape (right). The upper frames show a pole-
zero effect analogous to underdamping, which causes low-energy tailing on the MCA peak. The middle frames show correct pole-zero compensation
(critical damping). The lower frames show pole-zero overdamping, which causes high-energy tailing on the MCA peak

In spite of the simplicity of the circuit, the proper adjustment of the pole-zero control is crucial for correct operation of most
modern amplifiers. When the pole-zero control is properly adjusted, the amplifier output returns smoothly to the baseline level
in the minimum possible time. When the control is incorrectly adjusted, the following conditions result: the output pulses
exhibit an effect analogous to underdamping or overdamping that perturbs the output baseline and seriously degrades the
amplifier performance at high count rates; and the full-energy peaks are broader and often have low- or high-energy tails
depending on whether an underdamped or overdamped condition exists. Accurate determination of the full-energy peak areas
is difficult. Figure 5.10 shows the amplifier pulse shapes and full-energy peak shapes that result from correct and incorrect
pole-zero adjustment.

Adjustment of the pole-zero circuit is simple and is best accomplished using an oscilloscope to monitor the amplifier output
pulse shape and following procedures found in the amplifier manual. The adjustment should be checked whenever the

amplifier time constant is changed.

5.5.2 Baseline Restoration Circuit

Baseline restoration (BLR) circuits were added to spectroscopy amplifiers soon after the advent of pole-zero circuits. Like the
pole-zero circuit, the BLR helps maintain a stable baseline. The pole-zero circuit is located at the amplifier input and is a very
simple circuit; the BLR is located at the amplifier output and is often remarkably complex. The pole-zero circuit prevents
underdamping or overdamping caused by the finite decay time of the preamplifier output pulse; the BLR suppresses the
baseline shifts caused by the alternating current coupling between the analog amplifier and the circuitry that follows the
unipolar output pulses. Although operation of the BLR is totally automatic in most modern amplifiers, some older amplifiers
have several controls to optimize amplifier performance for different count rates and preamplifier types.
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5.5.3 Pileup Rejection Circuit

Pileup rejection circuits have been added to many amplifiers to improve performance at high count rates. A pileup rejector
(PUR,; also pileup rejection) uses timing circuitry to detect and reject events where two or more gamma-ray pulses overlap.
Such events have a combined pulse amplitude that is not characteristic of any single gamma ray and only increases the height
of the background continuum in the acquired spectrum. Figure 5.11 shows how two gamma-ray pulses overlap to produce a
pileup pulse. The PUR usually provides a logic pulse that can be used to prevent analysis of the pileup pulses. In high-count-
rate situations, the PUR can provide better resolution and a lower background continuum; as a result, determination of the full-
energy-peak areas is simplified. Figure 5.12 shows the improvement in spectral quality that can result from using a PUR. The
figure also shows that the PUR can sharpen the appearance of sum peaks such that they may be mistaken for real full-energy
peaks. This result is due to the limited ability of the PUR circuit to reject pulses that occur within the timing resolution as
defined by the shaping time of the analog amplifier.
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Fig. 5.11 The origin and effect of pulse pileup on the output of a spectroscopy amplifier. When two pulses (red) are separated by less than the
amplifier rise time, the amplitude of the resulting sum pulse (blue) is not representative of either input pulse
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Fig.5.12 A high dead-time (80%) Nal spectrum of '*”Cs that shows the improved spectral quality obtained with pileup rejection. Pileup rejection
reduces the pileup continuum near the sum peak at 1323 keV by a factor of 10 but does not significantly reduce the sum-peak amplitude
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The considerable benefits of pileup rejection are offset by increased complexity of operation and more stringent
requirements for the preamplifier output pulse. The preamplifier output pulse must be free of high-frequency ringing that
can cause false pileup signatures in the timing circuits. The output must also be free of high-frequency interference from
power supplies, scalers, and computers. Such high-frequency pickup is usually filtered out in the main amplifier but can cause
false pileup signatures in the pileup rejection circuit and lead to excessive rejection of good gamma-ray pulses that lead to
spectral distortions. Considerable care must be used when adjusting pileup rejection circuits.

The proper use of pole-zero, BLR, and pileup rejection circuits can greatly improve the quality of the measured gamma-ray
spectrum. Because an oscilloscope is virtually indispensable for adjusting these circuits for optimum performance, a good
quality oscilloscope should be readily available to every user of a gamma-ray spectroscopy system. Some software has
built-in oscilloscopes to allow the viewing of the input pulses from the preamplifier and/or the output pulses from the
amplifier. Users should understand the operation of the oscilloscope as well as they understand the operation of the
spectroscopy system. They can detect and/or prevent more difficulty through proper use of the oscilloscope than with any
other piece of equipment.

5.5.4 Advanced Concepts in Amplifier Design

Advances in amplifier design have led to improvements in the ability of gamma-ray spectroscopy systems to operate at high
count rates without excessive spectral degradation. The concept uses a narrow pulse shape to reduce pileup losses while
preserving good peak shape, signal-to-noise ratio, and resolution.

In the design, a gated integrator is added to the output of a standard, high-quality amplifier. The amplitude of the integrator
output pulse is proportional to the integral of the amplifier output pulse. The integrator output is digitized in the normal way by
the ADC. For a given gamma-ray interaction, the charge collection time depends on the electric field strength in the detector
and the location of the interaction. Charge carriers that are produced far from the collection electrodes or in regions where the
electric field is weaker arrive later at the electrodes. Charge that is collected very late may not contribute to the information-
carrying part of the preamplifier pulse; such charge is said to cause a ballistic deficit. If the amplifier time constants are
comparable to the charge collection time, the integral of the amplifier output pulse is more nearly proportional to the collected
charge than is the pulse amplitude. Qualitatively, the integration allows a longer period for charge collection and decreases the
ballistic deficit. Shorter time constants can be used with the amplifier- integrator combination than can be used with the
amplifier alone. The short time constants reduce pileup losses and increase data throughput. Figure 5.13 shows the amplifier
and corresponding integrator output pulse.
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Fig. 5.13 The regular output and gated-integrator output from an amplifier that uses gated integration to reduce the ballistic deficit at short time
constants
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The gated integrator permits good resolution and lower pileup and dead-time losses at high input rates; however, its
performance under normal conditions is likely to be slightly worse than that of semi-Gaussian shaping. Therefore, many
gated-integrator amplifiers also include the standard analog amplifier output to be used in normal operating conditions.

5.6 Other Components

Some other components may or may not be part of a complete gamma-ray spectroscopy system. Those modules are single-
channel analyzers (SCAs), counters, scalers, timers, and rate meters. They are described in Chap. 4 of the original PANDA
book [1] and are omitted here.

5.7  Multichannel Analyzer

The functions listed inside the dashed line in Fig. 5.1 are usually performed by an MCA operating in the pulse-height-analysis
mode. The MCA can operate in several modes, including pulse-height analysis, voltage sampling, and multichannel scaling.
The MCA sorts and collects the gamma-ray pulses coming from the main amplifier to build a digital and visual representation
of the pulse-height spectrum produced by the detector.

5.7.1 Analog-to-Digital Converter

The ADC performs the fundamental pulse-height analysis and is located at the MCA input. The ADC input is the voltage
pulse from the analog amplifier; its output is a binary number that is proportional to the amplitude of the input pulse. The
binary output number is often called an address. Other MCA circuits increment a storage register in the MCA memory that
corresponds to the ADC address. The ADC performs a function that is analogous to that of the oscilloscope user’s saying “five
volts” when a 5 V pulse is applied to the oscilloscope input terminals. The ADC accepts pulses in a given voltage range,
usually 0-8 V or 0-10 V, and sorts them into a large number of contiguous, equal-width voltage bins or channels. Because of
the sorting function, the early MCAs were often called kicksorters. The original kicksorter developed by Otto Frisch worked
by rolling ball bearings into different channels cut into a polystyrene block using an electrical “kick,” which would form an
electro-mechanical histogram of the pulse heights.

The number of channels into which the voltage range is divided is usually a power of 2 and is called the ADC conversion
gain. In the mid-1950s, a high-quality ADC could divide 100 V into 256 channels. Now, ADCs routinely divide 10 V into as
many as 32,768 channels. This capability is impressive; an individual channel is only 0.3 mV wide. The required conversion
gain varies with detector type and with the energy range being examined. Figure 5.14 shows part of an 8192-channel
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Fig. 5.14 A small portion of an 8192-channel plutonium spectrum taken with a high-quality coaxial HPGe detector at 0.125 keV/ch. The major
peak is the 375.0 keV peak from **°Pu decay
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plutonium spectrum measured with a high-resolution HPGe detector. The full-energy peaks should contain enough channels
to clearly define the structure of the spectrum. When peak fitting is required, 10 or more channels are needed to clearly define
peak shape. Nominally ~3 FWHM would suffice.

The ADC sorts the amplifier output pulses according to voltage, which is proportional to the energy deposited in the
detector during the gamma-ray interaction. Like the relationship between voltage and energy, the relationship between
channel number and energy is nearly linear. An HPGe detector system is normally linear, with most of the nonlinearity
coming from the amplifier and the ADC. A Nal detector system is not very linear, somewhat quadratic, with most of the
nonlinearity coming from the scintillator itself. The relationship can be represented by Eq. 5.1:

E=mx+ B, (5.1)

where

E = energy in keV

X = channel number

m = slope in keV per channel
b = zero intercept in keV.

The slope (m) depends on the conversion gain and the amplifier gain; increasing the conversion gain or amplifier gain
decreases the slope (m) and vice versa. Common values for slope (m) are 0.05 keV per channel (for planar HPGe detectors) to
1.0 keV per channel (for Nal detectors). Although it may seem logical to assume that zero energy corresponds to channel zero
(b = 0), this assumption may not be the case. For HPGe detectors, the zero intercept is often very close to the origin—only a
fraction of 1 keV. For Nal detectors, the zero intercept is most often between —15 and — 10 keV. Due to the slightly quadratic
relationship, the zero intercept of the Nal detector can change depending on the peaks used to determine the relationship. Most
all-in-one MCAs (discussed later) do not allow adjustment of the zero intercept, but some single-module ADCs—such as
those of the NIM system—do allow such adjustments. For such systems, the slope and zero intercept can be adjusted to fit the
energy range of interest into the desired channel range. For example, plutonium measurements often use gamma rays in the
60—420 keV range. If the gains are adjusted to 0.1 keV per channel and the zero intercept to 10 keV, a 4096-channel spectrum
covers the 10-419.6 keV energy range and includes the important gamma ray at 413.7 keV. In the example, the channel
number can be converted easily to energy.

Because preamplifiers, amplifiers, and ADCs are not exactly linear, the relationship shown in Eq. 5.1 between energy and
channel number is not exact; however, with good equipment, gamma-ray energies can be readily measured to a tenth of a keV
by assuming a linear calibration. ADC linearity is usually specified with two numbers: integral and differential linearity.
Integral nonlinearity is a slight curvature in the relationship between energy and channel number; differential nonlinearity is a
variation in channel width. It is difficult to design an ADC that does not have differential nonlinearity. A common ADC
problem that can influence assay results is a slow increase of the differential nonlinearity over time. The <1% differential
nonlinearity of most ADCs is totally acceptable for most applications.

Two types of ADCs are in common use: the Wilkinson and the successive-approximation ADC. A Wilkinson ADC counts
pulses from a fast oscillator for a time interval that is proportional to the amplitude of the amplifier pulse. The digitization time
determines the channel number assigned to each pulse. A successive-approximation ADC examines the amplifier pulse using
a series of analog comparators. The first comparator determines whether the pulse amplitude is in the upper or lower half of the
ADC range. Each successive comparator determines whether the pulse amplitude is in the upper or lower half of the voltage
interval determined by the previous comparator. Twelve comparators determine the pulse amplitude to one part in 2'?
(or 4096) channels. The digitization time of a successive-approximation ADC is constant and independent of pulse height.
Until the 1990s, Wilkinson ADCs dominated the gamma-ray spectroscopy field because they had superior differential
linearity. Now, successive-approximation ADCs have comparable differential linearity and are becoming more popular
because they are often faster than Wilkinson ADCs.

ADC speed is an important consideration for high-count-rate spectroscopy. While the ADC is processing one pulse, all
other pulses are ignored. The pulse processing time, or dead time, can be a substantial fraction of the total acquisition time. A
dead time of 25% means that 25% of the information in the amplifier pulse stream is lost. For both ADC types, the dead time
per event is the sum of the digitization time and a fixed processing time (usually 2-3 ps). The 450-100 MHz oscillators used in
Wilkinson ADCs require 1243 ps to digitize and store a gamma-ray event in channel 4000. Successive-approximation ADCs
(4096 channels) require 4—12 ps to analyze a gamma-ray event. A detailed comparison of ADC speed requires specification of
the gamma-ray energy spectrum, the overall system gain, and the ADC range. In general, successive-approximation ADCs are
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faster than Wilkinson ADCs for spectra with 4096 channels or more. For spectra with few channels, the Wilkinson ADC may
be faster. In a spectrum with an average channel number of 512, a 400-MHz Wilkinson ADC has an average dead time per
event of 3 ps.

Several common features appear on most ADCs independent of type or manufacturer. Lower-level discriminators and
upper-level discriminators determine the smallest and largest pulses accepted for digitization. The discriminators can be
adjusted to reject uninteresting low- and high-energy events and reduce ADC dead time. The discriminator adjustment does
not affect the overall gamma-ray count rate and cannot be used to reduce pulse pileup losses that occur in the detector,
preamplifier, and amplifier. The discriminators form an SCA at the input to the ADC; most ADCs provide an SCA output
connector. Most ADCs have coincidence and anticoincidence gates that allow external logic circuits to control the ADC.
Pileup rejection circuits frequently provide an inhibit pulse that is fed to the anticoincidence gate to prohibit processing or
storage of pileup pulses. The coincidence gate is also used to analyze gamma-ray events that are detected in two separate
detectors. Most ADCs have an adjustable conversion gain and range; the range control determines the maximum channel
number to be digitized. There is usually a dead-time indicator that displays fractional dead time. In computer-based MCAs, the
ADC parameters often can be set under program control. Most small MCAs have a built-in ADC; large MCA systems use
separate NIM- or rack-mounted ADCs.

5.7.2 Spectrum Stabilizers

For HPGe detectors, the relationship of energy and channel number changes with time even though the energy-to-charge
collection factor is constant. The preamplifier, amplifier, and ADC are all subject to small but finite changes in gain and zero
level caused by variation in temperature and count rate. Under laboratory conditions, the position of a full-energy peak at
channel 4000 may shift only a few channels over a period of many weeks; however, even this small drift may be undesirable.
Larger drifts may be encountered in the uncontrolled environment of production facilities. Spectrum stabilizers are electronic
modules that fix the position of one or more full-energy peaks by adjusting a gain or DC level in the spectroscopy system to
compensate for drift; they are especially recommended for gamma-ray spectroscopy systems that must be operated in
uncontrolled environments by unskilled operators (as often required by routine production-plant assay systems). Stabilizers
are also recommended whenever channel summation procedures are used to determine full-energy-peak areas.

The spectrum stabilizers used with HPGe detectors are usually digital circuits connected directly to the ADC. The stabilizer
examines each gamma-ray event address generated by the ADC and keeps track of the number of counts in two narrow
windows on either side of a selected full-energy-peak channel. The stabilizer generates a feedback signal for the ADC that is
proportional to the difference in the number of counts in the two windows. The feedback signal adjusts the ADC gain or zero
level so that the average number of counts in each window is the same; the adjustment fixes the position of the selected
stabilization peak. Often two peaks are stabilized independently; a peak at the high-energy end of the spectrum is used to
adjust ADC gain and another peak at the low-energy end is used to adjust the ADC zero level. With two-point stabilization,
the spectroscopy system stability is often so good that no spectral peak shifts position by more than one-tenth of a channel over
a period of many months. Digital stabilizers can be used to easily establish simple and convenient energy calibrations (e.g.,
E = 0.IX).

Stabilization peaks should be free from interference, adequately intense, and present at all times. Often one of the
stabilization peaks comes from a gamma-ray source that is attached to the detector to provide a constant signal in the detected
spectrum. Such a stabilization source is usually monoenergetic and provides the low-energy stabilization peak so that its
Compton continuum does not interfere with other gamma-ray peaks of interest. In some cases, a very stable pulser may be
connected to the test input of the preamplifier to provide an artificial stabilization peak. Peaks from pulsers or special
stabilization sources may also be used to provide corrections for pulse-pileup and dead-time losses (see Chap. 7).

Digital stabilization is included in most all-in-one MCAs and is also available for some NIM modular ADCs. All stabilizers
have controls to set the desired peak-centroid channel number and the width of the stabilization peak windows, and there is
often a control to set the stabilizer sensitivity. The digital stabilizers of virtually every all-in-one MCA and some modular units
are controlled by an external computer. This feature is useful when stabilization peaks must be changed during automatic
assay procedures.

Digital stabilizers that have a small correction range are inadequate for use with Nal detectors. Because of the relatively
greater instability of scintillator/photomultiplier detectors (as large as 1-2%/°C), spectrum stabilization is often more
necessary for Nal detectors than it is for HPGe detectors.
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Scintillation detector stabilizers are similar to digital stabilizers but operate with the amplifier rather than the ADC. The
stabilizer compares the count rate on either side of the selected stabilization peak and generates a feedback signal that adjusts
the amplifier gain to keep the two count rates equal. When a suitable stabilization peak is not available in the Nal spectrum, a
pulser peak cannot be substituted because it can correct for only preamplifier and amplifier instability; the major drift in a Nal
system occurs in the photomultiplier tube. Although an external gamma-ray source can provide a stabilization peak, the
Compton background from the source can interfere excessively with the gamma rays of interest. An alternative solution is to
use a detector with a built-in light pulser. Nal crystals can be grown with a small doping of an alpha-particle-emitting nuclide
such as **' Am. The alpha-particle interactions in the crystal provide a clean spectral peak with a fixed rate and gamma-ray-
equivalent energy. Because the temperature dependences of alpha-particle-induced and gamma-ray-induced scintillation light
are not identical, accurate stabilization over a large temperature range may require special temperature compensation circuitry.

5.7.3 Multichannel Analyzer Memory, Display, and Data Analysis

After the ADC converts the amplifier voltage pulse to a binary address, the address must be stored for later observation and
analysis. All MCA systems have memory reserved for spectrum storage, and most have a spectral display and some built-in
data analysis capability.

Although the most common memory size is 8192 channels, MCAs are available that have other memory sizes such as
1024, 4096, 16,384, and even 32,768 channels. The smaller memory size is adequate for Nal detector applications and for
HPGe detector applications that involve a small energy region. To have sufficient channels in a full-energy peak, an overall
system gain of 0.1 keV per channel is often required; however, with this gain, a 1024-channel MCA can collect data only in a
100 keV wide region.

The maximum number of counts that can be stored per channel is often an important consideration because this number
sets a limit on the precision that can be obtained from a single measurement. Early transistorized MCAs often had a maximum
capacity of 65,536 counts per channel. The present standard is typically 2 x 10° or 4 x 10” counts per channel. These numbers
are probably more than will ever be required in any anticipated application.

A quick and useful way to obtain qualitative and semi-quantitative information from a spectrum stored in memory is to
look at a plot of channel content versus channel number. Most MCAs have a spectral display, and many offer a wide range of
display options. All displays offer several vertical and horizontal scale factors, and many offer both linear and logarithmic
scales. Most displays have one or two cursors (visual markers) that can be moved through the spectrum; the channel number
and contents of the cursor locations are displayed numerically on the screen. Most MCAs can intensify selected regions of
interest or change the color of the regions of interest to emphasize particular spectral features. A good MCA can display two or
more spectra simultaneously and can overlap spectra for careful visual comparison.

Until the 1990s, most MCA displays used cathode-ray tubes (CRTs) with electrostatic deflection, which are easily used for
small screen displays—up to approximately 15 % 15 cm. Later, most MCAs have used magnetic deflection CRTs to allow a
larger screen size. Modern systems are often integrated with the computer and its acquisition-controlling software and
spectrum-analysis program. The computer will display the spectrum using its MCA emulator software. In all types, each
channel is represented by a dot or bar whose vertical height is proportional to the channel contents.

Big-screen, magnetically deflected CRTs of the MCA and computer monitors in the 1990s made good pictures but had one
annoying drawback: the horizontal oscillator in the magnetic-deflection circuit would generate bursts of electro-magnetic
interference at a frequency of approximately 16 kHz. This interference was easily picked up on preamplifier signal lines and
could cause significant degradation of spectral quality. Great care had to be taken in grounding, shielding, and routing signal
cables to eliminate or minimize the problem. The monitors of modern computers—either desktop or laptop—are generally
LED (light-emitting diode) or LCD (liquid crystal display) and do not generate electromagnetic interference that can degrade
the spectral quality.

All modern, computer-integrated MCAs have some built-in data analysis functions. Common analysis functions determine
the channel position and width of spectral peaks, the energy calibration, the number of counts in selected regions of interest,
and the full-energy-peak areas. Other available functions might include smoothing, normalizing, and subtracting (stripping) a
background spectrum. The computer can also control complete assay systems and execute complex analysis codes.
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5.8 Digital Pulse Processing System

A digital pulse processing (DPP) system or digital MCA consists of the components in the dashed line in Fig. 5.2. Unlike the
analog MCA system, where the pulses from the preamplifier are shaped and amplified by the amplifier before being sent to the
ADC to be converted into numbers, the DPP system converts the pulses from the preamplifier into digitized models of the
pulses and then analyzes the digitized pulses using a digital filter. The digital filters can be made to resemble the typical pulse
shaping of the analog amplifier, such as the triangular or Gaussian pulse shape. They can also be made into different and more-
effective pulse shapes that are not possible with traditional analog processing.

5.8.1 Flash ADC

The Wilkinson ADC and the successive-approximation ADC described in Sect. 5.7.1 convert the height of the output pulse
from the amplifier into an n-bit number with maximum value of 2" — 1. The process is accurate but relatively slow, taking up
to ~10 ps per pulse. A pulse from the preamplifier of an HPGe detector may have a rise time of several hundred nanoseconds
and a fall time of several hundred ps. Digitizing the pulse would require an ADC with a measurement time less than the rise
time of the pulse to accurately capture its rise time. The flash ADC (also known as a direct-conversion ADC) can satisfy this
requirement. It is the fastest of all of the types of ADC, with a sampling rate capability of 10 MHz or larger (equivalent to
conversion time of 100 ns or less). A flash ADC samples the signal using a bank of comparators in parallel, each one
comparing the signal with a unique reference voltage. The output from the comparators is fed into a digital encoder, which
then produces a binary output that represents the amplitude of the waveform at the respective address.

5.8.2 Pulse Processor

5.8.2.1 Filter
The output of the preamplifier can be described as fast rise followed by exponential decay. Figure 5.15 shows the section of
the pulse near its beginning—the sharp rise. The height of the pulse corresponds to the absorbed gamma-ray energy.
Determining the gamma-ray energy requires the measurement of the voltage step or the pulse height. The effect of the
noise in the signal is minimized by filtering.

In Fig. 5.15, it is obvious that the pulse height can be determined by taking the average of some points after the step and
subtracting the average of the points before the step; i.e., the averages are calculated from the two regions marked with L.,
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Fig. 5.15 The digitized pulse at the step
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Fig. 5.16 Rise times (from left to right) produced by the sets of weights in the region Luge: (1,1,1,1,1,0), (5,4,3,2,1,0), and (1,2,3,2,1,0),
respectively

and Ly,,.. Their difference is the voltage step (V), which corresponds to the gamma-ray energy. The voltage step (V) can be
expressed as

v = Zitaen VWi Ditogore) ViWi (5.2)
l Zi(aﬁer) Wi Zi(befb’e) Wi

where V; and W; are the voltage and weight of the data point (i), respectively. The values of the weights (W;) and how the
regions are selected determine the filter. For example, the lengths of the regions L., and Ly,y,,. are the rise time and fall time
of the filter, respectively; the gap length is the flattop; constant weights (W;) produce a linear rise time or fall time; larger
weight values (W;) for the region near the gap produce a cusp-like rise or fall time; larger weight (W) for the middle region of
Lefier OF Lpepore produces Gaussian-like rise or fall time.

Figure 5.16 shows examples of three different rise times produced by three different sets of weights in the region Lz,
(1,1,1,1,1,0), (5,4,3,2,1,0), and (1,2,3,2,1,0). The weight of zero of the last point in each set corresponds to the point on the
right following the region L., This last point with no weight produces the first point (at the origin) in each graph. Similar
shapes for the fall time also can be constructed using analogous weights for the region L.

To apply the filter, the difference of the two weighted, moving averages of Eq. 5.2 is calculated repeatedly over the entire
data range. The first filter point requires (n) multiplication operations and (2n — 4) addition operations, where n is the total
number of data points in Lz, and Ly,,,.. Subsequent filter points require (n) multiplication operations and (n + 2) addition
operations. This filtering operation is computationally intensive.

In reality, most digital pulse processors use weight (W;) equal to unity with equal length L., and L., Which
significantly simplifies the calculations and reduces the demand for computational power. Equation 5.2 then simplifies to

1
"I (Z““ﬂ”) V= 2 i V")’ (53)

where L is the number of data points (i) in L., (also the same as number of data points (i) in Lys,). The first filter point
requires 1 multiplication operation and 2 L — 2 addition operations. Subsequent filter points require one multiplication
operation and four addition operations. This filtering operation uses only a very small fraction of computing power like that of
Eq. 5.2 and still produces an effective filter—the trapezoidal filter. When the gap is set to zero, then the filter becomes a
triangular filter, which is equivalent to the analog triangular filter used for high rate measurements. A non-zero gap width is the
flat top of the trapezoidal filter. This flat top width can be adjusted to significantly reduce or eliminate the ballistic deficit
effects while not sacrificing throughput.
Figure 5.17 shows the original pulse from the preamplifier and the trapezoidal filter pulse.

5.8.2.2 Pole-Zero Correction

The pulse of the RC (resistor-capacitor) type (non-transistor/optical-reset) preamplifier decays exponentially to the baseline
DC level of the preamplifier. Due to such decay, the filter output after the pulse is below the initial level, similar to the output
pulse of the CR-RC filter (without pole-zero) of the analog amplifier. Figure 5.18 shows such a pulse and its filtered pulse.
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Fig. 5.17 Trapezoidal filtering of a pulse with rise time = fall time = 2 ps and flat top = 1 ps
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Fig. 5.18 A pulse displayed over a longer time period to show the effect of preamplifier decay time. The rise and fall times of the filter are 2.2 ps,

and the flat top is 1.1 ps

The exponential decay of the preamplifier pulse can be corrected by applying the correction equation

V;:V;71 =+ [V,‘—Vl‘_1€7

Ayl (5.4)

where V; and V' are the original voltage and corrected voltage above the preamplifier DC level at channel 7, respectively, At is
the time interval between two adjacent channels, and 7 is the decay constant of the preamplifier pulse. The corrected pulse is
then processed using the designed filter. Doing it correctly, the output pulse should not be underdamped nor overdamped.

Figure 5.19 shows the comparison of the results without and with pole-zero correction.
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Fig. 5.19 Comparison of the results without and with pole-zero correction. (top) Figure shows the pulse from the preamplifier and the filtered
output pulse; the output pulse is underdamped, going past the baseline. These are the same preamplifier and output pulses shown in Fig. 5.18, with
2.2 ps rise and fall times and 1.1 ps flat top. (bottom) Figure shows the corrected preamplifier pulse and the output pulse. The decay constant of 46 ps
was used for the correction. The output pulse is critically damped, returning quickly to the baseline

5.9  All-in-One Multichannel Analyzer

All components of a modern gamma-ray spectroscopy system—including the low-voltage power supply for the preamplifier,
the high-voltage power supply for the detector, the amplifier, and the traditional MCA but without the computer—are
normally packed into a single box and are referred to as an all-in-one MCA, or simply an MCA. Some of these systems also
include the data acquisition control and display, but most systems do not. All systems, including the ones with their own
control and display, can be connected to and controlled by a computer.

Older, all-in-one MCAs of the 1990s or early 2000s communicate with the computer through the RS-232 serial connection
or the parallel or printer port. Modern all-in-one MCAs, either analog or digital, connect to the computer by a USB (universal
serial bus) or Ethernet cable. A portable MCA also has an internal rechargeable battery that can supply the power required to
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operate the system for several hours. Most of the gamma-ray spectroscopy systems used in nuclear safeguards today are all-in-
one MCAs.

Going one step further, some systems combine both a detector and an all-in-one MCA system into one compact detector
system. The detectors for these systems are of various kinds, including HPGe, CZT, LaBr;, and Nal. The HPGe detector
system is normally called an electro-cooled HPGe or electrically cooled HPGe because the detector crystal is cooled by an
electro-mechanical cooler instead of liquid nitrogen. These systems can acquire and store the data, and the data can be
downloaded to a computer for analysis. Some systems also have onboard computational capability to analyze the data and
produce the results without an external computer.

5.10 Auxiliary Electronic Equipment

Figures 5.1 and 5.2 show only the basic components of gamma-ray spectroscopy systems. This section describes other
instruments that may be used in addition to the basic components.

The oscilloscope is the most useful auxiliary instrument used with gamma-ray spectroscopy systems. It is virtually
indispensable when setting up the spectroscopy system for optimum performance, monitoring system performance, detecting
malfunctions or spurious signals, and correcting problems. An expensive oscilloscope is not required; a 50-MHz response,
one or two vertical inputs, and an ordinary time base are usually quite adequate. Battery-powered, portable oscilloscopes can
be carried easily to systems in awkward locations. Many all-in-one MCAs come with the software that can display the
processed pulses.

Electronic pulsers are used to test system performance and correct for dead-time and pileup losses. Mercury-switch pulsers
have excellent pulse amplitude stability but are quite slow and have limited pulse-shape variability. Other electronic pulsers
often have high-repetition rate and very flexible pulse shaping but usually have neither great amplitude nor frequency stability.
A few pulsers provide random intervals between pulses rather than the more common fixed intervals. Sliding pulsers are used
to test ADC linearity; their pulse amplitude is modulated linearly with time.

Cameras were often used to take pictures of MCA and oscilloscope displays. Modern oscilloscopes today can digitize the
waveforms into a digital form, store them, and transfer them to a computer to be displayed and/or processed. Pictures of
waveforms help to document and diagnose problems; pictures of spectra provide a quick and useful way to record information
in a notebook.

Many different instruments are available to provide information on gamma-ray pulse timing, usually to establish temporal
relationships between two or more detectors. Timing-filter amplifiers sacrifice signal-to-noise performance and overall
resolution to preserve timing information. Other instruments examine the preamplifier output, the bipolar output of the
main amplifier, or the output of a timing-filter amplifier, and they generate a fast logic signal that has a fixed and precise
temporal relationship to the gamma-ray events in the detector. The timing is determined using techniques such as fast leading-
edge discrimination, constant-fraction discrimination, amplitude/rise-time compensation, and zero-crossover pickoff. The
timing outputs are either counted or presented to coincidence circuits that determine whether specified time relationships are
met by the events in two or more detectors. Depending on the type of detector, the coincidence gates can be as narrow as
100 picoseconds or less. The logic output of a coincidence circuit is either counted or used as a control signal. When more-
detailed timing information is required, a time-to-amplitude converter can be used to generate an output pulse whose
amplitude is proportional to the time interval between input pulses.

A linear gate can be used as a coincidence or control circuit at the input to an MCA. Linear gates pass analog signals with
no change in amplitude or shape if they are gated by control signals that are derived from one of the timing circuits described
previously. A linear stretcher generates a pulse with the same amplitude as the input pulse but with an adjustable length.
A stretcher is occasionally used to condition the amplifier signal before subsequent processing in the ADC. Summing
amplifiers, or mixers, produce outputs that are the linear sum of two or more input signals. A mixer can be used in connection
with routing signals for collecting spectra from several detectors using a single ADC.

Compton suppression, a common procedure that improves the quality of gamma-ray spectra, uses some of the timing
circuits previously described. A Compton suppression spectrometer usually includes a high-resolution detector that is
surrounded by a low-resolution, annular detector. The scattered gamma ray from a less-than-full-energy interaction in the
high-resolution detector is often detected in the annular detector. A coincidence event between the two detectors inhibits the
storage of the high-resolution event in the MCA and reduces the Compton continuum between the full-energy peaks.
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5.11 Concluding Remarks

The instrumentation described in this chapter can be assembled to form different gamma-ray spectroscopy systems for
different NDA applications. Many instrument manufacturers can provide integrated spectroscopy systems that include all
components—from the detector to the output printer. If the user has sufficient expertise, individual components can be
procured from different manufacturers. In any case, careful consideration must be given to the requirements of the
measurement application before selecting a spectroscopy system from the nearly endless array of options and configurations.
References [2—6] provide detailed descriptions of the function and operation of gamma-ray spectroscopy instrumentation. For
the user who is not active in gamma-ray spectroscopy, current information is best obtained from research reports, the
commercial literature, and the developers and users of state-of-the-art instrumentation.

Gamma-ray assay systems that are dedicated to a particular operation can be very simple to operate. Conversely, vast
versatility and flexibility are provided by combining the appropriate detector, amplifier, MCA, and analysis capability to make
a large, modern gamma-ray spectroscopy system. Unfortunately, a complex, versatile instrument can never be truly simple to
operate; a labor of several weeks is usually required to master the operation of the typical large system. However, the effort
required is usually readily exerted to use instruments of truly amazing power. The power of modern gamma-ray spectroscopy
systems is perhaps best appreciated by those who remember from personal experience when all spectral measurements were
done with a Nal detector, an SCA, and a counter.

Gamma-ray spectroscopy equipment, as with virtually all electronics, has improved rapidly over the past 70 years as
vacuum tubes were replaced by transistors and transistors were replaced by integrated circuits. The microprocessor chip has
put greater capability into smaller and smaller volumes. The capability per dollar has increased in spite of inflation. The rate of
improvement is still significant, particularly in the capability and flexibility of MCA memory, display, and data analysis.
Spectral quality is not progressing as rapidly, although improvement is still occurring in pulse-processing electronics,
especially when dealing with very high count rates (up to 10° cps) from high-resolution HPGe detectors. The technology
of Nal and HPGe detectors is quite mature, and major improvements are not expected. Still, steady progress in all areas of
gamma-ray spectroscopy technology will continue, and unexpected breakthroughs may indeed occur.

References

1. D. Reilly, N. Ensslin, H. Smith Jr., S. Kreiner, Passive Nondestructive Assay of Nuclear Materials (PANDA) (U.S. Nuclear Regulatory
Commission, 1991)

2. G.F. Knoll, Radiation Detection and Measurement, 3rd edn. (Wiley, New York, 2000)

3. G.R. Gilmore, Practical Gamma-Ray Spectrometry, 2nd edn. (Wiley, New York, 2008)

4. P.W. Nicholson, Nuclear Electronics (Wiley, New York, 1974)

5. F. Adams, R. Dams, Applied Gamma-Ray Spectroscopy (Pergamon Press, Oxford, 1970)

6. W.J. Price, Nuclear Radiation Detection, 2nd edn. (McGraw-Hill Book Co., New York, 1964)

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's Creative Commons license, unless indicated otherwise in a
credit line to the material. If material is not included in the chapter's Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.



®

Check for
updates

D. J. Mercer @, P. J. Karpius ®, J. L. Parker, P. A. Santi, and K. Schmidt

6.1 Introduction

Nuclear materials subject to nondestructive assay (NDA) are often macroscopic objects composed of highly attenuating
material. In some situations, the objects under assay are also obscured by containers or shielding. Gamma rays emitted within
the item matrix are subject to collisions in the material matrix or other intervening materials before reaching the detector. The
loss of photons that occurs in the material of the sample is referred to as self-attenuation, and loss due to collisions in other
intervening materials is external attenuation. These effects are key limiting factors for using gamma rays for the measurement
of special nuclear material mass in extended sources.

Materials measured using NDA vary widely in size, but even a small sample with a high concentration of nuclear material
will suffer significant self-attenuation. Although gamma-ray attenuation can frequently be ignored in filter papers or small
vials encountered in radiochemical applications, it usually cannot be ignored in NDA measurements of nuclear material.

Attenuation can be thought of as a factor that degrades detector efficiency, which is particularly true in situations where the
packaging or dead regions of the detector itself are significantly attenuating. In practice, it is sometimes convenient to
calculate or measure detector efficiency, considering attenuation simultaneously.

Several methods are available for correcting for attenuation. Often the best method is to calibrate out the effects of
attenuation and detector efficiency using standard sources. Alternatively, one can calculate or measure the detector efficiency
for the counting geometry by considering the size, shape, and composition of the sample and any shielding, which can be done
by using an analytical method that employs known attenuation coefficients, by measuring attenuation using gamma-ray
sources at similar energies and interpolating, or by using software that performs radiation transport simulation of the
geometry.

Sections 6.2 through 6.7 describe the nature and computation of the attenuation correction factor CF,.,. A more detailed
discussion of this subject is given in Ref. [1]. In Chap. 10, Sect. 10.4 describes assay systems using transmission-corrected
procedures.
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6.2 Procedures
6.2.1 Preliminary Remarks

The procedures and methods described herein are best applied with high-resolution gamma-ray detectors. The merits of
superior energy resolution and procedures for extracting counts from an individual peak are discussed in Chap. 7. The
methods and correction factors may be used for assays with low-resolution detectors, but additional care must be exercised to
achieve accurate peak integrations and background and continuum subtractions.

In addition to self-attenuation, rate-related losses also contribute to the loss of proportionality between detected count rate
and sample mass. For the remainder of this chapter, it is assumed that rate-related losses have been accounted for as prescribed
in Chap. 7.

6.2.2 General Description of the Attenuation Correction Factor

In determining CF,,, the basic question is, what fraction of the gamma rays of interest that are emitted in the direction of the
detector enter the detector at full energy? Fundamentally, the trajectories of gamma rays are interrupted by events, such as
Compton scattering or photoelectric absorption, with probabilities that can be described using cross sections. Attenuation is
calculated as the aggregate effect of those events for a large number of photons. Monte Carlo radiation transport models take
the approach of simulating the paths of individual photons, taking into account the probabilities of scattering events
stochastically. The aggregate effect can also be described analytically. A collimated beam of gamma rays traversing a
material is attenuated according to the formula

T = exp(— uex), (6.1)
where

T = transmission
ue — the linear attenuation coefficient (Chap. 3)
x = is the length of the path through the material.

The problem of calculating gamma-ray attenuation is then reduced to finding the attenuation coefficient for the material in
question and accounting for the geometry of the problem appropriately.

The correction factor for attenuation can be represented as a product of the inverse transmissions associated with self-
attenuation (7. and external attenuation (7,,,):

1 1
CF, atten — Tself X Text'

(6.2)

Because the attenuation coefficient depends on photon energy, CF,., is also dependent on photon energy.

An issue comes in the notation. The linear attenuation coefficient is noted as the Greek letter p, and the mass attenuation
coefficient is noted as only the Greek letter p. Also, the literature sometimes states only the attenuation coefficient without
indicating which type it is. A mass attenuation coefficient is simply the linear attenuation coefficient divided by the density of
the material (p).

Plots of the attenuation coefficients of the elements expose the fundamental restrictions on the size, shape, composition,
and density of samples that can be successfully assayed by gamma-ray methods. Figure 6.1 shows mass attenuation
coefficients for selected elements ranging from hydrogen (Z = 1) to plutonium (Z = 94). Qualitatively, the information in
the graph defines nearly all possibilities and limitations of passive gamma-ray NDA. Note that ¢ for uranium at 185.7 keV is
nearly six times larger than that for plutonium at 413.7 keV, which means that the assay of >*°U by its 185.7 keV gamma ray is
subject to considerably more stringent limitations on sample size, particle size, and uniformity than is the assay of >>*Pu by its
413.7 keV gamma ray. Below ~80 keV, the y of most elements rises rapidly, making attenuation problems unmanageably
severe for all but small samples of very small particle size.
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Fig. 6.1 Total mass attenuation coefficients (without coherent scattering contribution) versus energy for nine elements with an atomic number
(Z) in the 1-94 range [2]

6.2.3 Necessary Assumptions for Determining an Accurate Self-Attenuation Correction Factor

Using the linear attenuation coefficient y,, the fraction of gamma rays that escape without interaction in the item can, in
general, be computed. Determining p, is the key to determining CFyep-
For samples where self-attenuation is a large effect, three conditions are necessary for accurate gamma-ray assays:

* The mixture of gamma-ray-emitting material and matrix material is reasonably uniform and homogeneous in composition
and density.

* The gamma-ray-emitting particles are small enough that the self-attenuation within the individual particles is negligible.

* The sample must not be so thick that the contribution from material at the back of the sample is comparable to the
uncertainty in the measured count rate.

The first two conditions guarantee that the linear attenuation coefficient of the material is single-valued on a sufficiently
macroscopic scale that it can be used to accurately compute the gamma-ray-escape fraction. There are no restrictions on the
chemical composition of the sample. All that is required is that 4, can be computed or measured. Unknown samples need not
have the same or even similar chemical compositions as the calibration standards. There are also no basic assumptions about
the size and shape of standards, although there are limitations.

The assumption of “reasonable” uniformity is admittedly vague and difficult to define. What constitutes reasonable
uniformity depends on the gamma-ray energy, the chemical composition of the sample, and the accuracy required. Some
sample types almost always satisfy the assumptions, and some almost never do so.

Figure 6.2 is given as an aid in estimating self-attenuation for individual particles based on Eq. 6.13 in Sect. 6.6.3. It gives
the fraction of gamma rays that escape without interaction from spherical sources as a function of the product (upD), where D
is the diameter of the sphere. As an example, for a 200pm diameter, p = 10 g/cm? particle of UO,, using Eq. 6.13 with y, =
13.1 1/cm at 186 keV, upD =~ 0.26, indicating that ~10% of the 185.7 keV gamma rays emitted are scattered with some energy
loss or are completely absorbed within the particle.
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Fig. 6.2 Fraction of gamma rays that escape uncollided from spherical sources as a function of upD. Coherent scattering has been neglected

Solutions meet the first two criteria for accurate gamma-ray assay, assuming that there are no contained particulates or
precipitates. Pure powders (PuO,, UO,, U;0g, etc.) almost always are suitable, as are certain well-mixed scrap materials such
as incinerator ash. High-temperature gas reactor (HTGR)-coated fuel particles and HTGR-type rods come close to meeting the
requirements, but assay results are low by 5-10% unless correction is made for the self-attenuation in the particle kernels
[3]. Small quantities of high-Z gamma emitters (<10 g) mixed with low-Z, low-density materials might meet the requirement
if there are no agglomerations of the powder with significant self-attenuation. Large quantities of high-Z powders (greater than
~100 g) will almost surely create some significantly attenuating agglomerations when mixed with such materials. Among the
worst cases are metal chips of high-Z, high-density metals or fuel pellets mixed with low-Z, low-density matrices; in these
situations, assays may well be low by factors of 2 or 3 or even more. This fact causes one to be cautious about using gamma-
ray methods to screen heterogeneous materials for possible criticality dangers or to perform mass measurements of nuclear
material.

The third condition guards against the problem of “infinite” thickness. If activity from the back of the sample is shielded
into the uncertainty of the count rate measurement, any amount of material can be placed there without measurable effect. This
problem is most commonly encountered for samples of uranium. It is discussed in more detail in the context of enrichment
measurements in Chap. 8, Sect. 8.3. Samples that are infinitely thick for low-energy peaks require the use of higher-energy
peaks for mass assay.

It must be emphasized that the degree to which materials satisfy the three conditions is the most important factor in
determining the potential accuracy of a gamma-ray assay. For example, experience indicates that small samples of solution
(up to a few tens of cubic centimeters) may be assayed with accuracies of a few tenths of a percent. Samples of uniform,
homogeneous powders of volumes up to a few liters have been assayed with accuracies approaching 1% in spite of significant
density gradients. Larger containers of waste (for example, 30-gallon drums) rarely satisfy the assumptions well enough to
allow errors of <10%, and the error will be much worse for the extremely heterogeneous cases.

Another important general fact about gamma-ray assay is that the results are almost always low when samples that do not
satisfy the assumptions are assayed in conjunction with calibration standards that do satisfy the assumptions. The procedures
that accurately determine the self-attenuation in acceptable samples underestimate the correction in samples that fail to satisfy
the required conditions.

6.2.4 Methods for Determining the Correction Factor for Attenuation
To use gamma-ray methods to assay the amount of nuclear material within an item, the detection efficiency of the detector

system must be well characterized. The recommended method for measuring the efficiency of the detector system is to use one
or more standards and correct for the differences in attenuation between the standards and the items undergoing assay. Ideally,
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the standards would be similar to the sample so that the correction for differences in attenuation would be small. Several
methods exist for determining CF,, for the standard and the unknown, some assuming a slightly different procedure.

6.2.4.1 Calculating Correction Factor from Tabulated Values of y;

The first and most obvious method, assuming sufficient knowledge of geometry and materials, is to compute the correction
factor using tabulated values of xf and the fundamental law of gamma-ray attenuation presented in Chap. 3, Sect. 3.2.
Reference [2] provides the necessary mass attenuation coefficients. For simple cases, this method can be done analytically.
Solutions for several example cases will be presented in Sect. 6.6. Correction factors for complex geometries can be computed
as shown in Sect. 6.7 or by using ray-tracing methods (e.g., Refs. [3-5]). Prior knowledge about the geometry does not
necessarily mean that the assay result is known in advance. In many cases, the correction factor is almost purely dependent on
properties of external attenuators or matrix composition and mass, which are reasonably well known. When only verification
measurements are required on well-characterized materials, the approach is useful even when self-attenuation dominates.

6.2.4.2 Determining Correction Factor from Transmission Measurements
An elegant and general method of obtaining the correction factor involves measuring the transmission through the sample of a
beam of gamma rays from an external source. Solving for u, in Eq. 6.1, we obtain

pe= =0 (63)

X
Assuming that composition of the sample is uniform, we can use this relation to calculate the attenuation coefficient and then
use an appropriate formula to calculate attenuation in the sample.

This method requires no knowledge of the chemical composition or density of the sample, just the basic assumptions on
uniformity and particle size. In fact, it is often the preferred method even when some knowledge of the sample composition is
available, particularly when the best obtainable accuracy is desired. The experimentally measured y, includes all effects of
chemical composition and density.

The transmission method can identify those samples for which accurate quantitative assays are impossible because of
excessive self-attenuation. As the measured transmission decreases, its precision deteriorates along with the precision of the
sample 1, thus creating error in the computed value of CF,.,. The precision and accuracy of the measured transmission
become unacceptable for transmissions between 0.01 and 0.001. Transmission values <0.001 (perhaps even calculated as
negative) almost always indicate a sample that cannot be assayed. An illustrative example is included in Chap. 10.

6.2.4.3 Determining Correction Factor Using Representative Standards

A different (and older) way to approach the problem is to use several representative standards that span the configuration of
the sample under assay. In this procedure, a set of calibration standards is prepared as nearly identical as possible in size,
shape, and composition to the unknowns. The standards are counted in a fixed geometry to prepare a calibration curve, and the
assay is accomplished by counting the unknowns in the same geometry and comparing the count directly with the calibration
curve. This procedure produces good results only if the unknowns and standards are sufficiently similar that the same
concentration of assay material in each gives rise to the same CF,.,. The representative standard procedure also assumes that
the pileup and dead-time losses are equal for equal concentrations of assay isotopes. This method is applicable only when the
nature and composition of the assay samples are well known and essentially unvarying.

6.2.4.4 Determining Correction Factor Based on Monte Carlo Simulations
The last method we consider is Monte Carlo simulation of radiation transport. The intricacies of this method are beyond the
scope of this text, but its use is so ubiquitous and so adaptable that we cannot neglect it. Modern radiation transport
calculations are typically performed using software packages or toolkits such as those listed or discussed in Refs. [6-9].
At least two ways of using Monte Carlo simulations exist to make corrections for the effects of gamma-ray attenuation.
First, it is possible to construct models for the purpose of calculating transmission for self-attenuation and/or external
attenuation. The transport model propagates individual photons through the geometry and applies interaction cross sections as
implemented in the model. Under this paradigm, effects such as coherent scattering and downscattering and complicated
geometries can be implemented in a natural way, greatly reducing the need for simplifying assumptions.
Second, one could perform an end-to-end transport calculation, from gamma-ray emission in the sample to energy
deposition in the sensitive volume of the detector (and even scintillation light transport to a photomultiplier in the case of
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scintillators). This calculation requires implementing a model of the sample, the detector, and all intervening materials. In this
model, the effect of attenuation is integrated into a detector efficiency simulation, and a direct correlation is calculated between
the number of photons emitted and the number detected.

One caveat for employing Monte Carlo simulations is that the results are only as good as the knowledge about the specific
properties of the object being modeled. An inaccurate understanding of the object or measurement scenario being modeled can
lead to an inaccurate determination of the effects of attenuation on the measurement. Therefore, it is important that physical
measurements are performed to benchmark the simulations to establish their fidelity. Performing transmission measurements
with sources is important to verify that the model represents physical reality accurately.

6.3 Differential Attenuation Methods

Some radioactive materials emit X-rays or gamma rays at multiple energies with well-known relative intensities. For these
materials, if one uses a system with good energy resolution, multiple full-energy peaks will appear in a detected energy
spectrum. In some cases, multiple peaks come from a single isotope, and in other cases, daughters of the major constituent
have emissions that are useful if the history of the sample is known. Notable examples include the major actinides *°U, **U
(via daughters ***Pa and ***™Pa), and **’Pu. The net areas of the peaks, together with the known relative intensities and some
knowledge about the shape of the detector efficiency curve, can be used to characterize the attenuating materials. This method
is often referred to as the Peak-Ratio method.

A detailed treatment of the many differential attenuation techniques is beyond the scope of this book, but a short discussion
can give the reader insight for some of the possibilities and limitations. The basic idea is to determine y, or CF,ye, from the
ratios of gamma-ray intensities at different energies. Consider a slab-shaped sample of thickness x that contains an isotope that
emits gamma rays at energies E; and E,; assume that the unattenuated emission rates are equal. Using Eq. 6.4, the peak area
(A) ratio is.

Ay CF utten (El ) He (El )
22— == for ppx> 1. 6.4
AI CFatten (EZ) He (Ez) He ( )

If the composition of the attenuating material or an “effective Z” is known or assumed, it may be possible to use the measured
ratio of attenuation coefficients to determine the individual coefficients and evaluate the correction factor for attenuation at
energy CF,.n(E). This idea is behind all ratio methods, namely that different energy gamma rays are attenuated differently
and could carry information about the attenuation properties of the material they pass through.

Simple applications are illustrated by the example of germanium detector dead-layer measurements. These measurements
are performed to indicate dead-layer thickness for germanium detectors using the 22 keV and 88 keV emissions from '*°Cd
[10]. A collimated source illuminates a location near the center of a coaxial or planar detector. The intrinsic efficiency for
photons that reach the sensitive volume is close to unity. Because the dead layer attenuates photons at 22 keV with a
photoelectric cross section much higher than at 88 keV, the ratio of counts in the detector at 22 keV varies strongly with the
dead-layer thickness, whereas the net counts at 88 keV are relatively unaffected. As a result, the ratio of counts for the 22 keV
peak to counts in the 88 keV peak is highly sensitive to the thickness of the dead layer. In practice, the 22 keV peak is subject
to significant attenuation from the source window, so this method is most applicable as a relative measurement. A single
source is used to compare the dead-layer and housing thicknesses for detectors.

This simple treatment is possible at low energies, where the intrinsic efficiency of the detector is close to unity. The
technique can be used for more highly attenuating plates with peaks at higher energies, but the nontrivial energy-dependent
efficiency of the detector must be considered and requires an iterative procedure. Differential attenuation has been used for
measuring isotopic mixtures from the multiple peaks from ***Pu in the code FRAM [11], for example.

For self-attenuation, the gamma-ray ratio methods require the assumptions on uniformity and particle size discussed in
Sect. 6.2.3 to give accurate results. If the assumptions are not met, the transmission-corrected methods give results that are
usually low. Ratio methods give results that are generally greater than those from transmission methods but may overcom-
pensate depending on the size of the emitting particles. In many cases, ratio methods can give a warning when the conditions
on uniformity, particle size, and sample thickness are violated. Unfortunately, although the ratios can give a warning of
potentially inaccurate assay situations, no way is currently known whereby the ratio methods can consistently correct for the
problems detected. A combination of transmission and ratio methods gives the most information about self-attenuation in a
given sample.
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6.4 Formal Definition of the Correction Factor for Attenuation
6.4.1 The General Definition

Expressions for CF,, can be formulated in various useful ways. The formulation adopted here is a multiplicative correction
factor that gives a corrected count rate that is directly proportional to the quantity of isotope being measured.

Rcorr =FEIR x CFaltena (65)

where
R, = total corrected rate
FEIR = full-energy interaction rate.

Procedures for determining the full-energy interaction rate (FEIR) based on the full-energy-peak area within the spectrum are
discussed in detail in Chap. 7, Sect. 7.5.6.
It is useful to define CF,, with respect to a specified geometrical shape, which is often simpler than the actual shape.

FEIR(u, = 0; Specified Shape)
FEIR(u, # 0; Real Shape)

CF utten = (6.6)

where

FEIR (¢ = 0, Specified Shape) = the FEIR that would have been measured if there were no attenuation and if the sample were
changed to the specific shape
FEIR (i, # 0, Real Shape) = the actual measured FEIR from the sample.

In practice, CF,., is not computed from Eq. 6.6; it is determined using one of the methods described above. The remainder of
this chapter is devoted to formulas for calculating CF,., for self-attenuating sources from g, the geometrical configuration,
and the position of the sample relative to the detector. Most often, the expressions for CF,., are not integrable in terms of
elementary functions, so numeric methods must be used.

For far-field scenarios, one can assume a point detector with equal efficiency for all angles of incidence, which consider-
ably simplifies the computations. This assumption is usually good when the distance between sample and detector is at least
several times the maximum dimension of either the detector or the sample. If the sample-to-detector distance must be kept
small for reasons of efficiency and if the highest obtainable accuracy is required, the actual measured or calculated detector
efficiency as a function of energy and position should be used. See Chap. 7, Sect. 7.8, for more detail on efficiency
measurements.

6.4.2 Useful Specified Shapes
The most useful specified shapes are

 the actual sample shape,
* a point, and
* aline.

If one has many samples and standards of the same shape and size, then CF,4., may be computed with respect to a
nonattenuating sample of the same shape. When the sample is sufficiently uniform and homogeneous and of reasonable
size, let the detector view the whole sample, and use the CF,., computed with respect to a nonattenuating point. This method
allows the standards and the unknowns to be of different size, shape, and chemical composition; however, for such assays to
be accurate, the entire contents must be reasonably well represented by a single .

Samples often have vertical composition and density gradients, the natural consequence of filling relatively narrow
containers from the top. The material tends to fall into the containers in layers. In such cases, a single y, cannot adequately
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characterize the whole sample, but narrow layers or segments can be adequately characterized by a single y¢ value. The assay
accuracy can be improved by using a segmented scan, during which the detector views the sample through a collimator that
defines relatively narrow horizontal segments in which p, can be assumed constant. For such segmented scans, it is best to
compute the CF,., with respect to a nonattenuating line along the axis of the containers. In this way, cylindrical samples can
be accurately assayed with respect to standards of quite different diameters.

6.5 Important Parameters of the Self-Attenuation Correction Factor

The correction factor for self-attenuation, CF ., is a function of many parameters. Those currently recognized as significant
are listed in decreasing order of importance:

* the u, of the sample material

* the volume and shape of the sample material

* the p¢ of the sample container

+ the size and shape of the sample container

+ the position and orientation of the sample relative to the detector
+ the size, shape, and efficiency of the detector

In many situations, the dependence of CF,., on several of the parameters is mild. For example, when the sample-to-detector
distance is at least several times the maximum dimensions of the detector, the dependence of CF,., on the size, shape, and
efficiency of the detector is often negligible. When the distance between a cylindrically shaped sample and the detector is at
least several times the maximum dimension of either sample or detector, CF,, is usually a strong function of the sample y,
and a mild function of the sample dimensions and distance from the detector and has negligible dependence on the detector
size, shape, and efficiency.

The greatest simplifications occur in the far-field case, where the maximum dimensions of both sample and detector are
negligible compared with their separation. All gamma rays reach the detector along essentially parallel paths. There is no
dependence on detector size or shape, on small changes in the sample-to-detector distance, or on sample size except for the
influence of size on the fraction of gamma rays that escape from the sample. Simple analytic expressions can be derived for
several sample shapes. These expressions are often useful approximations for assay situations that are not truly far field.
Indeed, the far-field situation is a useful reference case against which to compare near-field cases.

It is usually advantageous to plot CF,., versus the parameter of strongest dependence (1) and to plot separate curves for
specific values of other parameters. Because y, is often found by measuring the gamma-ray transmission (7') and using the
relationship T = exp(—px), it is generally more convenient to plot CF., versus In(T).

Consider the expression for CF,., for the far-field assay of a slab-shaped sample viewed normal to a side,

_ HeX
CF uten = —[1 - ﬂfx)] ) (6.7)

where x is the sample thickness along the normal to the detector. Using T = exp(—ux), we can write the simple expression

—In(T)

CFusten = ﬁ .

(6.8)

If T <« 1, CF,uyen =~ —In(T), so a plot of Cf,ye, versus In(7) is nearly linear. Figure 6.3 gives a plot of Eq. 6.8. It also shows
CF,en versus In(T) for cylindrical and spherical samples, where T is measured across the sample diameter. All of the cases
have the form CF ., ~ —k In(T) for T < 1. This approximate In(7) dependence exists for most assay geometries and is very
useful to keep in mind.
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Fig. 6.3 Far-field correction factors for slab, cylindrical, and spherical samples as a function of transmission. The transmission is measured normal
to the face of the slab sample and along a diameter of the cylindrical and spherical samples

Table 6.1 Far-field correction factors for slab, cylinder, and sphere as functions of transmission

Transmission Slab* Cylinder® Sphere”
1.0000 1.000 1.000 1.000
0.8000 1.116 1.097 1.086
0.6000 1.277 1.231 1.202
0.4000 1.527 1.434 1.376
0.2000 2.012 1.816 1.701
0.1000 2.558 2.238 2.054
0.0500 3.153 2.692 2.431
0.0200 3.992 3.326 2.956
0.0100 4.652 3.826 3.370
0.0010 6.915 5.552 4.805
0.0001 9.211 7.325 6.288

*Transmission normal to surface
*Transmission along a diameter

6.6  Analytic Far-Field Forms for the Self-Attenuation Correction Factor

In general, the near-field integral expressions for CF,., cannot be integrated in terms of elementary functions. However,
far-field expressions have been derived for three simple sample geometries: box shaped (rectangular parallelepipeds),
cylindrical, and spherical. Figure 6.3 gives the far-field CF,q, for all three sample shapes, and Table 6.1 gives numeric
values for the three cases.

6.6.1 Slab-Shaped Samples

The slab-shaped sample is the only one for which a simple derivation exists. From Eq. 6.6, we can write CF ., with respect to
a nonattenuating sample (specified shape same as real shape) as
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Fig. 6.4 Counting geometry for a slab-shaped sample with coordinates and dimensions for use in deriving the far-field correction factor

/p[e av
v : (6.9)
/ple exp (—p,r) dV

v

CFtten =

where

p = spatial density of the isotope being assayed (g/cm”)
I = emission rate of the assay gamma ray (y/g — s)

e = absolute full-energy detection efficiency

u, = linear attenuation coefficient of the sample

r = distance that gamma rays travel within the sample
dV = volume element.

The parameters p, I, and y, are constant, whereas € and r are functions of position. It is the exponential term in the denominator
that, for most geometrical configurations, cannot be integrated in terms of elementary functions.

Consider the configuration shown in Fig. 6.4. The parameter (/) is a constant for a given isotope, and by virtue of the
fundamental assumptions on uniformity, p and g, are also constant. The far-field assumption is equivalent to assuming that € is

also a constant.
Because of the far-field assumption, only the integration in X is significant. After the obvious cancellations,

CF yon = /0 de/ ( /0 ' expl =y (X — )] dx) . (6.10)

As in Eq. 6.7, this result evaluates to
HeX
Fopon—= ——— . 11
C atten 1 _ exp(_ ﬂ{X> (6 )

6.6.2 Cylindrical Samples

For a cylindrical sample viewed along the diameter in the far field [12, 13],
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1 HeD
2 I (ueD) — L1 (u,D)’

CF utten = (6.12)

where

L; = modified Struve function of order 1

1, = modified Bessel function of order 1

D = sample diameter

ue = linear attenuation coefficient of the sample.

The expression is very compact, but it is inconvenient to use because of the Struve and Bessel functions [14]. Equation 6.12
was used to generate the curve for a cylinder in Fig. 6.3. Note that the CF,, for a cylinder is a little less than that for a slab-
shaped sample. In the cylindrical sample, fewer gamma rays must penetrate the maximum thickness of material; therefore, the
fraction escaping is greater, and the CF, is smaller.

6.6.3 Spherical Samples

For a spherical sample in the far field, the correction factor is [4]

—1
1.5 2
CF atten = (@ {1 - W + exp(— H[D) }) . (613)

This expression is plotted in Fig. 6.3. The CF ., for a sphere is smaller than that for either the parallelepiped or the cylinder.
On the average, gamma rays travel shorter distances to escape from a sphere than from either a cylinder or a slab. Spherical
samples are rarely met in practice, but the reciprocal of CF,., gives the fraction of gamma rays that escape from spherical
particles and is useful in deciding whether a sample meets the required assumption on particle size.

2, 2
D (u,D)?

6.7  Numeric Computation in the Near Field

To calculate attenuation or detector efficiency in near-field scenarios, it is important to consider the depth of the detector and
the sample. In these situations, it is typical to rely on an empirical efficiency measurement or Monte Carlo photon transport
simulation. If neither option is practical, the efficiency of the system can still be calculated using simplified models and
straightforward one-, two-, or three-dimensional numerical integration methods. The accuracy of gamma-ray NDA is usually
determined more by the sample uniformity and homogeneity than by the accuracy of the CF,y., computation.

Approximate analytic forms exist that give adequately accurate values for CF,., over reasonable ranges of transmission.
A few such forms are described in the following sections. The adequacy of a particular expression can be determined by
comparison with more accurate numeric computations. Approximate analytic forms often provide the capability to derive
analytic expressions for the precision of CF .

6.7.1 A Useful One-Dimensional Model

A common assay geometry is where a germanium detector views a bottle of solution from below. Both detector and sample
can be approximated by right-circular cylinders. Assume that the axes of symmetry of the bottle and the detector coincide and
that the detector radius is r,, the sample radius is ry, the sample depth is D, and the distance from the sample to the detector is d
(Fig. 6.5). If d is a few times greater than both r; and r,, no gamma ray impinges on the detector at angles greater than ~10° to
the common axis. In as much as cos@ > 0.95 for angles <19°, it is clear that no gamma ray travels more than a few percent
greater distance on its way to the detector than those that travel parallel to the common centerline. Therefore, the assay
situation can be described by a one-dimensional model that consists of a point detector and a line sample of “depth” (D) and
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Fig. 6.5 Commonly used vertical assay geometry for which a one-dimensional model is appropriate for computing CFen

linear attenuation coefficient (u,) separated from the detector by a distance (d) as indicated in Fig. 6.6. This model contains the
effects of the inverse-square law and gamma-ray attenuation, which are the main influences on the CF .
Using this model, CF,., with respect to a non-attenuating sample is

Vo ! (d ixx)z

/D [exp(— px))dx’
0 (d+ x)2

CFatten == (6.14)

where all constants that pertain to the detector efficiency and gamma-ray emission rates have cancelled. The numerator
integrates to D/[d(d + D)], but as simple as the denominator appears to be, it cannot be integrated in terms of elementary
functions; however, it can be written as a sum in a simple way. The expression for CF ., then becomes

D
e
s {ewl=p = 0.5)Ad}Ax
=N d+ (1-0.5)Ax

CF giten = (6.15)

where Ax = D/N, and N is the number of intervals for the numeric integration.

Generally, taking N ~ 100 gives the result to <0.1%.

Equation 6.15 shows clearly the functional dependence of CF ., on d, D, and p; and the equivalence of the integral and the
sum. The parameter D is well defined as the sample depth. However, the parameter d is less well defined because of its energy
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Fig. 6.6 One-dimensional model for computing CF e,

dependence; high-energy gamma rays interact throughout the detector, whereas low-energy gamma rays tend to interact near
the surface, so the average interaction depth is a function of energy. The parameter (d) implicitly includes the interaction
depth. Experience shows that if the nominal value of d is at least a few times D, then with the help of a set of standards that
cover a wide range of y, the value of d in Eq. 6.15 can be adjusted to give CF ., such that the corrected rate per unit activity
is nearly constant over a wide range of y,. The adjustment of d compensates for the imprecisely known sample-to-detector
distance and for deviation of the one-dimensional model from the actual three-dimensional assay geometry.

Figure 6.7 shows results of a measurement exercise using the procedure just described. The samples were 25 mL solutions
of depleted uranium nitrate in flat-bottomed bottles of 10 cm? area (right circular cylinders 3.57 cm diameter and 2.5 cm deep).
The uranium concentration varied from 5 to 500 g/L, and all samples were spiked with an equal amount of ">Se. (The source
material was "°Se; uranium served as an absorber only.) The detector crystal was ~4.0 cm in diameter and ~ 4.0 cm long.
For the 136.0 keV gamma ray of 73Se, the corrections for electronic 1osses, CFryerosss Varied by only ~10%, whereas the
corrections for gamma-ray attenuation, CF,.,, varied by ~275%.

Because each sample had identical amounts of ">Se, the corrected 136.0 keV rate should have been equal for all samples.
The upper part of the figure gives the fractional deviation of the corrected rates from the average of all and indicates the typical
precision of the measurements. All corrected rates are within about +0.5% of the average. In this case, the actual distance
of the sample bottom to the average interaction depth in the detector was ~8 cm, and the adjusted value was 9.0 cm.
Qualitatively, the one-dimensional model gives values of CF,, that are a little low compared with the correct three-
dimensional model because the gamma rays pass through slightly greater thicknesses of solution than in the
one-dimensional model. Increasing d increases CF,.,, overall and also increases CF ., more for lower values of T therefore,
the value of d used in computations is usually a little higher than the physical value.

If a set of solution samples has variable but determinable depths, one would prefer to compute CF,.,, with respect to a
nonattenuating point so that the corrected rates from all of the samples can be compared directly. The ratio between CF ey,
with respect to the nonattenuating point and CF,.,, with respect to the nonattenuating sample is (1 + D/d), independent of ;.
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Fig. 6.7 Results of a measurement exercise designed to test the usefulness of a one-dimensional model for computing CF,yen, = CFyen (T)

All CF,, values for both standards and unknowns should be computed with respect to the same nonattenuating shape so that
the corrected rates are directly comparable.

6.7.2 A Useful Two-Dimensional Model

In another common assay geometry, a detector views a cylindrical sample from the side (Fig. 6.8). If the sample depth is less
than the sample diameter and if the distance from the detector to the sample center is at least several times the sample diameter,
then a simple two-dimensional model can often be used to compute CF,.,. The model is a point detector at a distance (D)
from the center of a circular sample of radius (R), as shown in Fig. 6.9. The detector efficiency is essentially constant for
gamma rays that originate at any point within the sample volume. The correction factor with respect to the non-attenuating
sample can be written as

(5)m)i- 5

S S { exp| — pet(m, n)]AA(n)} '

L*(n,m)

CF atten = (6.16)

The derivation of this expression is given in Ref. [1]. The ratio of CF,, calculated relative to the non-attenuating sample
and CF,, calculated relative to a non-attenuating point is —(D?/R?) In(1— R%*/D?). For a fixed value of T, CF,ye, is a function
only of the ratio D/R. Figure 6.10 gives CF,., as a function of D/R for several values of 7. The essential point is that CF,
decreases slowly as D/R decreases; the larger changes occur for the smaller values of 7. This behavior is a consequence of the
inverse square law. For a given value of T, CF,., asymptotically approaches a maximum as D/R—oc. The deviations from
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Fig. 6.8 Typical assay geometry for which a two-dimensional model for computing CF,., is usually adequate
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Fig. 6.9 Two-dimensional model for computing CF,.,,, showing the distances that must be determined and the variables in terms of how they must
be expressed. Note that 0 < a <w/2,and0 <y <=

the far-field (D/R = oo) case are plotted in Fig. 6.11. For T > 0.001 and D/R > 50, all deviations are <1%; therefore, D/R > 50
can be regarded as the far-field situation for most purposes. The variation of CF, with T is much stronger than the variation
with the ratio D/R.

The results presented in Figs. 6.10 and 6.11 were obtained using values of M = 200 and N = 200, for which all results are
within 0.1% of what the actual integrals would give. For a three-dimensional model, a modest extension in derivation and
programming is required. If the third dimension is also given 200 increments, modern computers can still carry out the
integration in a short amount of time.

6.7.3 A Three-Dimensional Model

As a final model for an assay geometry, consider the segmented assay of cylindrical samples. In the case of Fig. 6.12,
a detector views the sample through a horizontal collimator, which defines sample segments that are assayed individually.
The sample is usually as close to the collimator as possible and is usually rotated during the measurement to reduce the effect
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Fig. 6.11 Deviations of near-field values of CF,., from the far-field values as a function of transmission for various values of D/R

of inhomogeneities. The detector is often a right circular cylinder of germanium ~5.0 cm in diameter and ~ 5.0 cm long. The
inverse-square-law effects caused by the collimator must be considered explicitly; the two-dimensional model is not adequate.

The model consists of a perfect collimator (no leakage) and a vertical line detector centered at the rear of the collimator.
The detector efficiency is assumed to be independent of either the position or angle at which the gamma rays strike the line
detector. The distance from the emitting element to the detector is increased by a constant that is approximately equal to the
average interaction depth in the detector. Inasmuch as materials are often packaged in metal containers that significantly
attenuate the emitted gamma rays, the packaging is included in the model. The derivation of the three-dimensional model is
outside the scope of this text; it is addressed fully in Ref. [1].
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Fig. 6.12 Typical segmented assay situation for which a three-dimensional model for computing CF,, is appropriate

6.7.4 Approximate Forms and Interpolation

The most accurate way to compute CF,., for reasonable assay geometries is to use a simple mathematical model and numeric
integration. However, because of lengthy execution times, it is often desirable to compute CF ., for a few values of T (or py)
and to use an interpolation scheme to find CF,, for intermediate values. The interpolation problem can be approached in
several ways.

Because CF ., has an approximate log(7T) dependence (see Fig. 6.3), it is reasonable to use a fitting function of the form

CFaten=A+B IOg( T) + C[log( T)}Z' (617)

The computer need only store the constants A, B, and C for each assay geometry. This scheme works very well over wide
ranges of 7. In a typical segmented scanning situation, A, B, and C can be determined to give values of CF,, correct to
<0.3% for 0.008 < T < 0.30.

A particularly simple scheme is based on the far-field form of CF,, for a slab: —In(7")/(1 — T'). Observing that a circle is
not very different from a square, one is led to try

—in(T¥)

CF atten = m >

(6.18)

with k < 1 as an approximate function for cylindrical samples even in the near-field situation. This form also has a In(T")
dependence for 7 < 1 and has only one constant to be determined. Figures 6.13 and 6.14 provide a feeling for how accurate
the approximate form might be. Figure 6.13 gives the fractional deviation of Eq. 6.18 from the correct far-field values for a
cylinder (Eq. 6.12) as a function of 7 and k. Figure 6.14 compares the approximate and correct values for a near-field assay of a
cylindrical sample where D/R = 5/1. In Fig. 6.13, k = 0.82 gives CF,y, correct within +1% for 0.01 < 7 < 1.0, and in
Fig. 6.14, k = 0.75 gives CF e, correct within +1.5% for 0.01 < 7 < 1.0.
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Fig. 6.14 Deviations of the values of CF ., computed from the approximate expression CFye, (T) = —k In(T)/(1 — Tk) from the values from the
two-dimensional model for cylindrical samples for D/R = 5. They are plotted as functions of the transmission T for several values of the parameter k

For the materials to be assayed, the choice of an interpolation procedure or approximate function for CF,., depends on the
accuracy desired or possible. For a field measurement of a heterogeneous drum that contains >**U, the accuracy is determined
far more by the heterogeneity of the sample material than by the function used for CF .,. When +25% accuracy is all that can
be hoped for, it is wasteful to set up a model and do numeric integrations for CF,.,. On the other hand, if the samples are
solutions—where careful modeling and computation can yield accuracies <1%—the effort is fully justified.

It is assumed that gamma-ray assay systems are calibrated with suitable physical standards. It is also assumed that CF ., is
determined for both the unknowns and the standards. Generally, CF,, is mainly a function of the measured transmission
T with some influence from the geometrical parameters.

It is easier to calibrate an assay system correctly for a narrow range of transmission (which usually implies a narrow range
of concentration of the assay isotope) than for a broad range. Great care must be used in modeling the assay geometry and
computing CF ., if high accuracy is required over a wide range of concentrations.
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Considering the challenges inherent in computing CF,.,, standards could be used to determine a variable calibration
constant as a function of 7. Although standards can be used only as a fine tuning of a system calibration, a variable calibration
constant or nonlinear calibration curve attempts to account for only the physical aspects that are not understood about the
assay arrangement.

6.7.5 Precision of Self-Attenuation Correction Factor and Total Corrected Rate

In a properly operating gamma-ray NDA system, the precision is almost totally a function of the random nature of the
emission and detection of the gamma rays. The influence of electronic fluctuations and drifts should almost never influence the
precision of the results at a level > 0.1%. The dominant statistical component of the assay precision can usually be estimated
from the full-energy peak areas and their precisions. The overall statistical precision, including any contribution from the
equipment, is estimated from replicate assays. The electronic and mechanical stability of the assay system can be evaluated by
comparing the overall precision with that estimated from peak areas and their precisions.

Consider the influence of the precision of CF,, on the precision of the final assay. The assay is proportional to Req,
which is given (see Eq. 6.5) as R = FEIR x CF,,. The procedures used to derive expressions for 6(R.,,), o(FEIR), and
0[CF,en] are covered in detail in many sources. (Two relatively simple sources are Refs. [15, 16].) The intent here is only to
emphasize a few points relative to obtaining a reasonable expression for 6(R¢o).

If Reor can be written as an analytic function of the peak areas, then an expression for 6(R.,,;) can be derived; however,
when CF, is found by numeric procedures, 6(R.,,;) cannot be computed directly. An approximate function for CF, can
be used to derive an expression for 6(R...). The approximate forms for CF,., are often not sufficiently accurate to compute
Reom, but they usually provide an adequate expression for o(R.). In Sect. 6.6.2, a one-dimensional model was used to
determine CF,, for the assay of cylindrical samples. To derive an expression for 6(R..), one could use Eq. 6.8 or the
modified form Eq. 6.18 for CF,,. The proper value of k would be chosen by comparison with precisions computed from
replicate assays. This procedure gives the accuracy provided by numeric integration of a more accurate model for CF,.,, and
still provides good estimates of 6(R.q)-

Although 6(R..,,) is the assay precision, 6[CF ;] alone is sometimes of interest. The expression for 6[CF.,] will always
be simpler than that for 6(R,,,,). If no peak areas are common to the expressions for FEIR and CF e, then

6 (Reorr) =/ 62(FEIR) + 62{CF ], (6.19)

where 6,(x) = 6 (X)/X.

If there are peak areas common to the expressions for FEIR and CF ., Eq. 6.19 is not valid, and the expression for R .,
must be written as an explicit function of the peak areas concerned. Expressions for precision are frequently complex, but
considerable simplification can usually be achieved by judicious approximations. The effort to make such simplifications
reduces the computation time and provides a better understanding of the main source of imprecision.
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7.1 Introduction

This chapter discusses general topics that apply to the gamma-ray assay techniques discussed in previous chapters. All of
these topics must be understood if optimum results are to be obtained from any assay technique. Although many of the
techniques are now automated by robust methods common to modern gamma-ray analysis software, they are discussed here
for both completeness and for reference by developers. The topics include the following:

* Energy calibration and determination of peak position
* Energy resolution measurements

* Determination of full-energy-peak area

» Rate-related losses and corrections

+ Effects of the inverse-square law

+ Detector efficiency measurements

* Relative efficiency

* Nuclide-ratio measurements

* Nuclide-activity measurements

7.2  Energy Calibration and Determination of Peak Position
7.2.1 Introduction

The energy calibration of a gamma-ray spectroscopy system is the relationship between the energy deposited in the detector
and the amplitude of the corresponding amplifier output pulse. For a system that employs a multichannel analyzer (MCA), we
can take this further and state that the energy calibration is the relationship between the energy deposited in the detector and
corresponding channel of the recorded spectrum. The energy calibration is used to determine the width and location of regions
of interest (ROIs), to determine resolution as a function of energy, and to facilitate energy-based searches on unrecognized
peaks when conducting nuclide identification. Also, it is often the case that gamma-ray analysis software assumes a certain set
of energy calibration parameters.
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The energy calibration of a good spectroscopy system is nearly linear:
E=mx-+ b, (7.1)

where

E = energy deposited in detector in keV
m = slope in keV per channel

x = channel number

b = zero intercept in keV.

The assumption of linearity is usually sufficient for high-resolution nondestructive assay (NDA) techniques. However, no
system is exactly linear; each has small but measurable nonlinearities. When a more accurate relationship is necessary, a
higher-order polynomial is used. For high-resolution detectors, gamma-ray energies can be determined to within 0.2 keV or
better using a nonlinear calibration curve and several standard gamma-ray sources with energies known to better than
0.001 keV.

Low-resolution detectors (for example, Nal(TI) scintillators) often use Eq. 7.1 with an intercept of about —10 to —15 keV,
in part due to a direct current offset that exists regardless of energy deposition. This intercept is also a result of applying a
linear energy calibration to the nonlinear relationship of energy and channel that exists for Nal detectors. A higher-order
polynomial is usually applied to perform energy calibration on data from Nal detectors. For a very good germanium detector,
a linear calibration will determine the peak energy to within one-tenth of a keV, which is adequate to identify the nuclides
present in the measured item. For most of the nuclides of interest to NDA, the pattern of the gamma-ray spectrum is so
distinctive that a visual examination of the MCA display by an experienced person is sufficient to identify the nuclides present,
especially in the case of low-resolution spectra. Figure 7.1 shows the characteristic spectrum of low-burnup plutonium, and
Fig. 7.2 shows the characteristic spectrum of low-enriched uranium (2% ***U by mass).

The energy calibration procedure involves determining the channel location of peaks of known energy and fitting them to
the desired calibration function. A common calibration source (or sources), such as 137Cs, 3 "Co, 6OCo, 15 2Eu, or 232Th, is often
used to provide known gamma-ray peaks. In the absence of such a source, one might be able to use the gamma rays from the
measured nuclear material item or the natural gamma-ray background, as shown in Fig. 7.3, to determine the energy
calibration.

Plutonium spectra have interference-free peaks at 59.54, 129.29, 148.57, 164.57, 208.00, 267.54, 345.01, 375.04, and
413.71 keV. Similar internal calibrations are possible for many nuclides [1-3]. In a natural-background spectrum, it is helpful
to be able to recognize the 1460.8 keV peak of “°K and the 2614.5 keV peak of the **Th daughter ***TI.

Table 7.1 lists some of the most frequently used nuclides with the half-lives and energies of their principal emissions
[3]. Most of the nuclides listed emit only a few gamma rays and are useful with both low- and high-resolution detectors. All
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Fig. 7.1 A high-resolution spectrum of low-burnup plutonium (6% >*°Pu). Energies are given in keV
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Fig. 7.3 A high-resolution spectrum of the natural gamma-ray background. The main components are “’K and the progeny of **U and ***Th

Table 7.1 Common nuclides used for energy calibration

Nuclide Half-Life Energy (keV)?* Remarks

2T Am 433 year 59.5 Many others but weaker by factors of 10* or greater
137¢s 30.1 year 661.7 From daughter '*"™Ba, monoenergetic source + Ba X-rays
133Ba 10.6 year 81.0, 276.4, 302.9, 356.0, 383.9 Several others, but much weaker

Co 5.27 year 1173.2, 1332.5

*Na 2.6 year 511.0, 1274.5 511.0 from annihilation radiation

19°¢cd 1.27 year 88.0 Ag K X-rays at 22.16 keV and 24.91 keV

5“Mn 312 day 834.8 Monoenergetic source + Cr X-rays

%Zn 244 day 511.0, 1115.5 511.0 from annihilation radiation

5Co 272 day 122.1, 136.5 Two others of higher energy but much weaker

Se 120 day 121.1, 136.0, 264.7, 279.5, 400.7 Several others but much weaker

152gy 13.5 year 121.8, 344.3,778.9, 964.1, 1085.8, 1112.1, 1408.0 Several others but weaker

“Energies are from the NuDat 2.8 Database [3]
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Table 7.2 Selected gamma-ray energies from the natural background
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Nuclide Parent Series Energy (keV)* Remarks

212pp 232Th 238.6 Also present in other sources containing >**Th (e.g., >**U)
2l4pp B8y 295.2 Also present in other sources containing **’Rn (e.g., >*°Ra)
2l4pp 28y 351.9 Also present in other sources containing *’Rn (e.g., **°Ra)
20871 B2Th 583.2 Also present in other sources containing ***Th (e.g., 2**U)
214pj =8y 609.3 Also present in other sources containing **?Rn (e.g., >*Ra)
228Ac Z2Th 911.2 Can distinguish ***Th sources from ***Th

2l4pj 28y 1120.3 Also present in other sources containing >*?Rn (e.g., >>°Ra)
40K 40K 1460.8 Often the most intense peak in the background

214Bj 28y 1764.5 Also present in other sources containing **’Rn (e.g., **°Ra)
2087] 2321 2614.5 Also present in other sources containing **Th (e.g., *°U)

“Energies are from the NuDat 2.8 Database [3]

nuclides listed in the table are available from commercial vendors. Packaged sources usually contain a single nuclide and are
produced in a wide variety of geometries. Source strengths between 0.1 and 100 xCi are usually adequate for energy
calibration. Convenient sets of six to eight single-radionuclide sources are available from most vendors. Their use is required
for setting up, testing, and checking many performance parameters of spectroscopy systems. The source sets are useful for
determining energy calibration, testing detector resolution, measuring detector efficiency, setting the pole-zero adjustment,
and correcting for rate-related counting losses.

Table 7.2 lists several gamma-ray peaks from the natural gamma-ray background that are useful for high-purity germanium
(HPGe) energy calibration.

Gamma-ray standards are also available with several nuclides in one capsule. These multi-energy sources are used to define
the energy calibration curve and efficiency curve of high-resolution detectors. Sources that are traceable by the National
Institute of Standards and Technology Standard Reference Materials Program can be obtained for these and other purposes.

7.2.2 Linear Energy Calibration

Equation 7.1 describes the assumed functional form for a linear energy calibration. If the channels x; and x, of two full-energy
peaks of energies E; and E, are known, m and b can be computed from

_E,—E;

m= (7.2)
p—REL—xE (7.3)
X2 — X1

For a two-point calibration, the two calibration peaks should be near the low- and high-energy ends of the energy range of
interest to avoid long extrapolations beyond the calibrated region. In practice, when calibrating over a wide energy range, a
known high-energy peak is typically used to adjust the slope (gain), and a known low-energy peak is used to adjust the offset.

Often when an unacceptable degree of nonlinearity exists, several linear calibrations can be used over shorter energy
intervals in a piecewise-linear fashion. The high-resolution spectrum of most plutonium items has nine well-resolved peaks
between 59.5 keV and 413.7 keV so that eight linear calibrations can be constructed for the intervals between adjacent peaks;
none of the intervals is greater than 78 keV. A series of short, linear calibrations often can be as accurate as a single quadratic
or higher-order calibration function; however, modern routines do offer continuous polynomial-based functions for energy
calibration.

When more than two peaks span the energy range of interest, least-squares fitting techniques can be used to fit a line to all
of the peaks. This method can be used to obtain the following expressions for m and b for n peaks:
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Table 7.3 Results of linear energy calibration using a high-quality plutonium spectrum (0.125 keV/ch)

Energy difference (keV)*
Accepted energies (keV) Peak positions (channels) Two-point calibration Nine-point calibration
59.541 476.07 —0.001 —0.009
129.296 1034.00 —0.016 0.006
148.567 1188.18 —0.007 0.007
164.610 1316.39 —0.030 0.020
208.005 1663.75 —0.005 —0.005
267.540 2140.11 0.010 —0.010
345.013 2759.75 —0.013 0.003
375.054 3000.10 —0.004 0.004
413.713 3309.41 —0.003 0.003

“The tabulated numbers are the energies from the calibration minus the accepted energies. For the two-point calibration,
m = 0.125 keV per channel and b = 0.032 keV. Energies are from the NuDat 2.8 Database [3]

i ny xE; —AZXiZEi (7.4)

SoX Y Ei— Y xi Y xiE;
b= A

where A =n 322 — (Yx)%.

A linear energy calibration is usually adequate for safeguards NDA applications, but it might not be adequate for tight-
tolerance peak searches over the 3 MeV or greater range often required for nuclide identification. In such cases, more complex
energy calibration methods are usually employed. Table 7.3 gives the results of two-point and nine-point linear calibrations of
a high-quality plutonium spectrum. The nominal calibration, E (keV) = 0.1x + 20.0, was established by stabilizing the
59.536 keV gamma ray of **' Am at channel 395.0 and the 413.712 keV gamma ray of ***Pu at channel 3937.0. The second
column of Table 7.3 gives the peak positions determined by fitting a Gaussian curve to the upper portion of the peaks. The
third and fourth columns give the difference between the accepted energies and those obtained from the two-point and nine-
point calibrations. Although there is a measurable curvature to the energy versus channel relation, the maximum error is only
~0.03 keV for the two-point calibration and ~ 0.017 keV for the nine-point calibration. The consistency of the results in
Table 7.3 indicates that the peak positions have been located to within ~0.1 channel (~0.01 keV) and that the accepted energy
values are consistent within ~0.01 keV.

7.2.3 Determination of Peak Position (Centroid)

Even with high-resolution detectors, full-energy peaks are usually at least several channels wide. The peaks are nearly
symmetric, and the peak positions are chosen as the peak centers defined by the axis of symmetry. Full-energy peaks are
usually well described by a Gaussian function of the form

¥() =30 exp{ @} (7.6)

where

y(x) = number of counts in channel x
yo = peak amplitude

Xo = peak centroid

o> = variance.

References [4—6] provide detailed explanations of the properties of the Gaussian function. The function is symmetric about x,
which is the peak centroid used in energy calibration. The parameter yj is the maximum value of the function and is nearly
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Fig. 7.4 The 1332.5 keV full-energy peak of ®*Co for three combinations of detector and count rate: (a) HPGe detector and low count rate; (b)
germanium detector with poor peak shape; and (¢) HPGe detector and high count rate

equal to the maximum counts per channel in the peak if the background under the peak is negligible. The parameter ¢ * (the
variance) is related to the full width at half maximum (FWHM) of the function by

FWHM =2,/2In(2)c = 2.35482. (1.7)

The area under the Gaussian curve is given by

A =+V2roy,=2.506630y,
=1.06447(FWHM)y,. (7.8)

The constant in the second form of Eq. 7.8 is close to 1.0 because the area of a Gaussian is just a little greater than the area of
an isosceles triangle with the same height and width at the half-maximum level.

Full-energy peaks are not exactly Gaussian shaped. For high-quality germanium detectors, the deviations are hardly
visible, but for lower-quality detectors, the deviations are easily seen as an excess of counts on the low-energy side of the peak
(called tailing). At very high rates or with poorly adjusted equipment, high-energy tailing is sometimes visible. The upper
one-half to two-thirds of a peak is usually Gaussian, and the centroid determined by fitting a Gaussian to the upper portion of
the peak is a well-defined measure of peak position. Figure 7.4a—c show the 1332.5 keV full-energy peak of ®*Co and the fitted
Gaussian function. Figure 7.4a is from a high-quality germanium detector at low count rate with properly adjusted electronics.
The deviations from the curve are hardly visible except for a very slight low-energy tailing. Figure 7.4b is from a detector with
poor peak shape. The low-energy tailing is obvious. Figure 7.4c is from the same detector as Fig. 7.4a but at very high rates
that cause distinct high-energy tailing and significant deviation from a true Gaussian shape. In all three situations, the
Gaussian function fitted to the upper two-thirds of the peak gives a good peak location.

7.3 Detector Resolution Measurements

This section is devoted primarily to the measurement of detector resolution. The importance of good resolution and peak
shape in obtaining unbiased NDA results cannot be overemphasized. A narrow, Gaussian peak shape simplifies area
determination and minimizes the possibility of bias in assay results.

The FWHM (or FW.5M) is the basic measure of peak resolution. It is usually given in energy units (keV) for high-
resolution detectors and expressed as a percentage of the measurement energy for low-resolution detectors. Resolution
measured in energy units increases with energy: FWHM? ~ a + bE + cE” due to the nature of information (charge or photon)
production by incident radiation. When expressed as a percentage, resolution decreases with energy.

Most detectors give full-energy peaks that are essentially Gaussian above the half-maximum level. The ratio of the full
width at heights less than the half maximum to the FWHM has been used in the past to quantify the quality of the full-energy
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peak shape. Manufacturers measure the FWHM and its ratio to the full width at tenth maximum (FW.IM) to describe the peak
shape; for many years, a value of FW.IM/FW.5M less than 1.9 was regarded as describing a good peak shape. It is also
reasonable to specify FW.02M/FW.5M and even FW.01M/FW.5M when the best peak shape is required.

Table 7.4 gives the theoretical ratios for a Gaussian curve and the measured ratios for a high-quality coaxial germanium
detector. The table shows that the actual peak shape closely approaches the Gaussian ideal. All ratios should be measured after
background subtraction.

The pulse-height spectrum from a detector is continuous, whereas an MCA or single-channel analyzer groups the pulses in
energy intervals. It is assumed that all events in an interval can be represented by the energy of the center of the interval. When
a Gaussian is fitted to the center points of the intervals, the width parameter (o) is slightly greater than that of the original
continuous distribution. As discussed in Ref. [7], the grouped variance and the actual variance are related by

h2
(@)=(")s+15 (7.9)
(FWHM?) . = (FWHM?) , + 0.4621", (7.10)

where

(6°)G = grouped variance

(6%)A = actual variance

h = group width (channel width).

For MCA spectra, i has units of keV per channel if FWHM is in keV and & = 1.00 if FWHM is in channels. Table 7.5 gives
the ratio (FWHM)»/(FWHM)s. To measure the actual resolution to 0.1%, the system gain should be adjusted to provide more
than 15 channels in (FWHM)g. If (FWHM)g is three channels, the (FWHM), is overestimated by ~3%. The correction has no
practical bearing on full-energy-peak areas. The Gaussian function fitted to the binned points has the same area (to better than
0.01%) as the continuous distribution because the y, parameter is decreased by almost exactly the same factor as the width
parameter is increased.

Table 7.4 Theoretical and measured resolution ratios

FW.IM FW.02M FW.0IM
FW.5SM FW.5M FW.5SM
Pure Gaussian 1.823 2.376 2.578
122.0 keV 1.829 2.388 2.599
(1.003)* (1.005)* (1.008)*
1332.5 keV 1.856 2.428 2.640
(1.018)* (1.022)* (1.024)*

“The ratio of the measured ratio to the theoretical ratio for a Gaussian

Table 7.5 The ratio of (FWHM), to (FWHM)g

FWHMg (channels) Ratio of FWHM, to FWHMg
3.0 0.9740
5.0 0.9907
10.0 0.9971
15.0 0.9990
20.0 0.9994
25.0 0.9996
30.0 0.9997
35.0 0.9998
40.0 0.9999
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Various methods exist for determining the width of a peak. Modern gamma-ray analysis software provides options for
width estimation. Peak-width estimation methods, such as graphical determination, analytical interpolation, and the second-
moment method, are discussed in Chap. 5 of Ref. [8].

7.4  Determination of Full-Energy-Peak Area
7.4.1 Introduction

The gamma-ray pulse-height spectrum contains much useful information about gamma-ray energies and intensities. One of
the most important concerns in applying gamma-ray spectroscopy is correct extraction of the full-energy peak areas and their
associated uncertainties.

Full-energy peaks in gamma-ray pulse-height spectra rest on a continuum caused by the Compton scattering of higher-
energy gamma rays. The most fundamental limitation in obtaining unbiased peak areas is the determination of the Compton
continuum. When the continuum is small with respect to the peak, it can cause only a small fractional error in the peak area;
however, when the ratio of the peak area to the continuum area becomes much less than 1.0, the statistical error on the net peak
area increases, and the possibility of bias rises rapidly.

For many NDA applications, simple background-subtraction methods are adequate. Under certain circumstances, complex
spectral fitting codes with long- and short-term tailing functions must be used. This tailing arises from small-angle Compton
scattering and incomplete charge collection in germanium crystals. With low-resolution detectors, the problem of including
small-angle-scattering events in the peak is severe, but computational corrections can sometimes be applied to resolve the
problem [9]. Tailing can be an issue with enrichment-meter measurements using the 2-ROI method (see Chap. 8, Sect. 8.3).

7.4.2 Selection of Regions of Interest

The choice of ROl is as important as the choice of algorithms used to evaluate peak areas. Most procedures use two ROIs to
define the continuum level on the low- and high-energy sides of a peak or multiplet. The average channel count of an ROI is
taken as the continuum level at the center of the ROI. A third ROI defines the peak region. Advanced gamma-ray analysis
software, such as FRAM [10], can use multiple ROIs to obtain net areas for one or more peaks with complex underlying
continua.

For a Gaussian function, 99.96% of the area lies within a region centered at x, that is three times the FWHM of the
function. The amplitude of the Gaussian function at xy + 1.75 FWHM is only 0.0082% of the maximum value at x,, SO
continuum ROIs that begin at this point have minimal contributions from the peak. Thus, a peak ROI of 3 times the FWHM
and continuum ROIs placed symmetrically 3.5—4.0 times the FWHM apart should obtain ~99.9% of the peak area.

In principle, the continuum is estimated more precisely if the continuum ROIs are quite wide; however, the possibility of
systematic error increases as the energy interval increases. For most NDA applications, continuum ROIs of 0.5-1.0 times the
FWHM are adequate. With an energy calibration of 0.1 keV per channel, typical background ROIs are three to five channels
wide. When the continuum between neighboring peaks is very narrow, ROIs of one or two channels must be used. Peaks
whose centers are separated by three times the FWHM can be considered resolved; usually a narrow ROI can be placed
between them. It is better to sacrifice statistical precision than to introduce bias by using continuum ROIs that are too wide.

Spectra with significant low- or high-energy tailing may require a wider peak ROI than three times the FWHM. Because
peak resolution deteriorates somewhat at high rates, the ROI should be set on a spectrum recorded at a high count rate,
otherwise regions may be too narrow to properly encompass the broadening of peaks due to pileup at higher input rates. Better
results usually are obtained if all ROIs are of equal width; therefore, the ROIs for low-energy peaks and reference pulser peaks
are somewhat wider than three times the FWHM.

Software can be written to accurately and consistently choose ROIs. Digital stabilization can be used to keep the desired
peaks within a single preselected set of ROIs for long time periods. Sometimes it is desirable to change the spectrum to fit a
particular set of ROIs. Codes exist that can reshuffle the contents of a spectrum to give any desired energy calibration with
little degradation of spectral quality.



7 General Topics in Passive Gamma-Ray Assay 109

[ J
[ N )
[ J [
FWHM ~ 7 ch
Np~ 21 - 22 ch
Y(FP) S ° Y(Lp)
(Xe, Ye) (Xn:Yh)
[ ] [ J
‘l‘ o o
e N 2 R e
| [ (| |
ROl Bounds Fe L¢ Fp L, Fp Ly,
1 1L 10 ]
Channels in ROI Ny Np N}
ROI Sums By P By,

Fig. 7.5 Regions of interest and associated parameters used to compute the net area and the estimated standard deviation of a full-energy peak

7.4.3 Subtraction of Straight-Line Compton Continuum

It is often adequate to approximate the Compton continuum by a straight line between the high- and low-energy sides of well-
resolved peaks or of overlapping peak groups. Figure 7.5 shows how the ROIs are selected and indicates the notation used in
the background equations. Note that the continuum ROIs need not be symmetrically placed with respect to the peak ROI nor
need they be of equal width. The background is the trapezoidal area beneath the continuum line given by

N
B=[v(F) +v(1,)] (), (.1)
where
Y(F,) = mF, + b
Y(L,) = mL, + b
and where
m= (Y, — YoNX, — X¢)
b= (XpYr — XY Xy — X¢) .
The variance of the background B is
N\ 2 B 2 B,
2 p 2 by ¢
B)=|—=| |IKK=+2—-K)"—=|, 7.12
20)- (%) [£ e+ -k 3 (1.12)
Fp+L,—2X
Where K = %

Equation 7.12 assumes no uncertainty in the ROI bounds and is a function only of the statistical uncertainties in B;, and By,
which are estimated by s*(B;) = B, and s*(B,) = B, Equation 7.11 is correct when the background ROIs are not
symmetrically placed relative to the peak ROI. If the continuum ROIs are placed symmetrically relative to the peak ROI,
the expressions for both B and s*(B) are simplified. The symmetry requirement means that (F »—Xo) =X, —Ly)and K =1,
and so the expressions become
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_ (Yt YNy _ (Bu B\ Ny
5= (3 )N,,(NthN[) k (7.13)

and

Equations 7.13 and 7.14 frequently are used even when the symmetry requirement is not met, and if the net peak areas are
much greater than the subtracted continuum, little error will result. However, when the peak areas are equal to or less than the
subtracted continuum, the error may well be significant. In dealing with complex spectra (e.g., plutonium spectra), one is
frequently forced to use asymmetrically placed ROIs. In the simplest situations, hand calculations may even be performed (see
Chap. 5 of Ref. [8]).

7.4.4 Subtraction of Smoothed-Step Compton Continuum

The Compton continuum beneath a full-energy peak is not a straight line. Most of the continuum is caused by incomplete
energy deposition in the detector. The part of the continuum under a peak caused by the gamma ray that generates the peak
results from small-angle and multiple Compton scattering as well as full-energy interactions in the detector followed by
incomplete charge collection. This contribution can be described by a smoothed step function, although in more subtle cases,
these two processes contribute to low-energy tailing. Effects such as these are commonly modeled in modern gamma-ray
analysis software.

Gunnink [11] devised the original procedure to generate a step-function continuum based on the overlying spectral shape.
The procedure provides better results than the straight-line background approximation, especially for overlapping peak
multiplets. For “clean” single peaks, the improvement is often negligible.

Figure 7.6 shows a logarithmic plot of a multiplet and a step-function background.

Using the notation of Fig. 7.5, the continuum at channel n is

i=n (y — Yh)
B,=Y,—D . = ]l 5 (715)
ZFX[H Zi:§;+1 (Vi —Yn)
where
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Fig. 7.6 A peak doublet with the estimated spectral continuum computed by the simple, smoothed-step algorithm
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y; = total counts in channel i

D= Yg - Yh
B(X;) =Y,
B(Xy) = Y.

The background Y/, is subtracted from every channel because the Compton events from higher-energy gamma rays cannot
influence the shape of the smoothed step for lower-energy gamma rays. Equation 7.15 is usable when the continuum beneath a
peak or multiplet has a slightly negative or zero slope.

A significant complication in using the smoothed-step procedure is that the expression for the precision of the net area
becomes exceedingly complicated when derived from Eq. 7.15.

7.4.5 Subtraction of Compton Continuum Using a Single-Background Region of Interest

Estimating the background continuum from a single ROI is sometimes desirable or necessary. For example, a single ROI is
often desirable when using a Nal detector to measure *>°U enrichment or **’Pu holdup.

When the peak-to-continuum ratio is high, it may be adequate to assume a flat continuum. Here, the contribution of the
continuum to the peak ROI is given by

NP
B= " By (7.16)
N,
s(B)~ 2 §(By). (7.17)
Nh

Although this procedure is most often used with low-resolution scintillators, it is also used with germanium detectors when
there is no convenient place for a background ROI on the low-energy side of a peak.

If the background continuum is not flat but can be assumed to have a constant slope over the energy range concerned,
Eq. 7.16 may be modified to

B=KB,, (7.18)

where K is a constant factor determined by experiment. Often K will change from item to item. Although these single-ROI
procedures have limited accuracy, their use is preferred to ignoring the continuum problem entirely.

The two-standard method can be used to measure low-level radioactive contaminations in water or other fluids. See
Chap. 8, Sect. 8.3, about uranium enrichment for more details on this procedure.

7.4.6 Using Region-of-Interest Sums to Measure Peak Areas

For well-resolved peaks, the simple summation of counts above the estimated background continuum is probably as good as
any other method of finding the peak area. This method avoids any difficulty from imperfections in the peak-shape models of
spectral fitting codes. The ROI-summation method is quite tolerant of small variations in peak shape and provides an accurate
and straightforward estimate of the precision of the net peak area. This method may be applicable when the data are
sufficiently sparse such that peak fitting is not feasible.

For all ROI-summation procedures, the peak area is given by

A=P—B, (7.19)

where P is the integral of the peak ROI, and B is the contribution from the background continuum. The expressions for s*(A),
the estimated variance of the net area, vary according to the procedure used to estimate the background continuum.

When B is estimated by straight-line interpolation from continuum ROIs on either side of the peak ROI, the estimated
variance of the peak area is
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Table 7.6 Expressions for net full-energy-peak areas and estimated variances® (straight-line background assumed)”

Conditions on ROIs ‘ Background B ‘ Background Variance s°(B)
Arbitrary position and width of background ROIs B=[Y(L,) + Y(F,)] (%) s2(B) = (’\;1) [Kz By 2 K)? Bi]
where where
) = mL + b and Y(F, ,) = mF +b (F,,+L,, ,2}(/)
and where K="=

= (Yn — Y/(X;, — X,) and
= XY — XeY)/(Xn — Xo)

Symmetric placement of background ROIs » By 2

re}iative to pr;ak ROL, ¢ B= 71 (Yot ¥e)= 21 (N,h + Nf) s*(B)= <%) <% + %)
(Fp, — X)) = X, — L)

“A=P—B,s’(A)=P +5°(B)

®Notation summary as in Fig. 7.5; LE = low energy; HE = high energy: F, L, = first and last channels of LE background ROI; F,,, L, = first and last
channels of peak ROI; F, L, = first and last channels of HE background ROI; B, P, B;, = integrals of LE background, peak, and HE background
ROIs; N, Np,, N; = numbers of channels in LE background, peak, and HE background ROIs; Y;, = B;/N;, = average continuum level in HE
background ROI; Y, = B,/N, = average continuum level in LE background ROI; X, X, = centers of background ROIs;Y(F},) and Y(L,) = ordinates
of background line at F, and L,; m and b = slope and intercept of background line between (X, Y;) and (X, Y},)

s*(A) =s*(P) + s*(B) = P+ s*(B). (7.20)

Equations 7.11 through 7.18 give B and s*(B) for different conditions on the width and position of the background ROIs
relative to the peak ROI. The expressions are summarized in Table 7.6. The simplest expressions are obtained when the
background ROIs are symmetrically placed with respect to the peak ROI and have the appropriate widths. When adequate
computational capacity is available, the most general form of the expressions should be used so that ROIs can be assigned
without constraint

When the smoothed step function is used to estimate the background continuum, Equations 7.15 and 7.19 combine to give

yi— Y
A=p-N"" - . (7.21)
Z =F, Zz X+1 Zz—X(Jrl( Yh)

Because the continuum estimate is a function of the channel counts, the exact expressions for s*(A) become extremely
complex. One of the estimates for s*(A) given in Table 7.6 should be used.

When a single background ROI is used, Eq. 7.19 holds for the net peak area, and the expression for s*(A) is based on
Eq. 7.20. When the continuum is assumed to be flat, as in Eq. 7.16, the expressions for A and s*(A) become

A=P— xh B, (7.22)
2
s (A) =P+ @h) By. (7.23)

If a sloped continuum is assumed, as in Eq. 7.18, the expressions for A and s*(A) become
A=P—KB,
s*(A) =P+ K°B, (7.24)
Although Equations 7.22 and 7.23 could correctly predict the repeatability of measurements, they do not predict any assay
bias arising from the approximate nature of the single-ROI background estimate.
7.4.7 Using Simple Gaussian Fits to Measure Peak Areas

As shown in Sect. 7.2.3, the determination of ¢ and y, by a Gaussian fit also determines the peak area using Eq. 7.8. For
cleanly resolved peaks, the areas obtained by fitting simple Gaussians are probably no better than those obtained from ROI
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sums and may be somewhat worse. This assertion is known to be true for germanium detectors. For Nal scintillators, a
Gaussian fit may give more consistent peak areas than ROI methods. The simple Gaussian-fitting procedures do not provide
straightforward ways to estimate peak-area precision.

In a few situations, Gaussian fitting is advantageous. When two peaks are not quite resolved such that the ROIs for the
desired peaks overlap, a Gaussian can be fitted to one-FWHM-wide ROIs centered on each peak to determine the peak areas.
When the centroid location and FWHM are the primary information desired from a Gaussian fit, the area estimate often comes
with no extra effort. When a peak has significant low-energy tailing from Compton scattering in the item or shielding, a simple
Gaussian fit to the middle FWHM of the peak can easily obtain the desired area.

When a Gaussian function is transformed to a line that is least-squares fit to obtain the parameters X, and o, the parameter y
can also be determined using any of the original data points and Eq. 7.6 to solve for y, An average of the values of y,
determined from several points near X, gives a satisfactory value for the area equation.

7.4.8 Using Known Shape Parameters to Measure Peak Areas in Multiplets

The previous discussion emphasizes well-resolved single peaks because most applications of gamma-ray spectroscopy to the
NDA of nuclear material employ well-resolved peaks. However, to measure isotopic ratios from high-resolution plutonium
spectra, it is necessary to analyze unresolved peak multiplets.

If the peak shape is described by an adequate mathematical model in which all of the parameters are known except the
amplitude, unresolved multiplets can be analyzed quite simply by linear least-squares methods. For some purposes, the simple
Gaussian function (Eq. 7.6) is adequate without any tailing terms. If the position and width parameters xy and ¢ are known,
only the amplitude parameter y, is unknown. Frequently, the well-resolved peaks in spectrum can yield sufficient information
to determine the X, and ¢ parameters for the unresolved peaks. If the gamma-ray energies are accurately known across the
entire analysis region in a spectrum, then the energy calibration can be determined with sufficient accuracy to calculate the x
parameter for all unresolved peaks. The width parameter ¢ can be determined from the well-resolved peaks and interpolated to
the unresolved peaks with the relation FWHM? = a + bE, which is quite accurate for germanium detectors above 100 keV.
The well-resolved peaks can also yield information needed to determine the parameters of tailing terms in the peak-shape
function.

The least-squares-fitting procedure for determining the peak amplitudes is most easily described by the following example,
which assumes a three-peak multiplet where all of the peaks come from different nuclides. After the Compton continuum is
subtracted from beneath the multiplet, the residual spectrum has only the three overlapping peaks, and the count in channel
i may be written as

yi=AlxF1; + A2 x F2; + A3 x F3, (7.25)

where Al, A2, and A3 are the amplitudes to be determined and Fl, F2, and F3 are the functions that describe the peak shapes.
Assuming that the peaks are well described by a pure Gaussian,

Fl=exp [Kl(x[ —xlo)z}
F2= exp [K2(xi - x20)2}

F3=exp [K?a(x[ —x30)2} (7.26)

where x1¢, X2, x3¢p = known centroid positions

1
2
0123

K1,K2,K3 =
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(FWHM),
0= ————".
2v/21n2

The least-squares fitting procedure determines Al, A2, and A3 to minimize the sum of the squared difference between the
actual data points and the chosen function. With derivation, the expressions for Al, A2, and A3 are

> yF1 ) FIF2 ) FIF3
A1:$ S yF2 Y F2 N F2F3
> yF3 Y F3F2 Y F3

S F1* > yF1 ) FIF3
AZ:% > F2F1 Y yF2 Y F2F3
S F3F1L Y yF3 > F3
S OFIP M F1F2 ) yFI
A3:]l) S F2F3 ) F2 ) yF2
D> F3F1 Y F3F2 ) yF3

> F1* M FIF2 Y FIF3
D=|Y F2F1 Y F2* Y F2F3 (7.27)
> F3F1 > F3F2 Y F3’

The pattern of Eq. 7.26 can be followed for expanding to additional unknowns. The form of Fl, F2, and F3 is not related to the
solutions for A1, A2, and A3. The only requirement is that the functions are totally determined except for an amplitude factor.
Tailing terms may be added to improve the accuracy of the peak-shape description. When two or more peaks in a multiplet are
from the same nuclide, the known photon branching ratios' (yields), I;, I, . . ., can be used to fit the peaks as a single
component. If peaks one and two in the example are from the same nuclide, Eq. 7.24 becomes

v, =AxF; + A3 x F3,, (7.28)
where
2 I 2
F=exp [Kl(xifxlo) ] + (1> exp {K2(x,~ —x2p) } (7.29)
1

Equation 7.27 has only two unknowns: A and A3. Strictly speaking, the coefficients in F should be 1/E; and I,/I,E,, where E1
and E2 are the relative efficiencies at the two energies. If available, the efficiencies should be included, but often the related
members of the multiplet are so close together in energy that E1 ~ E2. When one of the related gamma rays is much more
intense than the other, the errors in the intense components caused by assuming E1 = E2 are usually negligible.

"There are various names for photon emission probability. To stay consistent with the other chapters of this text, we will use the terminology
“branching ratio” in lieu of “yield,” undoubtedly to the chagrin of some authors.
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7.4.9 Peak Fitting

A detailed description of peak-fitting techniques is given in Sect. 5.3 of Ref. [8]. Regarding a historical perspective, the
techniques developed by Gunnink and coworkers at Livermore [12] have been widely used for both plutonium isotopic
measurements and general gamma-ray spectroscopy. The GRPANL program [13, 14] was developed by Gunnink specifically
to analyze the multiple peaks of the plutonium spectrum; it also forms the basis for the area determination routines of the
GRPAUT program [15] that has been used at Mound Laboratory.

Both GRPANL and GRPAUT use a smoothed-step-function background and a Gaussian function with an exponential tail
to describe the full-energy peak. The equation for the full-energy peak function is

Yi= YO{ exp [a(X,- - Xo)z] + T(X[)} (7.30)

where

Y; = net counts in channel X; for a single peak

Y, = peak amplitude

o=—41In 2/(FWHM)2 =1/26°, where ¢ is the standard deviation of the Gaussian function
Xp = peak centroid

T(X;) = tailing function at channel X,.

The tailing function is given by
T(X;) = {A exp[B(X; — Xo)] + C exp[D(X; — Xo)]} x {1 —exp [0.405(X,- - xo)z] }5 (7.31)

where

A and C = short- and long-term tailing amplitude
B and D = short- and long-term tailing slope

6 =1for X; < X

6 = 0 for X; > X,.

The second term brings the tailing function smoothly to zero at X, as shown in Fig. 7.7. For many applications, the long-term
tail can be neglected (C = 0); for large multiplets with strong peaks, it should be included.
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Fig. 7.7 Gamma-ray full-energy peak obtained with a HPGe detector showing Gaussian, short-term tailing, long-term tailing, and smoothed-step
background contributions to spectral peak shape [16]
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When all seven parameters in Equations 7.28 and 7.29 are treated as free parameters, the peak-fitting process is usually
slow, although modern computers often permit a sufficiently fast analysis. Fortunately, many of the parameters can be
predetermined. The peak positions (X, and width parameters (a) can be determined from two strong, isolated, reference
peaks, such as the 148 and 208 keV peaks from **'Pu and **’U. Because the gamma-ray branching ratios are well known, the
relative intensities of peaks from the same nuclide can be fixed.

Experience [12] shows that the short-term tailing slope (B) is constant for a given detector system and should be measured
for a high-energy peak where tailing is large. The short-term tailing amplitude (A) is given by

ln(A) =k + kE. (7.32)

After B has been fixed, A can be determined from the two peaks that were used to determine the peak positions and width
parameters.

If the long-term tailing is zero, the only free parameters are the peak amplitudes Yy, and the fitting procedure is relatively
fast. GRPANL allows other parameters to be free, but this method increases the analysis time. The step-function background
is determined first and then subtracted from the acquired spectrum, GRPANL uses an iterative, nonlinear, least-squares
technique [13, 14] to fit the residual full-energy-peak activity. Because the method is iterative, the analysis time depends on
the number of peaks, the number of free parameters, and the type of computer system. Typically, analysis of a plutonium
spectrum that contains more than 50 peaks in 15 groups in the 120-450 keV range takes ~10 min on a Digital Equipment
Corporation PDP-11/23 computer or 3—4 min on a PDP-11/73. The analysis time is usually much shorter than the data
accumulation time.

GRPANL can fit X-ray peaks that have a different intrinsic line shape (Lorentzian) than gamma rays [17]. This feature is
necessary to fit peaks in the 100 keV region.

Much time has been invested in the development of computer codes to determine the peak areas from complex,
overlapping peak multiplets. Multiple successful codes exist—FRAM [10], MGA [16], PeakEasy [18], and InterSpec
[19]—along with many variations for special problems. Several of these codes are discussed in Chap. 10.

The codes describe full-energy peaks with a basic Gaussian shape plus one or two low-energy tailing terms (long- and
short-term tailing) and sometimes a high-energy tailing term. The long-term tail is ascribed to small-angle Compton scattering
within the item. The specific form of the tailing terms varies from code to code, although the results are often equivalent. The
procedures to subtract the Compton continuum also vary; in general, the background subtraction procedures are most in need
of improvement.

All fitting codes perform better on high-quality spectra with good resolution and minimal peak tailing. A fitting code
cannot completely compensate for poor-quality detectors and electronics or for sloppy acquisition procedures. That said, an
ounce of resolution is worth a pound of code.

7.4.9.1 Fitting Idiosyncrasies of Microcalorimeter Data

With the extremely high-energy resolution and pixelated nature of microcalorimeter spectrometers, summing spectra acquired
simultaneously from the individual pixels could result in tails on the low- and high-energy side of the full-energy peak. This
situation can arise when the pixels in a microcalorimeter array have a distribution of energy resolutions and is addressed by
fitting the summed peak with either a Bortels function—a convolution of a Gaussian with an exponential (or two)—or the sum
of two Gaussian functions fixed to the same centroid. In the latter case, one Gaussian describes the intrinsic detector response,
and the second Gaussian describes the broadening and tailing that results from pixel summation. The single-low-energy-tailed

Bortels is
LT (c%1) Xi— Xy + 0t
Yl—Yoiexp (T(Xl _XO + ) >> erfc(T , (733)
where

Y; = net counts in channel X; for a single peak

Y, = peak amplitude

o = the standard deviation of the Gaussian function
Xp = peak centroid

T = tailing parameter on the low-energy side.
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For a two-tailed Bortels function with tailing on both the low- and high-energy side, the function is

2 o 2
Yf:'vYoszeXP <TL (X,- —Xo + 62”> erfc(X’XO m)
V26 (734)

X 4+ 2
+(1 ’7>Y0%R3XP(TR (Xo - X; + G;R))erfc(W)’
c

where

Y; = net counts in channel X; for a single peak

Y, = peak amplitude

o = the standard deviation of the Gaussian function
X = peak centroid

7, = tailing parameter on the low-energy side

Tr = tailing parameter on the high-energy side

n = fraction between the two exponentials.

For X-rays, the peaks are fit with a Voigt function—a convolution of a Gaussian with a Lorentzian. The Lorentzian width
(negligible for gamma rays) is defined by the intrinsic lifetime of the corresponding atomic level, which is much shorter in
general than for nuclear lifetimes and is unique to each X-ray. The Gaussian component describes the detector response. The

Voigt function is
F{x,» “Xo+ zr}
Y=Y, v2 (7.35)

lod )

V2r

where

Y; = net counts in channel X; for a single peak

Y, = peak amplitude

o = the standard deviation of the Gaussian function
Xp = peak centroid

I' = width for the Lorentzian component

F = real component of the Fadeeva function.

7.5 Rate-Related Losses and Corrections
7.5.1 Introduction

Rate-related losses can generally be divided into dead-time and pileup losses. As discussed previously, dead time is a measure
of the fraction of the measurement time during which the system is busy processing incoming pulses from gamma-ray
detection events. Pulse pileup occurs when two or more events occur within an interval less than the amplifier pulse width sum
to give a pulse whose amplitude is not proportional to either of the original pulses.

Many texts discuss all counting losses in terms of two limiting cases (Ref. [20], for example). These cases are called
paralyzable and nonparalyzable. In general, paralyzable behavior occurs when each pulse subsequent to the pulse being
processed extends the dead time, whereas in the nonparalyzable case, the system ignores all subsequent pulses until the
processing of the current pulse is complete, and the dead time is not extended.

Nonparalyzable behavior is typical of analog-to-digital converter (ADC) operation, wherein a busy signal is emitted during
pulse digitization and memory storage while subsequent pulses have no effect on the system. In this case, the system can truly
be considered “dead” with respect to subsequent pulses.
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Paralyzable behavior is a result of pileup at the analog amplifier or digital pulse-processing stage. The terminology of dead
time, as applied to this case, is unfortunate because no circuitry is dead during pileup; rather, events are lost from their proper
channel because of the pulse distortion. At high count rates when multiple pulses overlap in time, several things can occur,
resulting in counting losses (i.e., a reduction in spectrum throughput). For example, multiple pulses can be recorded as the sum
of their amplitudes, counting only as a single event stored at a channel in the ADC that does not correspond to any individual
pulse amplitude; or one or more overlapping pulses can be discarded if they arrive within the operational time resolution of a
pileup-rejection circuit. In the absence of pileup rejection, a summation of pulses can have a resultant amplitude that exceeds
the upper-level discriminator of the linear gate that precedes the ADC and then be discarded. All of these effects of pileup
result in a reduction in throughput of the recorded spectrum even though no circuit is dead.

In an analog system, pileup can occur in the detector, the preamplifier, or the analog amplifier, but the overall effect is
governed by the slowest component—usually the analog amplifier as previously described. Pileup always results in a loss of
information; the degree of loss depends on the information sought and the gross count rates involved.

In high-resolution spectroscopy systems, the analog amplifier pulse width is often comparable to the ADC processing time,
and the loss of information caused by pileup may be equal to or greater than the loss caused by dead time. Although an MCA
can operate in a live-time mode and compensate for dead-time losses, it does not fully compensate for pileup losses. This
effect can be understood if one considers that two photons that enter the detector simultaneously will result in a single pulse
just as a single photon would. These two events in stand-alone fashion would relate to the same dead time, but the former is
more likely in higher dead-time situations in the absence of true coincidence summing (see Sect. 7.6).

7.5.2 Counting Loss as a Function of Input Rate

In early systems, the dead-time losses were far higher than pileup losses, and the simple nonparalyzable model was quite
adequate. In modern spectroscopy systems, counting losses are rarely completely described by the simple model of
nonparalyzable dead time; however, the concept is described here for completeness.

We will examine the correction to the throughput rate (rate of photon events recorded in the spectrum) that yields the raw
input rate (rate of photons that deposit energy in the detector). Because we are assuming that the raw input rate is for photons
that have already reached the detector, the correction described below is independent of whether the source has been
attenuated. See Chap. 6 for attenuation correction methods.

_ R R

Ri_i_ )
Jo 1-fp

(7.36)

where

R; = input rate of photons that deposit energy in the detector (time ")
R, = throughput rate of photon events recorded in the spectrum (time ')
fr = live-time fraction (unit-less)

fp = dead-time fraction = R, - 7 (unit-less)

7 = dead time per recorded event (time)

The dead time per event (7) is typically on the order of tens of microseconds for modern HPGe detector systems (based on the
pulse-processing time).

As an example, consider a dead time of 20% (dead-time fraction of 0.2). The corresponding live-time fraction is 0.8, which
is 20% lower than a live-time fraction of 1.0 (i.e., the system is 100% live; no correction is needed because no data are being
recorded). Using Eq. 7.36 and setting f5 to 0.2, a throughput rate of 1000 cps would correspond to an input rate of 1250 cps.
Or conversely, losing 20% of events from an input rate of 1250 cps leaves a throughput of 1000 cps.

Note that the input rate is R—o0 as Ri—1/t. The term nonparalyzable arises because R, rises monotonically toward the
limit (1/t); however, for pileup losses, R—0 as Ri—o0, justifying the term paralyzable.

Although Wilkinson ADCs do not have a fixed dead time, Eq. 7.36 applies if T is set equal to the average dead-time
interval. Whether fixed or an average, the dead time (7) is rarely determined directly because most users wish to correct for the
combined rate-related losses.
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Fig.7.8 Three Gaussian curves (amplifier pulses) separated by 1.5 x FWHM. As drawn, there is minimal pileup distortion to any pulse. If the pulse
separation is reduced, the distortion will clearly increase

Pulse-pileup losses are important in high-resolution spectroscopy. The relatively long shaping times of the amplifier
require optimum signal-to-noise-ratio pulses having widths up to 50ps, which increases the probability of pileup. A small
amount of pileup can lead to a significant degradation of the resolution in the resulting gamma-ray spectrum. This result is
especially evident for measurements taken with high-resolution HPGe systems.

Because Nal(TI) systems operate with pulse-shaping time constants that are less than those for HPGe systems, they have
lower pileup losses. Furthermore, because the Nal peaks are 10-20 times broader than germanium peaks, many events can
suffer slight pileup and still remain within the full-energy peak; however, pileup losses in Nal(Tl) spectra are much harder to
correct because of the broader peaks.

Figure 7.8 shows that if an amplifier pulse is preceded or followed by a pulse within approximately half the pulse width, its
peak amplitude is distorted. The degree of distortion depends on the amplitude and timing of the interfering pulse relative to
the analyzed pulse. Pileup-rejection circuitry frequently is used to detect and prevent analysis of the distorted events.
Unfortunately, in rejecting pileup-compromised pulses, almost all systems reject some small fraction of non-distorted pulses.

7.5.3 The Poisson Nature of Counting Loss

If no other events occur within the dead-time interval (T) where pileup is possible, the pulse will be analyzed and stored in its
proper location in the spectrum. The possibility for pileup depends on various factors, but the underlying nature is governed
by Poisson statistics. Considering that nuclear decay is a Poisson process, the emission of gamma rays within a certain time
interval (e.g., dead time per pulse [t]) will also be Poisson. The fundamental expression from Poisson statistics [1, 3] that
applies here is

(RT)NeRT

P(N) = —

(7.37)

where P(N) is the probability of (N) events occurring within a time interval (T) if the average input rate is R;. The probability
that an event is not lost to pileup is obtained by setting N = 0 in Eq. 7.37:

P(0)=e &7 (7.38)

This probability is essentially the live-time fraction f;. The fraction fp, of pulses lost during processing of a prior pulse (the
dead-time fraction) is given by
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Fig. 7.9 The absolute fraction of events stored and the fraction of the maximum storage rate for a paralyzable system (with a time interval [T],
where pileup is possible) as a function of input rate in units of 1/T

fp=1—-P0)=1—¢ KT (7.39)
The measured throughput rate R, is given by
R, =Rie ®T, (7.40)
where R; is the input rate of photon events in the detector. Differentiation of Eq. 7.40 with respect to R; gives

d d

ar R = 1k

d

Rie RTy=1.¢"RT L R RT) e RT —¢~RT(1 4+ RT). 7.41
(

The maximum throughput (R,) occurs when this derivative is zero (i.e., when 1— R;T = 0). Therefore, R, is maximized at
R; = 1/T, and the fraction of R; stored at that rate is 1/e = 0.37. The fraction of stored events is the live-time fraction of the
measurement.

The fraction of the input rate that is stored (the live-time fraction) is e , and the stored rate (i.e., the throughput rate) as a
fraction of the maximum stored rate 1/(eT) is given by RiTe! ~®T. Both of these fractions are plotted in Fig. 7.9.

—RT

7.5.4 Throughput as a Function of Dead Time

Building on the discussion leading to Fig. 7.9, we consider throughput as a function of dead time. With appropriate sources
and equipment, the throughput curve as a function of dead time can be determined experimentally. One could consider input
count rate as the independent variable, but different systems will exhibit different throughput values for the same input count
rate. For a discussion of throughput as a function of input rate, see Chap. 5 of Ref. [8].

For the same reported dead-time percentage, different systems will have different input count rates. The behavior of
throughput versus input count rate will therefore be system dependent. But due to the Poisson nature of rate loss as described
in Sect. 7.5.3, throughput as a function of dead time will be system independent.

From Eq. 7.41, we saw that the maximum throughput occurs when the input count rate R; equals the inverse of the dead
time per pulse, 1/T. To calculate the dead-time percentage for maximum throughput, we set R; _ 1/T in Eq. 7.39 for the dead-
time fraction of pulses lost to pileup.
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(7.42)

Equivalently and perhaps more intuitively, one can arrive at the same result by first writing the observed throughput rate as a
function of dead time. Substituting 1 —fp, as the live-time fraction, we obtain the throughput rate as a function of dead time,

R =Rie ®T=Ri(1—fp).

We can rearrange the dead-time fraction of Eq. 7.39 and take the natural logarithm,

1
Ri= = 3 In(1 = 1),

substitute this into Eq. 7.43 for throughput rate,

R, = — % In(1=fp)(1=fp),

and take the derivative of the throughput rate with respect to dead-time fraction.

d oy d
%(RZ)_de<

—

= 71+ m(1 =)

Setting this to zero yields the dead time for the maximum throughput,

1
T In(1—fp)(1 _fD))

fp(max throughtput) =1 — e~ ' =0.63.

(7.43)

(7.44)

(7.45)

(7.46)

(7.47)

In other words, assuming the Poisson nature of pile up, the theoretical maximum throughput will occur at a dead time of 63%.
An example of throughput versus dead-time percentage is shown in Fig. 7.10, where throughput is quantified as the net count
rate in the 122-keV peak from a >’Co source.
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Fig. 7.10 Net count rate (throughput) and FWHM for the 122-keV peak of 3’Co as a function of dead time
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In this experiment, 10 spectra were recorded at dead times in the range of ~10%—90%. The live time for each measurement
was kept constant at 100 s. Note that the maximum throughput occurs near a dead time of just above 60%. The common
Poisson nature of this relationship makes this outcome true for all systems. The degradation of resolution due to increasing
pulse overlap can also be seen in Fig. 7.10 as the FWHM of the 122 keV peak plotted as a function of dead-time percentage.

7.5.5 General Comments on Data Throughput

The throughput rate is the rate at which events are stored in the spectrum. Figure 7.9 shows that the throughput rate peaks at
surprisingly low values for ordinary high-resolution gamma-ray spectroscopy systems. For T = 50us (a high though common
value), 1/T = 20,000 s~ ', and the maximum throughput is ~7350 s~!. Where long time constants are necessary to produce the
desired resolution, throughput must be sacrificed as the price for the highest resolution. In fact, the low-rate side of the
throughput curve should be used when possible because it yields better resolution and peak shape. At a rate of 0.6(1/T), the
throughput is 90% of maximum; at only 0.5(1/T), the throughput is still 82% of maximum.

Sometimes a spectroscopy system must be operated far beyond the throughput maximum. At a rate of 2/T (40,000 s~ ' with
T = 50ps), only ~14% of the information is stored, implying a correction for pileup losses of ~7. One important point is
evident: to maximize system throughput and minimize the necessary corrections, T must be minimized, and some loss of
resolution must always be accepted. Fortunately, much progress has been made to minimize T and still preserve resolution and
peak shape (see Chap. 5 and Ref. [21]).

If Equations 7.38 through Eq. 7.40 are used to estimate throughput rates and loss fractions, R; and T must be reasonably
well known. The input rate (R;) is usually easy to obtain. Many modern amplifiers include a provision for pileup rejection and
have a fast-counting channel with a pulse-pair resolution of ~0.5—1.0ps and an output that can be counted with a scaler-timer.
Equation 7.36 can be used to refine the value of R; when there is significant loss in the fast-counting channel. Fast amplifiers
and discriminators can be connected to the preamplifier output to measure the gross count rate.

The rejection or loss interval (T) is more difficult to estimate. If electronic pileup rejection is not used, T can be assumed to
be approximately equal to the pulse width (see Fig. 7.8). An oscilloscope can be used to measure the width between the 1% or
2% amplitude points of the pulse. For many amplifiers, the pulse width is approximately six times the time constant (z), but
this assumption usually underestimates the pileup losses. After a pulse is analyzed, the amplifier output must fall below the
ADC lower-level discriminator before another event is accepted. Because the discriminator level is usually low, a pulse
preceded by another with less than a full pulse-width separation will not be analyzed. To compensate, T might be estimated at
~1.5 times the pulse width for systems without formal pileup rejection.

With electronic pileup rejection, different configurations have somewhat different values of T. One common procedure
uses a fast-counting circuit to examine the intervals between preamplifier pulses and to generate an inhibit signal if an interval
is less than a fixed value. The interval and inhibit signal length are approximately the width of an amplifier pulse. The inhibit
signal is applied to the anticoincidence gate of the ADC to prevent analysis of pileup events. The value of T depends on the
anticoincidence requirements of the ADC; usually a pulse is rejected if another pulse precedes it within the preset interval or if
another pulse follows it before the ADC linear gate closes when digitization begins. Obviously, a good qualitative
understanding of the operation of the ADC and pileup rejection circuitry is required to estimate T accurately. Additional
losses caused by ADC dead time can often be ignored. For example, if the pulse width is 35ps (corresponding to the use of
~6ps time constants) and digitization takes 15ps or less beginning when the pulse drops to 90% of its maximum value, then
the ADC completes digitization and storage before the pileup inhibit signal is released, and the ADC contributes no extra loss.

The fraction of good information stored is usually somewhat less than estimated. One reason is that rejection circuitry
allows some pileup events to be analyzed, thus causing a loss of good events. Most pileup rejection circuitry has a pulse-pair
resolution of 0.5—1.0ps. Pulses separated by less than the resolution time will pile up but are still analyzed, causing sum peaks
in the spectrum (see Sect. 7.6). An example of this result is shown in Fig. 7.11. Note how the application of pileup rejection
enhances the random sum peak at twice the energy of the incident 662 keV gamma rays as well as the associated summed
continua, which occurs because many pulses that partially overlap in time and would otherwise broaden spectral features are,
for the most part, thrown out.

Another cause of information loss is the generation of long-rise time preamplifier pulses. Usually preamplifier rise times are
a few tenths of a microsecond; however, if the gamma-ray interaction occurs in a part of the detector where the electric field is
weak or where an excess of trapping centers exists, it may take several microseconds to collect the liberated charge. The main
amplifier produces a very long, low-amplitude pulse—often two or three times as long as normal. Good events that sum with
these long, low-amplitude pulses are lost as useful information. The frequency with which such events are generated depends
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Fig. 7.11 Two Nal spectra of '*’Cs both recorded at a system-reported dead time of ~79%. The upper (red) spectrum was taken with pileup
rejection off. The lower (blue) spectrum was taken with pileup rejection on

on detector properties and how the detector is illuminated with gamma rays. Gamma rays that fall on the detector edges where
fields are often distorted and weak have a much greater chance of not being properly collected. In some applications, a detector
performs better at high rates if the gamma rays can be collimated to fall only on the detector’s center region. For a relatively
poor detector under fully illuminated conditions, as many as 10% of the detected events can have long rise times, which result
in a substantial loss of potential information. To achieve high throughput at high rates requires an excellent detector with
minimum generation of the poorly collected, slow-rising pulses.

7.5.6 Correction Methods: General

The determination of the full-energy interaction rates (FEIR) of the gamma rays of interest is fundamental to many NDA
procedures.

FEIR = % CF(RL) (7.48)

where

A(y) = full-energy-peak area

TT = real time of acquisition

CF 4105 = rate-related loss correction factor.

Three classes of correction procedures are discussed in this section. For detecting pileup events, the first procedure uses fast-
counting electronics to measure the intervals between pulses. Corrections are made by extending the count time or by adding
counts to the spectrum during acquisition. The second procedure adds an artificial peak to the spectrum by connecting a pulser
to the preamplifier. The third procedure uses a gamma-ray source to generate the correction peak. The second and third
procedures both use the variation in the correction-peak area to calculate a correction factor.

All three methods require the assumption that all peaks suffer the same fractional loss from the combined effects of pileup
and dead time; in general, the assumption is good.
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7.5.7 Pileup Correction Methods: Electronic

Methods that extend count time employ fast-counting circuits that operate directly from the preamplifier output; the time
constants involved allow a pulse-pair resolution of 0.5-1.0ps. The time resolution is achieved at the sacrifice of energy
resolution so that some small pulses analyzed by the ADC are lost to the timing circuitry. The circuitry can neither detect nor
correct for pileup events where the interval is less than the circuit resolving time or where one of the events is below the
detection threshold. When two or more pulses are closer together than the chosen pileup rejection interval but farther apart
than the resolving time, the distorted event is not stored, and the count time is extended to compensate for the loss.

One method of extending the count time is to generate a dead-time interval that begins when a pileup event is detected and
ends when the next good event has been processed and stored; this procedure is approximately correct. The procedure cannot
compensate for undetected events; however, with a typical rejection-gate period of 20ps and a pulse-pair resolving time of
~1ps, the correction error could be only a few percent. For rates up to several tens of thousands of counts per second, the total
error could be only 1% or less; the necessary circuitry is frequently built into spectroscopy amplifiers. The method requires
live-time operation, so the assay period is not known a priori. The method also requires that the count rate and spectral shape
are constant during the counting period; this limitation is of no consequence for the assay of long-lived nuclides, but it is
important in activation analysis of very short-lived nuclides.

The activation analysis requirement to handle high count rates and rapidly changing spectral shapes has led to further
advancement in dead-time pileup corrections. Such systems can handle input rates of hundreds of thousands of counts per
second and accurately correct for losses in excess of 90%.

7.5.8 Pulser-Based Corrections for Dead Time and Pileup

This method uses a pulser to insert an artificial peak into the stored spectrum. The method has numerous variations depending
on the type of pulser used. Most germanium and silicon detector preamplifiers have a TEST input through which appropriately
shaped pulses can be injected. These pulses suffer essentially the same dead-time and pileup losses as gamma-ray pulses and
form a peak similar to a gamma-ray peak. The pulser peak has better resolution and shape than the gamma-ray peaks because it
is not broadened by the statistical processes involved in the gamma-ray detection process. The pulser peak area is determined
in the same way as a gamma-ray peak area. The number of pulses injected into the preamplifier is easily determined by direct
counting or by knowing the pulser rate and the acquisition time.

An advantage of the pulser method is that the artificial peak usually can be placed to avoid interference from gamma-ray
peaks. In addition, because all pulser events are full energy, minimum extra dead time and pileup are generated. On the other
hand, it is difficult to find pulsers with adequate amplitude stability, pulse-shaping capability, and rate flexibility.

Another common problem is the difficulty of injecting pulses through the preamplifier without introducing some
underdamped behavior of the output pulse. Excessive underdamping is objectionable because gamma-ray pulses can pile
up on the negative part of the pulse like they do on the positive part. The amplifier pole zero cannot compensate
simultaneously for the different decay constants of the pulser and gamma-ray pulses, and compensation networks are rarely
used at the TEST input because of probable deterioration in resolution. The underdamping problem can be minimized by
using a long decay time on the pulser pulse (often as long as a millisecond), by using shorter amplifier time constants, and by
using high baseline-restorer settings. Some sacrifice of overall resolution is usually required to adequately minimize the
problem of underdamping.

The simplest approach is to use an ordinary fixed-period pulser in which the interval between pulses is constant and equal
to the reciprocal of the pulse rate. The best amplitude stability comes from the mercury-switch pulser, which charges and
discharges a capacitor through a resistor network by a mercury-wetted mechanical switch. The mechanical switch limits the
useful rate of such pulsers to <100 Hz.

Assuming that the pulser peak and gamma-ray peaks lose the same fraction of events from dead time and pileup, the
appropriate correction factor is

N,
CFr rateloss —

Np
A (7.49)

where
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N, = number (rate) of pulses injected
A, = area rate of pulser peak.

CF,4c10ss has a minimum value of 1.00 and is the reciprocal of the fraction of events stored in the peaks.

Equation 7.49 is not quite correct because pulser pulses are never lost as a result of their own dead time, nor do they pile up
on one another. Thus the overall losses from gamma-ray peaks are greater than those from the pulser peak, although the
difference is usually small. At moderate rates, the dead-time and pileup losses are nearly independent, and CF,oss can be
corrected with two multiplicative factors to obtain a more accurate result:

CF rateloss = % (1 + RpTD) (1 + R])T)7 (750)

where

R, = pulser rate

Tp = dead time for pulser pulse
T = pileup interval.

The pulser dead time (Tp) can be adequately estimated from the speed of the ADC and, for Wilkinson ADCs, from the
position of the pulser peak. The interval (T) is usually 1.5-2 times the pulse width. If R, is <100 Hz, both factors are usually
small. Assuming a typical value of 20ps for both T, and T, the value of each additional factor is 1.002 so that the increase in
CFrateloss 1s only ~0.4%. Larger corrections result if greater values of T, or T are used. If R, is increased to 1000 Hz to obtain
high precision more quickly, the additional factors make a difference of several percent.

Concern about assay precision brings up a rather curious but useful property of periodic pulsers. The precision of the pulser
peak is given by a different relation than that of gamma-ray peaks. In fact, the precision of a pulser peak is always better than
the precision of a gamma-ray peak of the same area because gamma-ray emission is random and the generation of pulser
pulses is not. The precision of gamma-ray peak areas is governed by Poisson statistics, whereas the precision of pulser peaks is
governed by binomial statistics. In a given time interval, the pulser either fired a fixed number of times or it did not, unlike the
theoretically infinite number of possible gamma-ray emissions to be detected during the same time interval.

The variance of a binomial distribution can be written in terms of the number of trials (r) and the probability for success (P)
for each trial.

6> =nP(1 —P) (7.51)

Assuming that the continuum under the pulser peak is negligible and that the peak area is A, (equal to n P in Eq. 7.51), the
variance and relative variance of A, are given by

5*(Ap) Ap<1 - ]Avf;)

S2(A)= — N_Z) (7.52)

where N, is the total number of pulses injected into the spectrum. Assuming again that the Compton continuum is negligible,
the variance and relative variance of a gamma-ray peak of area (A) are given by

|
=
/?
|
S

S2(A)=A

S2(A) = (7.53)

1
A

Figure 7.12 gives S,(Ap) versus A, for several choices of A, /N, and demonstrates that by the time A, /Np =~ 0.5, the
improvement in precision is quite negligible.
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Fig. 7.12 The relative standard deviation S,(A;) of a pulser peak area (A;) as a function of A, for several values of A;, /N, where N, is the total
number of pulses injected into the spectrum

When the pulser peak rests on a significant continuum, the expressions for S(A;) are more complex because of the random
nature of the continuum. The pulser peak should be placed in a low-continuum (usually high-energy) portion of the spectrum
so that the improved precision can be taken advantage of, and the simple Eq. 7.52 can be used.

The use of a high-energy pulser peak can complicate the minimization of underdamping of the amplifier pulse shape. An
alternative approach is to use a rectangular pulse that is longer than the amplifier output; then the pole-zero problem
disappears, and no underdamping occurs. Instead, a negative pulse is generated as the pulser output drops. Other events
pile up on the negative pulse, but the pulse is cleanly defined and tends to throw pileup events out of their peak. The additional
factor for the pileup losses can be written as (1 + 2R, T).

Pulser-based, dead-time pileup corrections are accurate only when both rate and spectral shape are constant throughout the
counting period. When the count rate changes during a measurement, proper corrections cannot be made if the pulser operates
at a fixed rate. In principle, a correction can be made using a pulser that operates at a rate that is a fixed function of the gross
detector rate. Pulsers based on this concept have been built and used successfully [22]. They are used in activation analysis,
half-life studies, accelerator experiments, and anywhere that variable rates with constant spectral shape might be encountered.
The use of variable rate pulsers indicates the variety and ingenuity with which the fundamental idea of inserting a synthetic
peak into a spectrum has been applied to the problem of dead-time pileup corrections.

7.5.9 Reference-Source Method for Dead-Time Pileup Corrections

The most accurate method for measuring the dead-time pileup correction uses a reference source fixed in position relative to
the detector. The source provides a constant gamma-ray interaction rate in the detector. The reference peak performs the same
function as the pulser peak.

Like the other methods, the reference-source method requires the assumption that all peaks suffer the same fractional loss
from dead time and pileup. Given this assumption, the ratio of any peak area to the reference peak area is independent of such
losses. Let A(y) and FEIR(y) represent, as usual, the full-energy-peak area and the FEIR of any gamma ray other than the
reference gamma ray (R). If F is the fraction of stored events (common to all gamma rays in the spectrum) and TT is the true
acquisition time, then the areas are

A(y) = F x FEIR(y) x TT
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A(R)=F % FEIR(R) xTT. (7.54)

The ratio of the two expressions gives

(7.55)

which is independent of both F and TT. Gamma-ray assays often are based directly on the loss-independent ratios A(y)/A
(R) without ever explicitly determining CF ,.10ss OF FEIR(y). For the reference-source gamma ray, the correction factor
becomes

T
A(R)’

CFratelom :FEIR(R) x (756)

Combining this expression with Eq. 7.48 gives

FEIR(y) = % FEIR(R). (7.57)

If assay systems are calibrated with the help of standards, it is unnecessary to know FEIR(R) to obtain accurate assay values.
In many assay procedures, the quantity sought, M (nuclide or element mass), is proportional to FEIR(y). In Equations 7.58
through 7.60, K is the calibration constant, the subscript s denotes quantities pertaining to standards, and the subscript
u denotes quantities pertaining to unknowns. Again, we are assuming that no attenuation corrections are required for the
sources used.

_ 1AR),
u K

} [A(V)} % FEIR(R) (7.58)

The calibration constant can be determined from a single standard:

K= E((I};))j x FEIR(R)

M;

(7.59)

Combining Eq. 7.58 and Eq. 7.59 gives

b

()

(R)_)

N

2

which is independent of FEIR(R).

Although an accurate value of FEIR(R) is not needed, it is useful in obtaining approximate values of FEIR(y), FEIR(R),
and CF 1055 SO that actual rates of data acquisition are known, along with the fraction of information being lost to dead time
and pileup. Having a calibration constant expressed as corrected counts per second per unit mass can be helpful when
estimating required assay times.

A reasonably accurate value of FEIR(R) can be obtained by making a live-time count of the reference source alone and
estimating a correction for the pileup losses. A more accurate value can be obtained by using a pulser to correct for dead-time
pileup losses.

The reference-source method can be applied to any spectroscopy system without additional electronics. The method avoids
problems caused by injecting pulser pulses into a preamplifier and by drift of the reference peak relative to the gamma-ray
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peaks. It also avoids the extra corrections required by a fixed-period pulser. Additionally, no error occurs because of the finite
pulse-pair resolving time, and the reference peak is constantly present for digital stabilization and for checking system
performance.

The most significant limitation to the procedure is that a reference source with appropriate half-life and energy is not always
available. An additional limitation is that the reference source must have a significant count rate, which causes additional
losses and results in poorer overall precision than that achievable using the same count time with other methods. The
reference-source method, as well as the simpler pulser method, is applicable only when the count rate and spectral shape are
constant.

The reference source should have a long half-life and an intense gamma ray in a clear portion of the spectrum. The energy
of the reference gamma ray should be lower than the energy of the assay gamma rays so as not to add to the background
beneath the assay peaks. Few sources meet all of the desired criteria, but several have proven adequate in many applications.

For 2*°Pu assays based on the 413.7 keV gamma ray, '>*Ba is the most useful source. Its 356.0 keV gamma ray does not
suffer interference from any plutonium or americium gamma ray, and it is within 60 keV of the assay energy. The 10.3 year
half-life is very convenient. Although '*>Ba has several other gamma rays, they are all at energies below 414 keV.

For plutonium assays that make use of lower-energy gamma rays, '°°Cd is a useful reference source. The 88.0 keV gamma
ray is its only significant emission except for the ~25 keV '%’Ag X-rays from electron capture, which are easily eliminated by
a thin filter. Its half-life of ~453 days is adequate to give a year or two of use before replacement. Although no interfering
gamma rays from plutonium or americium nuclides are present, a possible interference exists from lead X-rays fluoresced in
the detector shielding. The lead Ky, X-ray falls almost directly under the 88.0 keV gamma ray from 19°Cd. Interference can be
avoided by wrapping the detector in tin to absorb the lead X-rays and by using a sufficiently strong 199Cd source so that any
residual leakage of lead X-rays is overwhelmed. If different shielding material (e.g., iron or tungsten alloys) can be used, the
problem disappears.

For assays of >>°U, the 122.0 keV gamma ray from >’Co is used frequently. Its 27 1-day half-life is adequate although not as
long as might be desired. The 122.0 keV gamma ray is approximately eight times more intense than the 136.5 keV gamma ray,
which is the only other gamma ray of significant intensity. Note that in using °’Co for assay of highly enriched uranium items,
the 120.9 keV gamma ray from ***U can be an annoying interference.

Often **' Am can be used as a reference source for uranium or other assays. Although the 59.5 keV gamma ray from **' Am
is further removed than desirable from 186 keV, it can be used successfully, particularly if steps are taken to reduce the
resolution difference. The half-life of 433.6 year is beyond fault. Americium-241 must be absolutely absent from any
materials to be assayed. When using '**Yb as a transmission source in densitometry or quantitative >*>U assay, ytterbium
daughters emit X-rays that directly interfere with the 59.5 keV gamma ray; sufficient filtering combined with adequate source
intensity can eliminate any possible difficulty. Note also that the Kol X-ray emission from tungsten, a common attenuator
material, is at 59.3 keV.

The current methods for dead-time pileup correction assume that all full-energy peaks suffer the same fractional loss. That
assumption is not completely true primarily because the width and detailed peak shape are functions of both energy and count
rate. In applying the reference-peak method, precautions can be taken to minimize the degree to which the assumption falls
short. Four of those precautions, most of which apply to any of the correction methods, are listed as follows:

*  Where possible, apply the procedure only over a narrow energy range.

» Keep the peak width and shape as constant as possible as functions of both energy and count rate, even if that effort slightly
degrades the low-rate and low-energy resolution. Proper adjustment of the amplifier and the pileup rejection can help
considerably.

* Avoid a convex or concave Compton continuum beneath important peaks, especially the reference peak. If possible, the
ratio of the reference peak area to the continuum area should be >10.

+ Exercise great care in determining peak areas. ROI methods may be less sensitive than some of the spectral fitting codes to
small changes in peak shape.

Experimental results indicate that the reference-source method can correct for dead-time and pileup losses with accuracies
approaching 0.1% over a wide count-rate range. Such accuracies can also be approached by pulser methods, particularly at
lower rates and by some purely electronic methods.
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7.6  Coincidence Summing in Gamma-Ray Spectra

Two or more gamma rays could enter the detector volume in a time interval that is very small compared with the charge
collection times of germanium, silicon, or Nal(Tl) detectors. In this case, the multiple gamma rays are treated as a single
interaction.

7.6.1 Random Coincidence Summing

Random coincidence summing occurs when two or more photons from different atoms deposit energy within the volume and
resolving time of the detector. This process becomes more observable as dead time of the measurement increases. For
example, consider a bare '*’Cs source of sufficient activity or at a source-to-detector distance such that the dead time is
significant for a particular detector. If two 661.7 keV gamma rays deposit their full energy in the detector at roughly the same
time, this process will contribute to counts in the spectrum at 2 X 661.7 = 1323.4 ke V. If this effect occurs many times during a
measurement, a “random sum peak” will occur at this energy. Of course, random summing can occur at all energies in all
combinations, even creating summed versions of other spectral features such as Compton continua. In general, summed
features will be less resolved because of the mixing of various energy combinations, which is illustrated in Fig. 7.13.

7.6.2 True Coincidence Summing

True coincidence summing occurs when two photons from the same decay event in an atom deposit energy within the volume
and resolving time of the detector. True coincidence can result from gamma-gamma, gamma-X-ray (X-rays generated
following internal conversion or electron capture), and gamma-annihilation photon coincidence. It is a function of the
detection efficiency (counting geometry and detector) and the radionuclide’s decay scheme (not a function of the overall
count rate). Therefore, true coincidence can be reduced by moving the sample farther from the detector to reduce the
subtended solid angle (see Sect. 7.7.2). Typically, true coincidence causes counts to be lost from the full-energy peaks, but
it can also cause addition to full-energy peaks depending on the radionuclide’s decay scheme. Common radionuclides
susceptible to true coincidence are 59Co, 88Y, 1525y, 154Eu, 125gp, 134Cs, and '>’Ba [23]. Consider the example of 133Ba,
the level scheme of which is shown in Fig. 7.14.

Following the emission of a 356-keV gamma-ray from the 437-keV level, the nucleus reaches the 81-keV level, where the
lifetime is only 6.3 ns. In terms of the microsecond-scale time resolution of typical gamma-ray detectors, the 356 and 81 keV
gamma rays can be viewed as being emitted virtually at the same time. If both photons deposit energy in the detector, the result
will be a count that represents the sum of the energies deposited. Due to the cascade-like nature of the decay, true coincidence
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Fig. 7.13 Spectrum of '*’Cs at a dead time of 60%. A random sum peak occurs at 1323 keV. Note also the summed continuum
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Fig. 7.14 Decay scheme for 133Ba. Note the lifetime for the 81 keV level is only 6.3 ns
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summing is often referred to as “cascade coincidence summing.” Because both gamma rays emanate from the same atom, this
effect is essentially independent of source activity and thus, dead time. In addition to true coincidence summing, random
summing may occur between the 81-keV gamma ray of one atom and the 356-keV gamma ray of another atom.

Note that true coincidence events are not limited to decay cascades. Consider the decay of **Na by positron emission. The
resulting 1275-keV gamma ray is emitted in coincidence with the positron. The annihilation of the positron will occur rapidly
in matter, i.e., ~hundreds of picoseconds [24]. Therefore, the 511-keV annihilation radiation that results will be in coincidence
with the 1275-keV gamma ray.

Cascade summing can result in subtractive or additive errors in the measured FEIRs. The problem becomes significant
when the source is so close to the detector that the probability of detecting two or more cascade gamma rays simultaneously is
large. If very short source-to-detector distances must be used to enhance sensitivity, cascade-summing problems must be
carefully considered.

7.7 Geometric Effects
7.7.1 The Inverse Square Law

Radiation intensity decreases with the square of the distance from a point source. If the distance from a radiation source is at
least three times the longest dimension of the source, the source can be treated as a point source, and the inverse square law
will give the correct answer within a percent [15].

Consider a point source that emits (/) gamma rays per second. The gamma-ray flux (F) at a distance (R) is defined as the
number of gamma rays per second that pass through a unit area on a sphere of radius (R) centered at the source. Because the
area of the sphere is 4tR’, the expression for F is



7 General Topics in Passive Gamma-Ray Assay 131

| (Field Intensity)

Fig.7.15 Inverse-Square Law. The flux at a radius of 2R is one quarter of the flux at a radius of R. One would need a detector four times larger than
the detector at R to record the same total count rate at 2R
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Essentially, as one doubles the source-to-detector distance, the recorded flux will drop by a factor of 4. In other words, to
record the same count rate at a distance of 2R as one would record at R, a detector face four times larger would be required.
This scenario is illustrated in Fig. 7.15.

7.7.2 Solid Angle

The inverse square law is directly related to the concept of solid angle. The maximum solid angle of 4z steradians can be
covered only by a detector that completely surrounds the source, such as a well counter. A typical gamma-ray detector covers
only a fraction of the Gaussian spherical surface through which the emitted photon flux will pass. If Q is the solid angle
subtended by the detector at the source, then /47 is the solid-angle fraction covered by the detector, and it is the probability
that a gamma ray from an isotropic source will be incident on the face of the detector. This outcome is illustrated in Fig. 7.16.
Note that the maximum solid angle that could be covered in this situation is 2z steradians, which occurs when the source is in
direct contact with the center of the detector face (R = 0). For a point source and a detector face with a circular aperture, the
solid-angle fraction can be expressed in terms of the angle 0 that is created by the source-to-detector distance (R) and the radius
(r) of the detector face.

(1 —cos6) (7.62)

| =
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7.7.3 Extended-Source Geometries

The detector count rate is proportional to the incident flux and, as discussed, if the detector face can be approximated by a
portion of a spherical surface centered at the source, the count rate has the same 1/R? dependency as the flux. When
low-intensity items are counted, a clear motivation exists to reduce the item-to-detector distance and increase the count rate.
Unfortunately, when the item-to-detector distance is so small that different parts of the item have significantly different
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Fig. 7.16 Solid-angle fraction out of 4 steradians for a detector with radius (r) at a distance (R) from the source where 6 = tanfl(r/R)
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Fig. 7.17 Geometry for computing the response of a point detector to a line source

distances to the detector, the count rates from different parts of the item vary significantly. This variation can cause an assay
error when the distribution of emitting material is nonuniform.

When the source-to-detector distance is on the order of or less than either the item or detector dimensions, the measurement
can be considered to be in the near field. In this situation, the overall count rate from items of finite extent does not follow the
simple inverse-square law; usually the variation is less strong than 1/R%. Knowledge of a few simple cases can help to estimate
overall count rates and response uniformity.

The simplest extended source is a line, which is often an adequate model of a pipe that is carrying radioactive solution.
Consider an ideal point detector with intrinsic efficiency (e) at distance (D) from an infinitely long source of intensity (I) per
unit length (Fig. 7.17).
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Fig. 7.19 Cross section through a cylindrical item and a point detector showing how count rate varies with position

The count rate from this source can be expressed as

< Iedr nle

In this ideal case, the count-rate dependence is 1/R rather than 1/R*; when pipes are counted at distances much smaller than
their length, the count-rate variation will be approximately 1/R.

The count rate from a detector at a distance (R) from an infinite plane surface does not depend on R at all. Certain
geometries can approximate an infinite plane. For a detector near a uniformly contaminated glove-box wall, count rates vary
little with wall-to-detector distance changes. In this sense, the glove-box wall can be thought of as a semi-infinite plane. As the
distance between the wall and the detector changes, the area of the wall within the detector field of view changes to
compensate the observed count rate. This effect is illustrated in Fig. 7.18.

When possible, the variation of response with position inside an item should be minimized. The item-to-detector distance
can be increased, but the penalty is a severe loss of count rate. A better strategy is to rotate the item. Consider the cross section
of a cylindrical item of radius (R) whose center is at a distance (D) from a detector (Fig. 7.19). Unless D is much greater
than R, the count rates for identical sources at positions 1, 2, 3, and 4 vary considerably. The figure shows that if D = 3R, the
maximum count-rate ratio is CR(2)/CR(4) = 4. The ratio of the response of a rotating source at radius (R) to the response at the
center (position 1 of Fig. 7.19) is
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Table 7.7 The effect of item rotation on count-rate variation

R/D CR(R)/CR(l)(Rotating) CR(2)/CR(I)(Nonrotating)
172 1.33 4.0

1/3* 1.125 2.25

1/4 1.067 1.78

1/5 1.042 1.56

1/6 1.029 1.44

1/7 1.021 1.36

“See Fig. 7.19

CRR) 1
R =T @ (7.64)

The response is the same as that obtained for a uniform, nonattenuating, circular source of radius (R) whose center is at a
distance (D) from a detector. Table 7.7 gives the value of this function for several values of R/D compared with CR(2)/CR
(1) for the nonrotating source of Fig. 7.19. For relatively large values of R/D, rotation improves the uniformity of response.
The response variation is even larger when attenuation is considered. Rotation only reduces 1/R? effects; it does not eliminate
them completely.

Rotation reduces response variations caused by radial positioning but does little to compensate for height variations. If the
source height is less than one-third of the item-to-detector distance, the decrease in response is less than 10% relative to the
normal position.

The choice of item-to-detector distance is a compromise between minimizing the response variations and maintaining an
adequate count rate. A useful guideline is that the maximum count-rate variation is less than +10% if the item-to-detector
distance is equal to three times the larger of the item radius or the half-height. If an item cannot be rotated, it helps
considerably to count it in four positions 180° apart.

7.8  Detector Efficiency Measurements
7.8.1 Absolute Full-Energy-Peak Efficiency

The absolute full-energy-peak efficiency is the fraction of gamma rays emitted by a source at a particular source-to-detector
distance that produces a full-energy interaction in the detector. It is determined by measuring the efficiency at various energies
using an unshielded point source (to minimize external and self-attenuation) and fitting the experimental data with an
appropriate function.

_ , (7.65)

where

ea(Ey) = absolute full-energy efficiency at the energy Ey
FEIR(Ey) = full-energy interaction rate at the energy Ey
I(Ey) = gamma-ray emission rate at the energy Ey.

Considering the more general case of an extended source shielded by a container or otherwise, we can also write the absolute
detection efficiency in terms of the effects of self-attenuation and external attenuation, the intrinsic detector efficiency (see
Sect. 7.8.2), and the solid-angle fraction that was discussed in Sect. 7.7.2.

ea(Ey) =Tseyr (Ey) - Tew(Ey) - €1(Ey) (7.66)

e
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where

Tseif(Ey) = self-transmission through material matrix at the energy Ey
Tg(Ey) = transmission through external attenuators at the energy Ey
e(Ey) = intrinsic detector efficiency at the energy Ey (see Sect. 7.8.2)
Q/4n = solid-angle fraction covered by the detector

A discussion of the transmission terms T Ey) and Ty (Ey) can be found in Chap. 6.

7.8.2 Intrinsic Detector Efficiency

The intrinsic full-energy detector efficiency is the probability that a photon will deposit all of its energy in the detector volume,
assuming that it has entered the detector volume. For far-field measurement geometries, photons are incident normal to the
face of the detector. In this case, the intrinsic efficiency is independent of solid angle and thus, source-to-detector distance. For
a far-field point source (no self-attenuation, Tser = 1 for all energies) that is unshielded and in a negligible container
(no external attenuation, Tg,, = 1 for all energies), the absolute full-energy efficiency €, and the intrinsic full-energy
efficiency ¢ are related by the simplified version of Eq. 7.66:

_ FEIR(E,) Q

=gy =) gy (7.67)

8A<Ey

In general, as incident photon energy increases, the likelihood for full-energy deposition in the detector decreases. This result
is especially true for thin detectors, illustrated in Fig. 7.20; however, the sensitive medium of a gamma-ray detector is usually
enclosed in a housing that will attenuate photons but is not sensitive to the energy deposited. This attenuation will decrease the
efficiency of detection for photons with low incident energies (e.g., < ~60 keV), as shown in Fig. 7.21, which is especially
true for ruggedized detectors in which the housing is thicker.

The intrinsic full-energy efficiency is determined experimentally by measuring the absolute full-energy efficiency and
solving Eq. 7.67 for €. The source should be point-like in nature and set in a far-field configuration (to minimize self-
attenuation and solid-angle geometry effects respectively) and in a thin-walled container of low atomic number (to minimize
external attenuation). Such effects are addressed further in Sect. 7.9, which covers relative efficiency. An example intrinsic
detector efficiency curve is shown in Fig. 7.22. This example is for an ORTEC Detective (HPGe), which has a ruggedized
housing. The effect manifests itself as the drop in efficiency below approximately 130 keV. Below this energy, photons scatter
or are absorbed in the nonsensitive housing before reaching the detector crystal. Above this energy, efficiency decreases as
incident energy increases, and photons more likely scatter and escape the detector crystal or pass right through without
depositing their full energy.

Based on Fig. 7.22, a photon with an energy of 130 keV that is incident on the detector face will have an approximate 45%
chance of contributing a count to a full-energy peak at 130 keV. Again, this result is entirely independent of source-to-detector
distance (i.e., solid-angle fraction).

Thin Detector Thick Detector

Low-Energy 7y Low-Energy Yy

High-Energy Y High-Energy 7y

Fig. 7.20 In general, higher-energy photons will more likely pass through a detector without depositing their full energy. The intrinsic detector
efficiency therefore decreases with increasing incident photon energy
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Fig. 7.21 The sensitive part of a gamma-ray detector is enclosed in a protective housing that attenuates but is not sensitive to photons, which
decreases detection efficiency at low energies, especially for ruggedized detectors
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Fig. 7.22 Example of an intrinsic detector efficiency curve. This curve is for an ORTEC Detective (HPGe) detector

Note that the values of & computed will depend slightly on the position of the source with respect the detector. Photons of
different energies have different corresponding average interaction depths in the detector. If the source-to-detector distance is
several times the detector thickness, then the differences in interaction depth as a function of energy can be ignored and the
solid-angle fraction calculated according to Sect. 7.7.2.

7.9 Relative Efficiency

Frequently the actual values of the absolute or intrinsic full-energy-peak efficiency are not needed, and only the ratios of the
efficiency at different energies are required. Relative efficiency differs from absolute efficiency only by a multiplicative
constant that depends on the source activity and solid-angle fraction of the measurement. Exact gamma-ray emission rates are
not required—only values proportional to the emission rates. Also, a relative efficiency curve is inherent in an absolute
efficiency curve and defines its shape.
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The emitted photon flux I(E,) in Eq. 7.65 can be written as

N -In(2) - BR(E,)

I(E,) = 7.68
( J’) T1 /2 ( )
where
N = the number of nuclei available to emit the photon at energy Ey
T, = the half life of the emitting nuclide
BR(Ey) = the branching ratio for emitting the photon at energy Ey
Substituting this in Eq. 7.65 and rearranging, we have.
Ty FEIR(E,)
E,)= . 7.
ea(Ey) [N ‘n(2)| BR(E,) (7.69)

The term in brackets is independent of energy. We now remove that term and rewrite Eq. 7—69 as a proportionality relation. In
doing so, we define relative efficiency.

FEIR

We have removed the explicit energy dependence in Eq. 7.69 because it is common to all terms. The proportional nature of the
relation illustrates that it is the shape of the relative efficiency curve as a function of energy that is important and not its
absolute magnitude.

To reiterate, the shape of the relative efficiency curve will be governed by three things:

* intrinsic detector efficiency (Sect. 7.8.3),
+ self-attenuation of the source matrix (Chap. 6), and
+ external attenuation due to any intervening material between the source and detector (Chap. 6).

Relative efficiency must be considered when comparing measured count rates for gamma-ray peaks that are significantly
separated in energy. “Significantly separated” is somewhat of a relative term itself because the slope of the relative efficiency
curve can vary quite a lot for different energy regions of the spectrum.

7.9.1 Efficiency as a Function of Energy and Position

Usually NDA calibrations are done using standards that contain known amounts of the nuclides of interest in packages of
appropriate shape and size. Because approximate detector efficiencies are used only to estimate expected count rates, little
need exists to carefully characterize efficiency as a function of energy and position. A detector so characterized can assay
without the use of standards although generally not with the same ease and accuracy as with them. When standards are not
available or allowed in an area, verification measurements can be made of items of known geometry and content using the
known detector efficiency to predict the FEIRs for a chosen detector-item configuration. If the measured FEIRs agree within
the estimated error with the predicted rates, the item content is regarded as verified.

In constructing appropriate efficiency functions, the absolute efficiency is measured for many energies and positions and
then fit to an adequate mathematical model. Cline’s method [25] combines reasonable accuracy with a straightforward
procedure for determining the efficiency parameters.
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7.9.2 Toy Model for Relative Efficiency

To understand the general shape of a relative efficiency curve, it might help to first consider a toy model. Assume that a
theoretical measurement is performed of a bare point source embedded in a perfect detector of infinite extent, as represented
by Fig. 7.23.

The true point-like nature of the source would mean that no self-attenuation of emitted photons would exist. The absence of
a container or other material around the source means that no external attenuation would exist. The idea that the detector is
infinite in extent would mean that the full energy of every photon emitted by the source would be deposited in the detector.
Therefore, the only reason for differences in the FEIR counts of the resulting spectrum, shown in Fig. 7.24, would be due to
the branching ratio for each photon energy.

If we normalize the area of each peak by its respective branching ratio as in Eq. 7.70, the result would be a spectrum with all
peaks of the same area, as shown in Fig. 7.25; that is, we have a flat relative efficiency curve for our toy model.

o - Wis\*““‘* .

Vs

¥

(00)
(0]

Fig. 7.23 Toy model of an infinitesimal point source embedded in a detector of infinite extent. Every gamma ray that is emitted by the source
deposits its full energy in the detector
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Fig.7.24 Fictional spectrum (with arbitrary energy units) from the toy model of an infinitesimal point source embedded in an infinite detector. The
only reason for the difference in recorded counts at each energy is the different branching ratios
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Fig. 7.25 Fictional relative efficiency (Counts/BR) from the toy model of an infinitesimal point source embedded in an infinite detector. Without
the effects of realistic attenuation or intrinsic detector efficiency, the relative efficiency data are flat with respect to energy
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Fig. 7.26 Relative efficiency curve now including the effects of attenuation and intrinsic detector efficiency. Increasing attenuation reduces counts
at lower energies, whereas decreasing intrinsic detector efficiency decreases counts at higher energies

We now apply the real-world effects of attenuation and intrinsic efficiency of a noninfinite detector to our toy model
relative efficiency of Fig. 7.25. In general, attenuation will reduce counts at lower energies, whereas intrinsic detector
efficiency will reduce counts at higher energies. This outcome is illustrated in Fig. 7.26.

7.9.3 Example Relative Efficiency Measurements

The simplest way to obtain a relative efficiency curve is to record net areas for several gamma-ray peaks from a single nuclide
that span the energy range of interest and normalize the net areas by their respective branching ratios. An example of such a
measurement is shown in Fig. 7.27 for a bare point source of '**Eu. The lack of external and self-attenuation means that the
intrinsic detector efficiency is the dominant effect in determining the shape of this curve.
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Fig. 7.27 Relative efficiency curve for a bare '>*Eu point source. The curve has been normalized to the maximum efficiency, which for this
measurement, occurs for the 122-keV data point
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Fig. 7.28 Relative efficiency curve for a '>*Eu point source shielded by approximately 6 mm of steel. The curve has been normalized to the
maximum efficiency, which for this measurement, occurs for the 245-keV data point

With the addition of external attenuation between the source and the sensitive medium of the detector, we begin to lose
counts preferentially from peaks at lower energies. This effect is shown in Fig. 7.28, where a '>?Eu point source has been
shielded by 6 mm of steel. The maximum relative efficiency shifts to higher energy (245 keV in this case) compared with the
measurement of the bare source in Fig. 7.27. This effect is much more evident in Fig. 7.29, where a '>*Eu point source has
been shielded by 50 mm of steel.

The data in Fig. 7.30 are governed by self-attenuation for a measurement of 10 g of weapons-grade plutonium, with some
minor external attenuation provided by the thin steel container and a cadmium filter. The effect of decreasing intrinsic detector
efficiency on the relative efficiency curve is evident for the 646-keV data point relative to the maximum near 414 keV.

It is important to note that degeneracies exist wherein various combinations of external and self-attenuation can produce
curves that are similar in appearance.
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Fig. 7.29 Relative efficiency curve for a '>?Eu point source shielded by approximately 50 mm of steel. The curve has been normalized to the
maximum efficiency, which for this measurement, occurs for the 1408-keV data point
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Fig. 7.30 Relative efficiency curve for a 10-gram >**Pu (93%) source in a steel container approximately 2 mm thick, filtered by approximately
1 mm of cadmium. The curve has been normalized to the maximum efficiency, which for this measurement, occurs for the 414-keV data point

7.9.4 Relative Efficiency Curve Functions

When fitting relative efficiency curve data, two general approaches are often used. These approaches can be categorized as
empirical forms and physical (or semi-empirical) forms. An example of an empirical form for fitting relative efficiency data

from a single nuclide is

In(eg) = C) + C2E~ % + C3In(E) + C4(In(E))* + Cs(In(E))’ (7.71)

The C; factors are empirical fitting coefficients, and the formalism is in the natural logarithm of the relative efficiency to reduce
the complexity of fitting what might otherwise be an exponential high-degree polynomial that often results in non-physical
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oscillatory behavior. Additional coefficients may be added to support the use of multiple nuclides of different concentrations
in fitting the relative efficiency data.

Because Eq. 7.71 is a continuous function, it must not be used to fit data that cross the discontinuity created by any
absorption edge because those are discontinuous by nature. Typically, the K-shell absorption edge of plutonium at ~121 keV
is the highest energy edge that typically must be addressed. Therefore, a good practice is to use an empirical function, such as
the above, only for data above this energy.

When the energy range crosses an absorption edge, a model for the relative efficiency function that incorporates attenuation
coefficients for both external and self-attenuation must be used. Such an example is shown in Eq. 7.72 for a plutonium item
shielded by iron and lead.

— upx — upx l—e " 772
er=¢r-[e "]p, - le Mg, - x|, (7.72)

The energy dependence is implicit in &; and the various mass attenuation coefficients (p). It is sometimes the case that the
intrinsic detector efficiency (¢;) has been determined ahead of time. In that case, the only fitting parameters in a function such
as this are thickness (x) of each of the external and self-attenuation factors. As with the empirical model, additional factors
may be included for fitting data with multiple nuclides, etc.

7.9.5 Efficiency Relative to the Accepted Standard Size Nal(Tl) Detector

An alternative definition of the term relative efficiency pertains to the efficiency of a detector relative to a standard Nal
(T1) detector at a standard energy. The manufacturers of germanium detectors usually characterize the efficiency of coaxial
detectors by comparing the efficiency with the absolute full-energy efficiency of a 3 x 3 in. Nal(TI) detector. The comparison
is usually made at 1332.5 keV with a source-to-detector distance of 25.0 cm and the efficiency expressed as a percentage of the
Nal(T1) efficiency. The efficiency of the germanium detector is measured, and the absolute full-energy efficiency of the Nal
(T1) detector is assumed to be 0.0012 for the stated energy and distance. The expression for computing the measured
germanium-detector efficiency is

FEIR(1332.5)
ER(1332.5)

ERNal = (0012 100, (7.73)

where FEIR(1332.5) includes corrections for dead-time pileup losses, and ER(1332.5) is the current emission rate.

7.10 Measurement of Nuclide Ratios

The full-energy peak count rate for any single gamma ray can be written as
C(E]) = AN'BRlea(E;), (7.74)
where

c <E]’> = full-energy-interaction rate (FEIR) of gamma ray j with energy E; emitted from nuclide i

A= decay constant of nuclide i (A" = In(2)/T', 5, where T’ 5 is the half-life of nuclide )

N’ = number of atoms of nuclide i

BRij = branching ratio of gamma ray j from nuclide i

ea(E;) = absolute detection efficiency for full-energy peak detection of gamma ray with energy E;. Includes detector intrinsic
efficiency, geometry, item self-attenuation, and attenuation in materials between the item and detector.
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The full-energy-interaction (or count) rate can be written also in terms of the mass of the nuclide as
¢ (Ej) —yMieq (E)) (7.75)
where

yij = specific emission rate of gamma ray j from nuclide i in y/s — g
M; = mass of nuclide i (g).

These two equations can be used to give expressions for the atom and mass ratios of two nuclides. The atom ratio is given by

. i i
N € (Ez) T BRY er(En)

N T C(EL) TS, BR ex(E)

(7.76)

In Eq. 7.76, the absolute efficiency, €4 (E), has been replaced by the relative efficiency er(E) of Sect. 7.9 because the solid
angle contribution in the former is common to both nuclides and drops out in the ratio. Also, the count rate for each gamma-
ray peak has been replaced by counts because the live time for data acquisition will be the same for both and will also drop out
in the ratio. The use of a relative efficiency curve does not correct for coincidence-summing effects.

The similar expression for the mass ratio is

w C(B) 4 e
W) e

(7.77)

7.11  Estimation of Activity and Mass Using Gamma Rays

For situations where source self-attenuation is negligible, gamma-ray analysis can be used successfully to calculate source
activity or mass, or both. When self-attenuation is non-negligible, especially if the item being assayed is infinitely thick with
respect to the assay energies, gamma-ray analysis can be used only to place a lower bound on the activity or mass.

From Eq. 7.74, the activity A = AN of a nuclide can be written in terms of the count rate, branching ratio, and absolute
efficiency for a single gamma-ray energy Ey.

C(Ey)

A= BRE,) - ea(Ey)

(7.78)

A more robust analysis than the above would be to use an error-weighted average of activities, calculated using multiple
gamma-ray peaks.

The nuclide mass M in an item can be obtained by scaling the activity by the atomic mass number A, the inverse of
Avogadro’s number, N4, of 6.022149E23 atoms/mole, and the inverse of the decay constant A = In(2)/T,.

M2 4 (7.79)

7.11.1 Absolute Efficiency Correction Using Relative Efficiency Analysis

The implicit difficulty in using gamma rays to estimate the activity and mass of an item is the determination of the absolute
efficiency curve for cases where attenuation is non-negligible and unknown. We restate Eq. 7.66:
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Fig. 7.31 Spectrum of *°Ra shielded by 2-3 mm of lead. The spectrum was recorded with an ORTEC Detective (HPGe). The energy range for
analysis has been limited to 186—1120 keV to mitigate uncertainties in detector efficiency over a multiple-MeV range

ea(E;) =er(Ey) -% =Tsuf(Ey) - Teu(E,) - €1(E,y) -% (7.80)

If the solid angle and intrinsic detector efficiency are known a priori, the remaining unknown in the absolute efficiency will
depend on any attenuation that is present. The way to determine that attenuation is to conduct a relative efficiency (differential
attenuation) analysis by first plotting the relative efficiency curve (counts normalized by branching ratio) and then normalizing
that by the intrinsic detector efficiency curve. The proper correction for attenuation can be found by determining the
attenuating parameters that will account for the residual nonlinearity and flatten this curve. This method will result in the
relative efficiency data points being in a straight line with zero slope, which in effect, returns us to the toy model of Fig. 7.25.

This outcome is more easily illustrated with an example. Consider the case of a *°Ra source shielded by a few millimeters
of lead. The spectrum, recorded using an ORTEC Detective (HPGe) 25 cm from the source, is shown in Fig. 7.31. Note that
the gamma-ray peaks chosen for analysis are from different nuclides in the *Ra decay chain. Any disequilibrium or
independent attenuation of daughter nuclides would be manifested as data points that do not form a smooth relative efficiency
curve.

Following Eq. 7.70, we extract the net count rate for several gamma-ray peaks and normalize each by the respective
branching ratio to produce the relative efficiency curve shown in Fig. 7.32. Note that this curve has not been normalized by the
maximum efficiency value because we will be conducting an activity quantification that, unlike an isotopic ratio calculation, is
an absolute calculation.

Note that only statistical uncertainties are propagated in this example. The error bars are plotted but in most cases are too
small to be visible.

The intrinsic detector efficiency curve we have for this detector was shown in Fig. 7.22. We now use this curve to obtain the
intrinsic detector efficiency at the energies of interest in our example, as illustrated in Fig. 7.33.

We now normalize the relative efficiency data points in Fig. 7.32 by the intrinsic detector efficiency at each energy in
Fig. 7.33, which results in the curve shown in Fig. 7.34.

Note that the slope of the higher-energy region of the curve in Fig. 7.34 approaches zero, which indicates an approach to a
transmission value of unity as energy increases. The deviation from a zero slope at lower energies is mainly from the
attenuation of the lead.

For simplicity, we will assume that any self-attenuation of the **°Ra source is negligible. To account for the external
attenuation of the lead, we must normalize the data points in Fig. 7.34 by the transmission (e**) through the lead. The only
free parameter in our simple example is the thickness (x) of the lead attenuator.

A fitting routine was used to adjust the thickness of the lead until the normalization of the data points in Fig. 7.34 by the
transmission through lead produced a flat slope. The resulting thickness of lead for this example was approximately 2.5 mm.
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Fig. 7.32 Relative efficiency curve (un-normalized) for >*’Ra shielded by 2—-3 mm of lead and recorded with an ORTEC Detective (HPGe). The
energy range for analysis has been limited to 186-1120 keV to mitigate uncertainties in detector efficiency over a multiple-MeV range. The error
bars are included
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Fig. 7.33 Intrinsic detector efficiency for the energies of interest in our example of 22Ra recorded with an ORTEC Detective (HPGe)

The curve for transmission through this thickness of lead is shown in Fig. 7.35. Note how it essentially follows the shape of
Fig. 7.34. Hopefully it is clear that normalizing the relative efficiency curve of Fig. 7.34 by the transmission curve of Fig. 7.35
will produce a curve that is roughly linear with a near-zero slope, as shown in Fig. 7.36.

Finally, to obtain the activity, we normalize the ordinate values from Fig. 7.36 by the solid-angle fraction described in
Fig. 7.16. For the measurement distance of 25 cm using an ORTEC Detective (HPGe) with a detector radius of 2.5 cm, the
solid-angle fraction is 0.00248 steradians.

The activity as calculated for each data point is shown in Table 7.8.

As shown in Table 7.8 and as one might expect from Fig. 7.36, we obtain very similar activity results for all gamma-ray
peaks. This result should be the case because all gamma rays used in this analysis emanate from the same source.
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Fig. 7.35 Transmission through approximately 2.5 mm of lead for photon energies over the range of interest

We calculate the error-weighted average and uncertainty of the activity:

i > (Acti/o?) and o — 1
R S (V7 T I S T VP

(7.81)
The error-weighted average of these data yield an activity of 4165 + 9 kBq or approximately 112.6 + 0.2pCi. The ground truth
for the source activity in this case was ~104 + 10pCi. Although the measurement result is different from the ground truth in a
statistically significant manner, this result is still reasonable due to the unincorporated systematic uncertainties with using a
generalized intrinsic detector efficiency function, for example. For some applications, an 8% difference from the true value
might be unacceptable, but for rough nuclide quantification calculations, such as an initial assessment of interdicted
radioactive material at a border crossing where being within a factor of 2 is often acceptable, an 8% difference such as this
is quite acceptable.
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Fig.7.36 Corrected relative efficiency curve for 2>°Ra shielded by 2.5 mm of lead. The correction is a normalization by intrinsic detector efficiency
and transmission through the lead attenuator

Table 7.8 Activity results for Radium-226 shielded by 2—-3 mm of lead and recorded with an ORTEC Detective

(HPGe)*
Energy Activity [Bq] Uncertainty [Bq]
186.2 4.03E+06 4.52E+05
242.0 4.04E+06 6.17E+04
295.2 4.03E+06 2.28E+04
351.9 4.07E+06 1.44E+04
609.3 4.35E+06 1.43E+04
768.4 4.20E+06 5.34E+04
934.1 4.24E+06 8.17E+04
1120.3 4.00E+06 3.02E+04

“Data have been corrected for relative efficiency and solid-angle fraction effects
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8.1 Introduction

Uranium and plutonium items are present in the nuclear fuel cycle in a wide variety of isotopic compositions, so the isotopic
composition of an item is often the object of measurement (see Chap. 9). In this chapter, we consider a special case of isotopic
analysis: the determination, by radiation measurement, of the fractional abundance of a specific isotope of an element. This
measurement is most often applied to uranium items to establish the fraction of fissile *>°U, commonly referred to as the
uranium enrichment. The term enrichment is used because the fraction of the item that is *>>U is usually higher than that in
naturally occurring uranium.

Three isotopes of uranium are prevalent in nature (their isotopic atom abundances are shown in parentheses): ***U
(99.27%), *°U (0.72%), and ***U (0.006%). The ***U comes from the alpha decay of ***U:

2877 a(4ASegy) _, 2347, p(24D) _, 24mp p1.2m) _, 2347y (81)

Other uranium isotopes may be present if the item is reactor produced (recycled uranium); the isotopes include ***U, **U, and
236U, The **°U atom fraction for uranium is defined as follows:

No. of atoms 23U
Ea(ar) = No. of atoms U 100. (8.2)

The enrichment can also be expressed as a mass fraction:

No. of grams >°U y
No. of grams U

E,(wt%) = 100. (8.3)

The two ways of expressing uranium enrichment are related through the molar masses, £, of the various isotopes present.
Thus,

2354235 Anss
E, = =20 —F 229 4
Y S aAy “ Ay’ (8.4)

where a, and A, are the fraction and atomic mass of the uranium isotope x, respectively, and Ay = Y @A, is the molar mass of
the actual uranium composition present.
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Uranium enrichments in light-water-reactor fuel are typically in the range of a few percent. Canadian deuterium-uranium
reactors use natural uranium, and materials test reactors use uranium with enrichments from almost 20% up to 93%.
Determination of uranium enrichment in items is a key measurement for process or product control in enrichment and fuel
fabrication plants, and it is very important in international safeguards inspections to verify that uranium stock is being used for
peaceful purposes.

Enrichment measurement principles can be used to determine any isotopic fraction if a radiation signature is available and
if a few specific measurement conditions are met. The following discussion describes various enrichment measurement
techniques and their applications.

8.2 Radiations from Uranium Items

The isotopes of uranium emit alpha, beta, neutron, and gamma radiation. The primary radiation used in passive nondestructive
assay of uranium items is gamma radiation, which is usually dominated by emissions from **U decay. However, in low-
enriched-uranium items, X-ray radiation is the most intense component of the emission spectrum. The 185.7 keV gamma ray
is the most frequently used signature to measure **°U enrichment. It is the most prominent single gamma ray from any
uranium item enriched above the natural >**U level. Table 8.1 lists the most intense gamma rays from uranium isotopes of
interest [1] and their progenies. Gamma-ray spectra from uranium items of varying degrees of enrichment are shown in
Figs. 8.1 and 8.2 for high- and low-resolution gamma detectors, respectively.

Table 8.1 Intense gamma radiation from uranium isotopes

Specific intensity

Isotope Gamma-ray energy (keV) Branching ratio [%] (gamma/s-g of isotope)
22y 57.8 2.00 x 1071 1.65 x 10°
129.1 6.82 x 1072 5.64 x 10°
270.2 3.16 x 1073 2.61 x 107
327.9 283 %1073 2.34 x 107
23y 54.7 1.68 x 1072 5.99 x 10*
97.1 2.03 x 1072 7.24 x 10*
119.0 3.63 x 1072 1.29 x 10*
120.8 2.82x 1073 1.01 x 10*
146.3 6.50 x 1073 2.32 x 10*
164.5 6.26 x 1073 2.23 x 10*
245.3 357 x 1073 1.27 x 10*
291.3 525x 1073 1.87 x 10*
317.2 7.37 %1073 2.63 x 10*
B4y 53.2 1.23 x 107! 2.83 x 10°
120.9 3.50 x 1072 8.06 x 10"
25y 143.8 1.10 x 10" 8.76 x 10°
163.4 5.08 x 10° 4.06 x 10°
185.7 5.70 x 10" 4.56 x 10*
202.1 1.08 x 10° 8.64 x 10°
205.3 5.02 x 10° 401 % 10°
2oy 49.5 7.80 x 1072 1.87 x 10°
112.8 1.90 x 1072 455 x 10*
28y 63.3 3.70 x 10° 4.60 x 10?
In equilibrium with >>*™Pa 9.4 2.13 x 10° 2.65 x 107
9.8 2.10 x 10° 2.61 x 10°
258.2 7.64x 1072 9.50 x 10°
742.8 1.07 x 107! 1.33 x 10!
766.4 3.17 x 107! 3.94 x 10!
786.3 5.44 x 1072 6.77 x 10°
1001.0 8.42 x 107! 1.05 x 10?
228Th 238.6 435 x 10" 5.41 x 10°
In equilibrium with 2°TI 583.2 3.06 x 10" 3.81 x 10°
2614.5 3.59 x 10! 4.46 x 10*
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Fig. 8.1 Gamma-ray spectra from natural (bottom spectrum), 17% enriched (middle spectrum), and 91% enriched (top spectrum) uranium,
measured with a 25% efficiency coaxial high-purity germanium detector. The spectra are shifted vertically for clarity. The peaks labeled >**U are
from the decay of 2**™Pa; the peaks labeled **>Th are from the decay of its progenies. Note the dominance in the spectrum of the 186 keV peak from
235

U decay
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Fig. 8.2 Gamma-ray spectra from natural, 5% enriched, and 93% enriched uranium items, measured with a Nal(Tl) scintillation detector. As the
25U enrichment increases, the 186 keV peak becomes more intense, and the background continuum (from the 2**U daughters) above the peak
energy becomes weaker. (Figure from Ref. [2])
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8.3 Infinite-Thickness Gamma Measurement Technique

The principle of gamma-ray uranium enrichment measurement states that under identical measurement conditions and
geometry, the >>U enrichment is proportional to the *>U 186 keV peak rate. For measurements that are not identical,
corrections can be applied to correct for the differences between measurement conditions and geometry. This enrichment
measurement method is referred to as the infinite thickness measurement and is also known as the enrichment meter technique.

The principles of gamma-ray uranium enrichment measurement [3—5] were first applied to the measurement of UF¢ cylinders
[6]. The basic measurement procedure involves viewing a uranium item through a collimated field of view with a gamma-ray
detector (Fig. 8.3). The enrichment is deduced by comparing the 186 keV peak rate with a known reference rate. If the uranium
item is large enough, the 186 keV gamma rays from only a fraction of the total item reach the detector because of the strong
absorption of typical uranium-bearing materials at this energy. This “visible volume” of the item is determined by the collimator,
the detector geometry, and the mean free path of the 186 keV radiation in the item material. Its size (illustrated in Fig. 8.3 by the
dashed lines) is independent of the enrichment because the different uranium isotopes all have the same attenuation properties. If
the depth of the item along the collimation axis is much larger than the mean free path of 186 keV photons in the item material, all
items of the same physical composition present the same visible volume to the detector—called the infinite-thickness criterion.
Gamma rays that originate at depths greater than the infinite thickness inside the item material have a very low probability of
emerging out of the item material. Table 8.2 lists the mean-free-path and infinite-thickness values for the 186 keV gamma ray in
commonly encountered uranium compounds. For many common uranium materials, the infinite-thickness criterion is satisfied
with quite modest item sizes. However, because we see no deeper into the item than certain distances, as indicated in Table 8.2,
gamma-ray-based enrichment measurements often interrogate only the surface of the uranium material. Then, for enrichment
measurements to be meaningful for the entire item, the material must be isotopically uniform.

This technique measures the 186 keV peak area to determine the enrichment of the uranium item. It does not depend on
peaks of >*®U or its progenies, so this technique can measure fresh uranium as well as aged uranium.

8.3.1 Uranium and Matrix Material

For a given detector/collimator geometry, all items of pure uranium metal have identical visible volumes because the mean
free path of the 186 keV gamma ray is the same for each item. As a result, the detector views *>°U radiation from the same
amount of total uranium regardless of the size of the metal item. Because the 186 keV intensity, although heavily absorbed, is
still proportional to the number of >*U atoms in the visible volume, it is proportional to the atom enrichment of the item.

dx

Collimator

Uranium
Sample
Detector
Visible
Volume

» D -

Fig. 8.3 The basic elements of a gamma-ray uranium-enrichment measurement setup. For purposes of illustration, the size of the visible volume
compared with the detector and collimator is exaggerated. Normally the depth of the visible volume is much smaller than the source-to-detector
distance
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Table 8.2 Mean free paths and infinite thicknesses for 186 keV photons in uranium compounds

Density (p)
Uranium compound (g/cm3) Mean free path (cm)* Infinite thickness (cm)b
Metal 18.7 0.04 0.26
UFg (solid) 4.7 0.20 1.43
UO, (sintered) 10.9 0.07 0.49
UO, (powder) 2.0 0.39 2.75
U505 (powder) 7.3¢ 0.11 0.74
Uranyl nitrate 2.8 0.43 3.04

* Equal to 1/pp at 186 keV for the material in question

® Defined as 7 mean free paths, the distance for which the error in assuming infinite-item size is less than 0.1% (see Eq. 8.8)

¢ Highly packed powder
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The prototypical enrichment item consists of uranium and a (usually low-Z) matrix material instead of pure uranium metal.
The measurement geometry is still the same as that shown in Fig. 8.3, but the absorption by the matrix material is an added
factor in the measurement. Exhaustive summaries of the theory of this type of measurement have been published [7, 8]. Fol-

lowing is a summary of the key mathematical results necessary to analyze enrichment measurements.

Consider a gamma-ray measurement on a two-component item of thickness (D), where the item-to-detector distance is
large compared with the depth of the visible volume. This feature permits the neglect of 1/1* effects during integration over the

item volume. The counting rate from an infinitesimal section of the item (see Fig. 8.3) is given by

dR = €E,;SApy dx exp( — ppx)exp( — pep te)s

where

& = detection efficiency at the assay energy

E,, = uranium enrichment (mass percent; see Eq. 8.3)

S = specific activity of the gamma ray (185.7 keV; see Table 8.1)

A = collimator channel area

py = uranium density

Hepe = linear photon absorption coefficient of the item container at the assay energy
t. = single-wall thickness of the item container.

(8.5)

The quantity pp represents the linear photon absorption coefficient of the combined uranium (U) and the matrix (m) at the

assay energy,

P = HyPy + KPP

Integration of Eq. 8.5 over the item thickness gives the total 186 keV count rate,

D
R=¢E,SApyexp( — Uepele) / exp( — upx)dx,
0
which reduces to

_ /’l_U Fexp(/’tcpctc)
Ev= [sSA}R {1 —exp( —pr)} ’

where

F:1+<M>.
HuPu

(8.6)

(8.7)

(8.9)
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Table 8.3 Material composition correction factors (F/F)

Nuclear material of calibration Nuclear material of items measured (Factor F)

standards (Factor Fy) U ucC UG, U0, U305 UFq Uranyl nitrate
U (100% U) 1.000 1.004 1.009 1.011 1.015 1.039 1.056

UC (95% U) 0.996 1.000 1.004 1.007 1.011 1.034 1.051

UC, (91% U) 0.991 0.996 1.000 1.003 1.007 1.030 1.047

UO,; (88% U) 0.989 0.993 0.997 1.000 1.004 1.027 1.044

U305 (85% U) 0.985 0.989 0.993 0.996 1.000 1.023 1.040

UFs¢ (68% U) 0.963 0.967 0.971 0.974 0.977 1.000 1.016

Uranyl nitrate (60% U) 0.947 0.951 0.955 0.958 0.962 0.984 1.000

If the item thickness (D) is large enough, then the exponential in the denominator of Eq. 8.8 is negligible compared with
1, making variations in item dimensions unimportant. This is the origin of the infinite-thickness criterion. The first bracket in
Eq. 8.8 contains factors that depend only on the instrument properties (¢ and A) and the intrinsic properties of uranium (py and
S) and thus constitutes the basic calibration constant of the measurement. If the unknown items and calibration standards have
identical containers, then the factor exp(u.p.f.) can be absorbed into the calibration constant; otherwise, the factor must be
used explicitly to correct for container attenuation (see Sect. 8.7).

The factor (F) in Eq. 8.8 reflects the matrix effects. For uranium metal, no other matrix material is present; therefore, its
attenuation coefficient and density can be set to zero. If the calibration standards and the unknown items have the same matrix
properties, then this factor can also be included in the calibration constant. If the item matrix factor (F) differs from the
calibration matrix factor (F;), then a small correction is also necessary for this difference. Table 8.3 gives values for this
multiplicative correction (F/F;) for various uranium compounds [2].

The main disadvantage of this technique—besides the infinite thickness and full field-of-view requirements—is that it
requires knowledge of basically every parameter of the item, including the material composition, the container thickness, and
the container density.

8.3.2 Instrumentation and Infinite-ltem Technique: 2-ROI Method

The enrichment is proportional to the peak rate, which is the peak area divided by the acquisition live time. For a clean peak,
such as the 186 keV peak of a high-purity germanium (HPGe) spectrum, a simple region of interest (ROI) on the peak would
produce the needed net peak area. On the other hand, the 186 keV peak of a Nal spectrum is not clean and requires
sophisticated software to fit and unravel the peak components to obtain the 186 keV peak area. Without the fitting software, an
ROI method with two different calibration standards can be used to determine the enrichment of an item.

The basic measurement apparatus is a collimated gamma-ray detector and its associated electronics. Gamma-ray spectra
are analyzed with two simple ROIs, with one ROI set on the 186 keV energy region (C1 in Fig. 8.4) and the second ROI set on
a background continuum region above the assay peak energy (C2 in Fig. 8.4).

The uranium enrichment is proportional to the net 186 keV count rate (R in Eq. 8.8), which is given by

R=Cl—fC2. (8.10)

This equation represents the subtraction of a background from the gross rate in the chosen 186 keV peak energy region. The
major contribution to the background continuum comes from the higher-energy gamma rays of **U daughters that Compton
scatter in the detector. Even though C2 is not actually in the assay energy region, it represents the background under the assay
region to within a scale factor (f, to be determined by calibration). Because the enrichment (either atom or mass) is
proportional to the net rate (R), we have

E=aRFexp(upt:)=Fexp(uptec)(aCl—af C2). (8.11)
The calibration constant (a) contains all of the geometric factors and the intrinsic uranium constants in Eq. 8.8. The matrix

factor (F) and the container wall attenuation correction factor exp(u.p.f.) have been displayed explicitly to emphasize their
roles when standards and unknowns are made of different types of materials or packaged in different containers. If the
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Fig. 8.4 A low-resolution uranium gamma-ray spectrum showing the two energy regions used in the enrichment measurement

measurement is performed on materials of the same type that are packaged in the same container, then F exp(u.p.f.) can be
included in the calibration constant. The enrichment is then written in terms of the measured data (C/ and C2):

E=aCl+bC2. (8.12)

The calibration constants a and b (= — af) now include the container attenuation and the matrix factor and are determined by
measurement of two standards of known enrichments (E; and E»).

Typical instrumentation [9] employs a portable, battery-powered, microprocessor-based multichannel analyzer with the
Nal detector (Fig. 8.5). More recently, other detector types, such as the LaBr; and CZT, are increasingly being used.
The instrument acquires a full uranium spectrum, integrates the counts in selected regions of interest that correspond to the
count windows C/ and C2 (for example, as in Fig. 8.4), computes the enrichment and its statistical uncertainty, and presents
the results on an alphanumeric display. The two-parameter, two-standard calibration procedure is also incorporated into the
instrument software [10]. As with earlier measurements, many current applications still use Nal scintillation detectors
[6]. However, when measuring the enrichment of recycled uranium samples (that have been through the nuclear fuel
cycle), higher-resolution spectrometry with HPGe, CZT, or LaBr3 detectors is more effective in avoiding problems of
interference from the 238.6 keV peak of 2'?Pb, which is a **U progeny. Additionally, the higher-resolution detector is
especially helpful where chemical processes have concentrated *®U daughters in the deposit or in the uranium material itself.
Some commercial processes have been observed to produce up to a ten-fold concentration of ***U daughters. The radiation
from the daughters produces a high Compton background in the detector, which can complicate the evaluation of the
185.7 keV peak area.

The 2-ROI technique with the Nal detector has one serious flaw: it assumes that the net area obtained in the procedure is
from the full-energy interaction of *>U gamma rays in the 186 keV region. This assumption is not quite correct. The net area
also includes the counts from the low-angle, scattered gamma rays of the 186 keV gamma ray. The thicker container or filter
will produce a lower-intensity, 186 keV peak with additional scattered gamma rays. The technique can correct for the
transmission through the container and filter but cannot correct for the scattered gamma rays. When measuring an item with
container thickness, bias will be introduced very differently from the container and filter thickness of the calibration standards.
For this technique, it is suggested that the calibration should be done with the total container and filter thickness about the
same as the thickness of the item to be measured. Then the scattered component from the calibration and measurement will
cancel out, minimizing the bias from the scattered gamma rays.
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Fig. 8.5 Gamma-ray uranium enrichment measurement equipment, including a portable, microprocessor-based multichannel analyzer and a Nal
(T1) gamma-ray detector incased in a collimator to define the field-of-view. This instrumentation is battery powered and is suited for mobile field
applications

8.3.3 Instrumentation and Infinite-ltem Technique: Peak-Fitting Method

The measurement system for this technique is the same as the one for the 2-ROI method: a collimated gamma-ray detector and
its associated electronics. The 186 keV peak area can be determined by fitting the 186 keV region [11]. The 186 keV structure
consists mainly of the three major peaks of *°U (at 163.4, 185.7, and 205.3 keV), the background (continuum) from the
Compton scattering of the higher-energy >**U peaks, and the low-angle scatter gamma rays of the >U peaks in the structure.
After the peak area is determined, the peak rate (R) is obtained by dividing the peak area by the measurement live time. This
technique requires only one uranium standard to calibrate the system.

This fitting technique can analyze the spectra taken by a system designed for the 2-ROI method, such as that shown in
Fig. 8.6. Modern instruments include a very portable, Nal or LaBr detector system shown in Fig. 8.7. This multipurpose
system can perform enrichment measurements in addition to its capabilities to detect and locate, to determine the dose rate,
and to identify radioactive sources. The enrichment is determined using the infinite thickness with peak-fitting technique. The
software package “NalGEM” (Nal Gamma Enrichment Measurement; Refs. [11, 12]), which is embedded into the instrument,
is used to fit the 186 keV peak and the scattered components of the gamma-ray spectrum.
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Fig. 8.6 The black data points show the **U gamma ray response recorded with a LaBr detector. The red curve is the overall fit to the whole
186 keV region, the cyan curve is a fit to the L5y peaks, the black curve is a fit of the background, and the green curve is a fit of the scatter gamma
rays. Photo is a screenshot from the NalGEM software [11]

Fig. 8.7 HM-5 unit from FLIR. The unit can detect, locate, measure, and identify radioactive sources and determine the enrichment of uranium
using the infinite thickness with peak-fitting method

8.4 Peak-Ratio Technique

For arbitrary, noninfinite uranium items (for example, thin foils, contamination deposits, or dilute solutions), it is difficult
to correct the 186 keV gamma intensity for absorption-to-yield enrichment. This difficulty arises because the factor [(1 — exp
(—ppD)] in Eq. 8.8 is difficult to estimate. The peak-ratio technique measures the areas of many peaks of different isotopes
present in the sample and, from that, determines the ratios of uranium isotopes. It then uses the isotopic ratio information to
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determine the uranium composition. The technique needs to obtain the areas of many peaks, which requires detectors with
very good energy resolution, such as the HPGe detectors. Some medium-resolution detectors, such as the LaBr; detector or
the large CZT detector, can also be used with sophisticated software that can extract peak areas.

The technique is based on the ratios of same terms of different isotopes. (See Chap. 7, Sect. 7.10 for detailed discussion of
the technique.) In principle, for a sample with a homogeneous isotopic composition, the atom ratio of two isotopes is given by
the following equation:

N _CE) Tip BR, RE(E)

Nt C(EL) TV, BR RE(E)’

(8.13)

where
C (E}) = photopeak area of gamma ray j with energy E; emitted from isotope i
T! = half-life of isotope i
2
N' = number of atoms of isotope i

BR; = branching ratio (gamma rays/disintegration) of gamma ray j from isotope i
RE(E)) = relative efficiency for photopeak detection of gamma ray with energy E;.

The half-lives T}, and the branching ratios BR are known, published nuclear data. The photopeak counting intensity C(E) is
determined from the gamma-ray spectrum of the measured item.

After the isotopic ratios are measured, the isotopic fractions can be obtained. The sum of all isotopic fractions must equal
unity. Neglecting *°U, then

L=f24 +F235 +fass (8.14)
where f; is the isotopic fraction of isotope i.
Dividing Eq. 8.14 by f>35 and inversing, then
i I
faas= [fﬁ +1 +]ﬁ] . (8.15)
235 235

After the isotopic fraction f>35 of 2°U is determined, the isotopic fraction of **U and ***U are obtained from

Fi=Fzs L%S],i:234,238. (8.16)

8.4.1 Determination of 22U Concentration

Uranium-236 has only a couple of weak gamma rays, which are not visible in spectra of typical uranium items. Its content can
be estimated using the empirical isotopic correlation with the other isotopic fractions. The correlation may have the form

2017 = A x [(235U)B>< (*BU)  x (234U)D] (8.17)

The gamma rays of 234U are generally weak, and the **U fraction normally has large uncertainty, which would significantly
increase the >*°U uncertainty; therefore, the correlation may be simplified and made more robust by removing ***U from the
correlation. Its form will then become
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Table 8.4 Decay characteristics for uranium isotopes and their progenies

Isotope Half-Life (year) Activity (dis/s — g) Specific power (mW/g Isotope)
#y 68.9 + 0.4 8.274 x 10" 717.6 + 4.2
23y (1.592 + 0.002) x 10° 3.565 x 108 0.28039 + 0.00036
B4y (2.455 + 0.006) x 10° 2302 x 10® 0.17925 + 0.00044
By (7.038 + 0.005) x 10® 7.996 x 10* (6.0959 + 0.0044) x 107>
Boy (2.342 + 0.004) x 107 2.393 x 10° (17532 + 0.0030) x 107>
28y (4.468 + 0.003) x 10° 1.244 x 10* (1.0220 + 0.0053) x 107>
228Th 1.9125 + 0.0009 3.033 x 10" (1.6222 + 0.0008) x 10°
B0y —ax [(Bv)" > (Fu)°]. (8.18)

After the isotopic fraction of **°U has been determined using the correlation, the other isotopic fractions can be corrected
using

fo= %im,i: 234,235,236, 238, (8.19)

where f{ are the normalized isotopic fractions, including f%5¢. This correction renormalizes the fractions so that the sum over
all uranium isotopes equals unity.

8.4.2 Decay Characteristics of Uranium Isotopes

All uranium items contain the isotopes 234y, 23U, and *8U. Recycled uranium also contains 2321y, 23y, 2*%U, and **®Th,
which is the daughter of >**U decay. Table 8.4 lists some of the decay characteristics of these important isotopes [1].

8.4.3 U-238 Secular Equilibrium

Uranium-238 decays to 234Th, which then decays to the 24Py isomer 2*™Pa (1.17 m), which then quickly reaches secular
equilibrium with ***Th. Thorium-234 has a half-life of 24.1 days and will come into secular equilibrium with its ***U parent in
about 169 days (7 half-lives). After that, the gamma rays from the decay of **Th and ***Pa can be considered to come from
38U and can be used as a measure of >**U. A uranium item that is chemically separated less than 169 days is considered fresh,
and the gamma rays from 2**Th and ***Pa cannot be used as a direct measure of **U. The amount of ***U determined using
those gamma rays will appear too small relative to those from *>°U, making the enrichment appear too large. The correct
enrichment can still be obtained by applying correction using the time since chemical separation.

8.4.4 Spectra Interferences

Uranium enriched from uranium ore has only three uranium isotopes: 23 4U, 235U, and 28U, Recycled uranium, which comes
from reprocessing spent fuel, contains some additional uranium isotopes: >*U, 2**U, and **°U. Uranium-232 has a relatively
short half-life (68.9 year) and quickly decays to ***Th. Thorium-228 content will gradually increase until secular equilibrium
with the parent *?U is reached after slightly more than 13 year. Many enriched uranium items contain some fraction of
recycled uranium, which comprises >**Th. Therefore, **Th gamma rays can be used in the analysis to determine the isotopic
composition of the material.

Soil, concrete—virtually everything—contains a small amount of >**Th. Thorium-232 decays to ***Ra, which then decays
to 2*Ac. Actinium-228 then decays to ***Th. Thus, the background radiation always has gamma rays emitted by ***Th. For an
unshielded or lightly shielded detector, gamma rays from ***Th in the background can become significantly large and interfere
with 2*®Th gamma rays emitted from the uranium item, biasing the isotopic composition results or forcing the analysis to
exclude the use of the ***Th gamma rays.
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8.4.5 Summing Effects

Many gamma rays from the decay of the ***U daughter **™Pa are in coincidence with some other gamma rays [13]. When
two gamma rays enter the detector at the same time, the resulting pulse from the detector will not correspond to the energy of
either gamma ray but rather the sum of the two energies deposited by these gamma rays. Counts that contribute this sum are
lost from the individual peaks.

Some of gamma rays and X-rays from **°U decay also suffer similar summing [14]. Uranium-235 decays to >*'Th and
releases gamma rays and intrinsic thorium X-rays. These intrinsic thorium X-rays, which follow internal conversion in the
decay of *°U, are in coincidence with many gamma rays from the decay. As a result, the thorium X-rays suffer coincidence
summing and will record fewer counts in their respective peak areas.

To obtain accurate results, uranium analysis that employs the thorium X-rays or the *>*™Pa peaks that are affected by
coincidence summing will need to be corrected for the loss of counts in the peaks.

8.4.6 Analytical Regions

An enrichment can be obtained by analyzing the region at 89-98 keV of the uranium spectrum [15]. This region contains the
pair of gamma ray peaks at 92.4 and 92.8 keV from ***U daughter >**Th and the intrinsic thorium X-ray peak at 93.4 keV from
235U decay. From these peaks, the ***U/**°U ratio is obtained. The nearly identical energy of the peaks minimizes
uncertainties in the energy-dependent relative efficiencies. The enrichment is calculated from the ***U/***U ratio by assuming
that the uranium consists of only **°U and ***U.

oy A— - B <1 +f238) - (8.20)
¢TI (Nyss + Nosg) Sa3s

For full isotopic composition, a wider energy region is needed to measure many peak areas of many different isotopes [13, 16].

8.4.6.1 The 60-240 keV Region Analysis

This low-energy region is used mainly with spectra obtained by a planar HPGe detector, though a good semi-planar or coaxial
HPGe detector with less than 0.7 keV full width at half maximum at 84 keV can be used. This region, shown in Fig. 8.8,
includes peaks of **U, #*°U, and **®U. Because of its low energy, the 63.3 keV peak of **U often is not visible when the
material is moderately shielded, so a software code might not use this peak in its analysis.
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Fig. 8.8 Gamma-ray spectrum of a 4.46% >*°U item in the 60240 keV region measured with a planar HPGe detector with resolution of 520 eV
at 122 keV
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Figure 8.9 shows the relative efficiency curve, determined by the FRAM software, from the main peaks in the 60—240 keV

region.

8.4.6.2 The 120-1010 keV Region Analysis
This energy region (entirely above the complex X-ray region) is used mainly with spectra obtained by a coaxial HPGe
detector. In situations where a coaxial HPGe detector is not available and the thick shielding prevents the low-energy peaks in
the 100 keV region from getting out, a planar HPGe detector can be used to measure the peaks in this high-energy region,
albeit with a longer measurement time due to small efficiency at high energy. This region, shown in Fig. 8.10, includes peaks
of 234U, 235 U, 238U, and 2*®Th. All of the intense >>°U peaks are below 206 keV, whereas most of the intense peaks of 238317 are
above 740 keV. Uranium-238 has a relatively weak peak at 258 keV, connecting the low-energy region of the spectrum that
consists of peaks from 23U with the high-energy region that consists of peaks from **®U. This 258 keV peak is sufficiently
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Fig.8.11 An example of the relative efficiency curve of the analysis that employs the 120-1010 keV energy region taken from the FRAM software

intense for low-enriched uranium, but for highly enriched uranium, its intensity is weak; and for very highly enriched
uranium, it may not even be present above the continuum. The peaks of 228Th with energies at 239, 583, 727, and 861 keV
then can help bridge the wide gap between the low-energy **°U peaks and the high-energy ***U peaks.

Figure 8.11 shows the relative efficiency curve, determined by the FRAM software, from the main peaks in the
120-1010 keV region.

8.4.7 Summary of Peak-Ratio Technique

The peak-ratio method described above has the advantage that the uranium enrichment can be determined without the use of
enrichment standards or the determination of geometry-dependent calibration constants. In addition, the items do not need to
satisfy the infinite-thickness criterion. Furthermore, the relative efficiency corrections are made for each item and include not
only the absorption by the item material but also that by the item container and any external absorbers. The disadvantages of
this technique are related to the following:

« The need for secular equilibrium between the ***U and its daughters

* The need for a high-resolution detector (planar HPGe for X-ray region analysis and coaxial HPGe for higher-energy region
analysis); advanced software code [16] allows the use of the technique with a medium-resolution detector, such as the large
CZT detector or the LaBr; detector.

* The need for isotopic homogeneity in the item

The need for isotopic homogeneity manifests itself in cases where residual material from other sources could be in the
container with the material currently being measured—for example, in the measurement of UF¢ cylinders in which uranium
and/or its progenies from previous shipments could have deposited on the walls of the cylinder.

8.5 Visual Estimation of Enrichment

The peak ratio technique that employs the X-ray region uses the 92.4 and 92.8 keV peaks of **Th as a measure of the **U
concentration of the item and could use the 93.4 keV thorium K,,; peak alone or in addition to other peaks as a measure of the
235U concentration. It just happens that the peak height relationship between the 93.4 keV thorium K, peak and the ***Th
92.4 keV peak can be used to estimate the *>>U enrichment. The relationship is simple and easy to remember. The enrichment
in percent is expressed as
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E~10 (8.21)

where H is the height of the peak above the background. The background is a point in the middle of the valley on the left of the
92.4 keV peak. Figure 8.12 shows the 93 keV region of the spectra, as measured by a planar HPGe detector, where the
horizontal lines are drawn through the counts at 91.1 keV (background), 92.4 keV (**U), and 93.4 keV (**°U) to guide the
eye.

By just eyeing the spectrum and mentally comparing the net height at 93.4 with the height at 92.4, a user can often estimate
the enrichment of the item to within 20% of the actual value. If the user can access the spectrum, then the counts at 91.1, 92.4,
and 93.4 can be obtained. The enrichment can then be simply calculated using the Eq. 8.21. The enrichment determined by
this method can be accurate to within several percent for enrichment in the range of ~3%—50% >*>U. For enrichment outside
the range, the technique still works, but the bias can be much larger than several percent. For the four spectra shown in
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Fig. 8.12 The 93 keV region of the spectra as measured by an HPGe detector. The horizontal lines are drawn through the counts at 91.1 keV
(background), 92.4 keV (***U), and 93.4 keV (***U) to guide the eye. The corresponding counts at 91.1, 92.4, and 93.4 keV are displayed above the
lines
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Fig. 8.13 The Nal(Tl)-based, gas-phase UF, enrichment monitor. The Nal detector views 60 keV gamma rays from the **'Am source (for
transmission measurement) and 186 keV gamma rays from the item chamber (for 235U determination). (Figure from Ref. [18])

Fig. 8.12, the calculations using Eq. 8.21 give the enrichment results of 2.98%, 4.60%, 20.30%, and 50.81% 235U,
respectively. These values are reasonably close to the known values for these items at 2.95%, 4.46%, 20.11%, and 52.49%
25U, respectively.

8.6  Gas-Phase Uranium Enrichment Measurement Techniques

An extreme case of performing enrichment measurements on a noninfinite item is the measurement of UFg in the gaseous
phase. In one technique [17-20], the ***U concentration was determined from a measurement of the 186 keV gamma-ray
emission rate (R) from the decay of **°U, and the total uranium concentration was determined by measuring the transmission
(Teo) through UFg gas of 60 keV gamma rays from an external **' Am source. Figure 8.13 shows the measurement system,
with the orientation of the NalI(TI) detector and the item chamber accompanied by the location of the **' Am transmission
source. The (atomic) enrichment (E,, was related to the measured count rate (R) of the 186 keV rays by

E, :R/(C In(Tg0))> (822)

where R was corrected for dead-time losses and attenuation in the gas, C was a calibration constant, and In(T¢y) was
proportional to the total uranium in the item. Because the measurement accounted for variations in UFg density, the measured
assay was independent of the UFg pressure. This method produced assay results with measured accuracies better than 1%
relative over the range of UFg enrichments of 0.72%—5.4%, using a single-point calibration. For 1.0% enriched UF at
700 torr, a 0.74% relative precision was obtained for a 1000 s counting time [19]. This technique was applied at relatively high
UFg pressures, so the data signals were dominated by radiation from the UFg gas, making interferences from uranium deposits
on the inner surface of the item chamber unimportant. In 1982, a Nal(Tl) gamma-ray detector was used during test and
evaluation of this instrument at the Paducah product feed line of the Oak Ridge Gaseous Diffusion Plant. The instrument was
modified for high-resolution gamma-ray detection and tested in 1983.

At lower UFg pressures (for example, tens of torr), the density of the UFg gas is not great enough for a transmission
measurement to have sufficient sensitivity. For such a low pressure, the On Line Enrichment Monitor can be employed [21]. It
determines the enrichment of UF¢ gas flowing through the header pipework by combining the 186 keV count rate with the gas
pressure and temperature data. The 186 keV count rate was measured with a collimated Nal detector; the UFg gas pressure was
measured by a pressure sensor, and the temperature was determined by temperature sensors attached to the outside of the pipe
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Fig. 8.14 The detector/collimator arrangement for the enrichment measurement of low-pressure UFg¢ in pipework. The assembly consists of a
collimated source holder and detector collimator rigidly connected to the pipework. The overlap of the two fields of view isolates a volume of gas in
the middle of the pipe from the wall deposits. A tiny °’Co source is used to fluoresce X-rays in the gas. (Figure from Ref. [24])

and thermally insulated from the room environment. The enrichment at time (t) was related to the 186 keV count rate, the
pressure, and the temperature by

E(t)= RO /p(P, T, 1), (8.23)

where C is a calibration constant, R is the 186 keV count rate, and p is the UF¢ gas density as a function of the pressure P and
temperature T.

Another technique that combines passive gamma-ray counting and (active) X-ray fluorescence (XRF) could verify the
approximate enrichment of gaseous UFg at low pressures in cascade header pipework [22-26].

The enrichment measurement of UF¢ at low pressure is made more complicated by the radiation from material deposited on
the container surfaces if it becomes a significant fraction of the total signal. Careful corrections for this interference are then
required for accurate results. The correction for radiation from the uranium deposited on the inner surface of the pipework was
established with gamma rays from >*Th and **' Th decays [25, 26]. The total mass of uranium in the gas was measured using
XRF with the 122 keV gamma rays from a >’Co excitation source. The ratio of the intensities of the 186 keV gamma rays from
the UFg gas to the uranium K,; X-rays was calibrated to give a direct measurement of the gas enrichment. A variation of the
correction for uranium deposits [24-26] determined the correction for the deposited uranium by passive gamma-ray
measurements under two different collimation conditions (see Fig. 8.14). In both applications, the instruments could provide
a “go/no-go” decision on whether the measured enrichment was less than or greater than 20%, thus providing the capability of
detection of highly enriched uranium for enrichment plant safeguards.

8.7 Container Wall Attenuation Corrections

The standard relationship between the enrichment and the measured data (Eq. 8.8) includes the term exp(u.p ) that corrects
for the attenuation of the measured radiation by the walls of the item container, where ¢, is the wall thickness. (See Chap. 6 for
a detailed discussion on attenuation correction.) The attenuation may be included in the calibration if the calibration standards
and the unknown items have the same type of container. In some cases, this simplification is not possible, and a container wall
attenuation correction must be applied in each measurement. This section considers correction methods for an infinite-
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thickness enrichment measurement where the item matrix is constant. 7, the transmission of one wall thickness of the
unknown item container, is defined by

To= exp[ — (uepete),] (8.24)

The expression given in Eq. 8.24 is valid for normal incidence of gamma rays on the container wall. The condition of normal
incidence is ensured by careful configuration of the measurement geometry using a collimated detector as shown in Fig. 8.3. If
T is similarly defined as the container wall transmission in the calibration measurements, then the unknown enrichment is

E=KR(EA)Ty1,, (8.25)

where K is the calibration constant, and R(E,) is the net gamma-ray peak count rate from the unknown item at the assay
energy (E4 = 186 keV), measured through the container wall. If an HPGe detector is used for the measurements, the
transmission ratio 7y/Ty can be determined from the ratio of intensities of different-energy gamma rays from one isotope,
assuming the item material is infinitely thick for the gamma rays measured (see Sect. 8.3). The technique is called internal-line
ratio technique. (See Chap. 7 of Ref. [27] for a detailed discussion.)

The discussion that follows presents the direct measurement method for determining this container attenuation correction,
Ty/Ty. In addition, the verification of UF¢ cylinders is discussed to provide an example of a class of measurements where this
correction is especially critical.

8.7.1 Direct Measurement of Wall Thickness

If the container composition and wall thickness at the measurement point are known for both the calibration and item
measurements, then Ty/T, can be calculated directly from the exponential expression

Ty
f = exp l:(ﬂcpctc)s - (:ucpctc)x] ’ (826)

X

where p, represents the density of the container material, and y. is evaluated at the assay energy. The container wall thickness
t. can be measured directly using an ultrasonic thickness gauge (see Fig. 8.15). A burst of ultrasound is transmitted by the
probe into the container material and travels until it reaches a material of substantially different physical character from the
container material. The sound is then reflected back to the probe. The gauge electronics perform a precise measurement of the
time needed for the ultrasound pulse to make the round trip in the container material and thereby determine the thickness of
the material. Such thickness gauges are available commercially, and thickness results can be read usually to +0.1 mm.

8.7.2 Measurement of UFs Cylinders

One of the most common container types in enrichment measurements is the large cylinder used to ship and store UF in liquid
or solid form. These cylinders vary in size and wall thickness. Table 8.5 gives some pertinent parameters for the most common
cylinder types [28]. The thick, high-density walls of these cylinders have minor variations in thickness, which can result in
significant variation in gamma-ray count rate. The relationship between the relative fluctuation of the enrichment result and
the relative fluctuation of the wall thickness is obtained by differentiation of Eq. 8.8:

%E = p p.di.=1.12d1., (8.27)

where the factor 1.12 is applicable for steel (u. = 0.144 cm*/g at 186 keV, p. = 7.8 g/cm’, and the unit for dt, is cm). Thus, a
1 mm variation in cylinder wall thickness will cause an 11.2% bias in the corresponding enrichment measurement. Use of a
thickness-gauge measurement of the wall thickness reduces the measurement error to a few tenths of one millimeter,
essentially removing the wall thickness from consideration as a source of measurement bias. The UF¢ enrichment measure-
ment apparatus for cylinders can be calibrated by using one or more cylinders as standards, which may then be used for
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Fig. 8.15 Probe placement in an ultrasonic measurement of thickness. The probe must be acoustically coupled to the outer surface of the material
for the ultrasound pulse to enter the material without being severely attenuated. The coupling is accomplished with a liquid compound (usually
supplied with the thickness gauge) placed between the probe face and the material surface

Table 8.5 Physical characteristics of selected UFg storage and shipping cylinders [28]

Cylinder type

Characteristic 5A 8A 30B 48X
Nominal diameter (in.) 5 8 30 48
Nominal diameter (cm) 13 20 76 122
Nominal length (in.) 36 56 81 121
Nominal length (cm) 91 142 206 307
Material of construction Monel Monel steel steel
Wall thickness (in.) 1/4 3/16 172 5/8
Wall thickness (cm) 0.64 0.48 1.27 1.59

analysis. Alternatively, standards of U3Og or UF, of known enrichment may be used, with the appropriate corrections for
matrix differences (that is, the factor F/F; in Table 8.3).

Early studies of enrichment measurements on type 30B and 5A cylinders with Nal scintillation detectors [6] achieved assay
results with relative standard deviations of 5% for type 30B cylinders and <1% for type 5A cylinders. Count times were on the
order of a few minutes, and the wall thickness measurement took only a few seconds. Due to the slower ultrasound speed in
the paint, measuring the cylinder thickness through a painted surface would add to the steel thickness an extra thickness equal
to 2.35 times the paint thickness. Good acoustic coupling between the thickness-gauge probe and the cylinder surface was
obtained by sanding the paint off of a spot within the area viewed by the gamma-ray detector; the uncertainty in the thickness
measurement was estimated at 0.4%.
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9.1 Introduction

Interpreting the results of neutron coincidence counting or calorimetry measurements usually requires an accurate measure-
ment of plutonium isotopic composition. Several methods have been developed for determining plutonium isotopic composi-
tion by gamma-ray spectroscopy; some of the early approaches are described in Refs. [1-5]. An American Society for Testing
and Materials standard test method has been written for plutonium isotopic analysis using gamma-ray spectroscopy
[6]. Different methods have been developed for different item types.

This chapter introduces the characteristics of plutonium spectra that influence isotopic measurements, describes useful
spectral regions, and presents the principles of spectral analysis important to isotopic measurements. It includes descriptions
of typical data collection hardware, details of data analysis methods, and descriptions of several implemented systems with
examples of their accuracy and precision.

9.2 Background
9.2.1 Decay Characteristics of Plutonium Isotopes

Most plutonium items contain the isotopes ***Pu, *°Pu, **°Pu, **'Pu, and ***Pu. Americium-241 and **’U are always present
as decay products of **'Pu. Table 9.1 lists some of the decay characteristics of these important isotopes [7].

9.2.2 Decay Characteristics of >*'Pu

The decay of **'Pu is shown in Fig. 9.1. Because of the long half-life of **' Am, the concentration of the **' Am daughter
continues to increase for up to 75 years. Aged plutonium items often have very high **' Am content, especially if the initial
241py concentration was high.

Because of its short half-life, the >*’U daughter rapidly comes into secular equilibrium [8] with its **'Pu parent. After
approximately 47 days (seven half-lives), gamma rays from the decay of *’U can be used as a measure of 241py, Because 2*’U
has several strong gamma rays, it is especially useful for plutonium isotopic measurements. In this chapter, the terms
21 py-237 equilibrium and aged refer to items where >*’U is in secular equilibrium with **'Pu. Samples in which
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Table 9.1 Decay characteristics for isotopes useful in plutonium isotopic measurements

Half-life Specific activity Specific power
Isotope (year) (dis/s — g) (mW/g isotope)
238py 87.7 + 0.1 6.336 x 10"! 567.79 + 0.65
239y 24,110 + 30 2.295 x 10° 1.9284 + 0.0024
240py 6561 + 7 8.399 x 10° 7.0721 + 0.0075
241py 14.290 + 0.006 3.840 x 10'? 3.295 + 0.026"
242py 373,000 =+ 3000 1.465 x 108 0.1170 + 0.0009
241 Am 432.6 + 0.6 1.268 x 10" 114.58 + 0.16
By (6.75 + 0.01 day) 9.485 x 107 ® -

“Including the specific power of 237 U
°Uranium-237 activity was computed assuming **'Pu-**’U equilibrium (see Fig. 9.1). The alpha branching ratio of >*'Pu
is assumed to be 2.47 x 1077

241py,
14.3
p o
99.998% 2.47x103%
241Am 237
433y 6.75d
o B
100% 100%
237Np
2.14x108y

Fig. 9.1 Decay scheme of **'Pu and its daughters

241py-237( equilibrium does not exist are called freshly separated. For those samples, >>’U gamma rays cannot be used as a
measure of **'Pu.

Figure 9.1 shows that both ?*' Am and %*”U decay to the same isotope, 2*’Np. Both isotopes can populate the same excited
states in 2>’Np and give rise to identical gamma rays; therefore, most of the useful *’U gamma-ray peaks have a contribution
from 2*' Am that has grown in through the beta decay path of >*'Pu. The amount of this contribution depends on the particular
gamma ray and the time since americium was last separated from the sample. Figure 9.2 shows the relative contributions for
important *’U gamma rays. To quantify the *'Pu content, a correction should be made to **'Pu-**"U peaks for their **' Am
content.

9.2.3 Determination of 2*2Pu Concentration

Plutonium-242 has only a few gamma rays, similar in energy and branching ratio to those from 2*°Pu; however, the long half-
life of **Pu and its low abundance in most plutonium items make its detection by gamma-ray measurement impossible.
Instead, empirical isotopic correlations [9, 10] are used to predict the ***Pu content from the other isotopic fractions. Such
predictions generally produce acceptable results (~20% uncertainty) for the concentration of 2**Pu (typically 0.03-5%) found
in most plutonium if process batches have not been mixed and **' Am has been neither added nor removed.
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Fig. 9.2 Americium-241 contribution to >*’U gamma-ray peaks (energy in keV) as a function of time since separation. Uranium and americium
concentrations are zero at t = 0

9.24 Spectral Interferences

Many regions of the gamma-ray spectrum can contain interfering gamma rays from other isotopes in the sample. For example,
very high-burnup samples often contain >**Am and its *Np daughter; aged samples can contain *>’Np and its daughter *>*Pa;
and samples from reprocessed fuel can contain fission products. All possible interferences cannot be listed here; however, by
knowing the history of a sample, the spectroscopist can anticipate possible spectral interferences.

9.2.5 Applications of Plutonium Isotopic Measurements

The principal application of plutonium isotopic measurements is to determine the quality of plutonium and to support other
nondestructive assay methods in providing the total plutonium content of a sample. Two methods that use plutonium isotopic
results are calorimetry and neutron coincidence counting.

Calorimetry uses the isotopic information to calculate the specific power P (W/g plutonium) of a sample from the measured
isotopic fractions and the known specific power for each isotope (see Chaps. 23 and 24).

The response of neutron coincidence counters is a complicated function of all plutonium isotopes and **' Am. An effective
mass known as ***Pug is determined using the response of a neutron coincidence counter. A measurement of isotopic
composition is required to convert the coincidence counter response to individual plutonium isotopic masses (see Chap. 17).

9.3  Spectral Regions Useful for Isotopic Measurements

This section describes the spectral features that are important for the measurement of plutonium isotopic composition. The
descriptions follow the practice used in works of Gunnink et al. [11] and Lemming and Rakel [12] in which the spectrum is
divided into several different regions. The gamma-ray spectrum of plutonium varies greatly with isotopic composition and
241 Am concentration. Two sample spectra are shown in Figs. 9.3 and 9.4. Figure 9.3 represents low burnup and low **' Am;
Fig. 9.4 represents high burnup and relatively high **' Am.

Table 9.2 lists most of the gamma rays that are useful for plutonium isotopic measurements [7]. The gamma rays are
grouped into four separate classifications: 30-60 keV, 60120 keV, 120-500 keV, and 500-800 keV. These four analytical
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Fig. 9.3 Gamma-ray spectrum from low-burnup plutonium with approximate isotopic composition (wt%): >**Pu, 0.012%; >**Pu, 93.82%; >*°Pu,
5.90%; 241Pu, 0.240%; 242Pu, 0.02%; 24'Am, 0.063%. Peaks not labeled with a specific isotope are from 23%py

regions have one thing in common: each region has one—and only one—measurable gamma ray from both ***Pu decay and
24Py decay. The list shows that the lower-energy gamma rays are more intense than those at higher energies. The lower-
energy gamma rays should be used whenever possible.

Typically, a plutonium-bearing sample consists of two major isotopes: ***Pu and **°Pu. The sum of the fractions of these
two isotopes is almost 100%. A bad measurement of one or both of these two isotopes will negatively affect the fractions of all
other isotopes. Plutonium-239 has many intense peaks, so it is relatively easy to get good activity results; however, >*°Pu has
only a few peaks that are not very intense and often have interferences with strong peaks from other isotopes. It is therefore
very important to extract the >*’Pu peak areas accurately to have good isotopic results for all isotopes.

9.3.1 The 30-60 keV Region

The 30-60 keV region has been used mainly for analysis of freshly separated solutions from which **' Am and **”U have been
removed. If too much 2*' Am is present, its 60 keV gamma ray overwhelms all other peaks in the region. Usually this region is
useful for 15-30 days after a separation of americium and uranium. A typical spectrum from a high-burnup reprocessing plant
solution and a low-burnup spectrum are shown in Fig. 9.5. When the gamma rays can be measured, the 30-60 keV region is
the most useful region for measuring ***Pu, **Pu, and *°Pu. The region does not have a measurable **'Pu gamma ray. Small
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Fig. 9.4 Gamma-ray spectrum from high-burnup plutonium with approximate isotopic composition (wt%): 2**Pu, 0.202%; ***Pu, 82.49%; ***Pu,
13.75%; **'Pu, 2.69%; ***Pu, 0.76%; >*' Am, 1.18%. Peaks not labeled with a specific isotope are from 23%py

Table 9.2 Useful gamma rays in various energy regions

Region 238py, 239py, 240py, 241p, 241A 0
(keV) (keV) (/s — g) (keV) (v/s — 8) (keV) (v/s — 8) (keV) (/s — g) (keV) (/s — g)
30-60 4350 [2.55x10% |38.66 2.46 x 10° 4524 387 x10° |- - 59.54 |4.71 x 10'°
51.62 6.41 x 10°
60-120 99.85 |4.74x107 |- - 10423 |6.18 x 10°  [101.06%° | 2.40 x 10’ 59.54 |4.71 x 10"
98.97 |2.66 x 10
10298 | 2.56 x 107
120-500 |152.72 |6.04x10° [12930 [1.49x10° |160.31 |3.48 x 10* |148.45 739 x10° 12530 |5.35x 10°
203.55 | 1.34 x 10* 164.61* 1.83 x10° |146.55 |6.05 % 10°
34501 |1.31 x 10 208.00° 208 x 10" 33537 |6.51x10°
375.05 | 3.66 x 10* 267.54* 6.99 x 10°
41371 |3.45x 10* 332.35° 1.18 x 10°
451.48 | 4.46 % 10° 370.94° 1.05 x 10°
500-800 |766.39 | 1.43x10° |64594 [3.57x10> 64235 |1.12x10° |- - 662.40 |4.78 x 10°
769.15 | 1.20 x 10? 72201 |2.57 x 10°
769.37 | 1.60 x 10>

*Uranium-237 daughter of *'Pu with 2*'Pu-**"U equilibrium
®Neptunium X-ray from the decay of *”U, daughter of **'Pu
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Fig. 9.5 Gamma-ray spectra in the 30-60 keV region from freshly separated solutions of plutonium. The top spectrum is shifted vertically for
clarity. The top spectrum (blue line) isotopic composition (Wt%): >**Pu, 0.60%; *°Pu, 70.42%; **°Pu, 23.45%; **'Pu, 3.20%; ***Pu, 2.31%; **' Am,
0.0011%. The bottom spectrum (red) line isotopic composition (wt%): 2*®Pu, 0.01%; ***Pu, 95.85%; **°Pu, 3.80%; **'Pu, 0.26%; ***Pu, 0.07%;
241

Am, 0.0004%

contributions from >*'Pu and **’U interfere with the ***Pu peak at 43.5 keV, the **°Pu peak at 45.2 keV, and the >**Pu peak at
51.6 keV.

Several experimenters have used this region for solution measurements: Gunnink [13] and Russo [14] measured freshly
separated solutions from a reprocessing plant; Umezawa [15] and Bubernak [16] applied these measurements to samples
prepared in an analytical laboratory; and Li [17] measured submilligram-sized solid samples with modest **' Am content.
Gunnink used absolute counting techniques and calibrated with known solution standards; Umezawa used absolute counting
with a calibrated detector; Bubernak calibrated with samples of known isotopic composition; and Russo and Li measured
isotopic ratios independent of calibration standards, the methodology of which is discussed in Sect. 9.4.

9.3.2 The 60-120 keV Region

The 60-120 keV region includes the 100 keV region, which is the most complex region of the gamma-ray spectrum of
plutonium. The uranium X-rays arise from plutonium decay. For mixed-oxide (MOX) samples, a second component of the
uranium X-rays comes from the induced X-ray fluorescence (XRF) of uranium. The plutonium X-rays come from induced
XREF of plutonium. By comparing the ratio of uranium and plutonium fluorescence X-rays, the uranium-to-plutonium ratio in
a MOX sample can be determined.

The neptunium X-rays arise from the decay of **' Am and **’U. For aged plutonium, the neptunium X-rays from **’U
decay can be used to measure >*'Pu. The region does not have a measurable ***Pu gamma ray; the most intense **°Pu peak in
this region at 98.78 keV sits on the shoulder of a much more intense uranium X-ray peak, and its area cannot be accurately
extracted even for the low-burnup plutonium with greater than 90% **°Pu.

The excessive overlapping and interfering nature of the spectrum in the 60-120 keV region is shown in Fig. 9.6. The
99.86 keV ***Pu peak is intense for high-burnup plutonium, but for low-burnup plutonium, it is very weak and is made
obscure by the intense plutonium fluorescence X-ray peak at 99.54 keV, rendering it unusable. The 103.68 keV **'Pu peak
and the intense 103.74 keV plutonium fluorescence X-ray peak interfere with the 104.24 keV **°Pu peak. The intrinsic
line shape of X-rays is different from that of gamma rays; the overall peak shape for an X-ray peak is the convolution of a
Lorentzian distribution and a Gaussian distribution—called a Voigt profile—plus an exponential tail on the low-energy
side. This different peak shape must be considered in the analysis of this region by peak-fitting or response-function methods
[4, 18, 19].
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Fig. 9.6 Gamma-ray spectra of PuO, in the 60—120 keV region. The spectra are shifted vertically for clarity. The top spectrum (blue line) isotopic
composition (wt%): **Pu, 1.10%; **°Pu, 64.88%; **°Pu, 26.33%; **'Pu, 3.34%; ***Pu, 4.35%; **' Am, 5.01%. The bottom spectrum (red line)
isotopic composition (wt%): 233py, 0.01%; **°Pu, 93.53%; **°Pu, 6.31%; **'Pu, 0.11%:; >**Pu, 0.04%: >*' Am, 0.22%
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Fig. 9.7 Gamma-ray spectra of PuO, in the 120-500 keV region. The spectra are shifted vertically for clarity. The top spectrum (blue line) isotopic
composition (wWt%): 233py, 1.10%:; >*°Pu, 64.88%; >*°Pu, 26.33%; **'Pu, 3.34%: **’Pu, 4.35%; >*' Am, 5.01%. The bottom spectrum (red line)
isotopic composition (wt%): >**Pu, 0.01%; **°Pu, 93.53%; **°Pu, 6.31%; **'Pu, 0.11%; ***Pu, 0.04%; **' Am, 0.22%

9.3.3 The 120-500 keV Region

The 120-500 keV region contains the gamma-rays of all plutonium isotopes (except >**Pu) and **' Am. Figure 9.7 shows this
spectral region. High-burnup material (blue line) generally produces weaker *’Pu peaks and stronger peaks from all other
plutonium isotopes and **' Am than low-burnup material (red line) does.

This region contains only one measurable gamma ray from ***Pu decay at 152.72 keV and **°Pu decay at 160.31 keV. The
weak 152.72 keV **Pu peak is usually on a high background continuum and yields poor precision for low-burnup (0.01 wt%
238pu) material. The precision of the measurement can be as poor as 10% for a typical measurement.
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The 2*°Pu gamma ray at 160.31 keV has strong interferences from **'Pu at 159.95 keV and ***Pu at 160.19 keV. The
quantification of the 160.31 keV peak is also made more challenging by the summing of the X-rays and gamma rays from the
100 keV region with the 59.54 keV 2*'Am gamma rays that form summed peaks in the energy range from 158 keV to
163 keV. These summed peaks can interfere with the 160 keV complex and can be eliminated by using a filter to selectively
absorb gamma rays and X-rays from the 60 keV and 100 keV regions before they interact with the detector. The plutonium
spectrum of a planar high-purity germanium (HPGe) detector also includes one additional feature that makes the difficult-to-
analyze region even harder to analyze: the backscatter structure of the 413.7 keV **Pu peak. Due to the thinness of the crystal,
many high-energy gamma rays can pass through the crystal without interacting. Some of these gamma rays will bounce off of
the copper rod cold finger of the detector or materials behind the crystal and get back into the crystal. These scattered gamma
rays form the backscattered structure. The backscattered structure of the 413.7 keV gamma ray crests at 158 keV and
introduces additional complexity to the already complex region, making it difficult to get a good 160.31 keV peak area result.
The statistical precision of the >*’Pu component is seldom measured to better than ~1%.

9.3.4 The 500-800 keV Region

Figure 9.8 shows the characteristics of the 500-800 keV region, which is most useful for large or heavily shielded samples.
The 645.94 keV, 769.15 keV, and 769.37 keV peaks are useful for measuring 23%py, and the 662.40 keV and 722.01 keV
peaks are useful for measuring **' Am. The 766.39 keV ***Pu peak is intense for high-burnup plutonium but is very weak and
difficult to measure for low-burnup plutonium. The fitting of the only *°Pu peak in this region at 642.35 keV is made
complicated by the nearby ***Pu peak at 639.99 keV and the **' Am peak at 641.47 keV. This region does not have any peaks
from **'Pu or its daughter 2*"U.

9.3.5 Actual Analytical Regions

Of the four regions discussed in Sections 9.3.1 through 9.3.4, only the 120-500 keV region has peaks from all plutonium
isotopes and **' Am, so full isotopic analysis can be done with the peaks in this region alone. For the other three regions, each
one lacks peaks from either **Pu or **'Pu, making a full isotopic measurement using only the peaks in the region impossible.
These regions need to be combined with peaks in other regions to fully determine the isotopic composition of plutonium.
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Fig. 9.8 Gamma-ray spectra of PuO, in the 500-800 keV region. The spectra are shifted vertically for clarity. The top spectrum (blue line) isotopic
composition (wWt%): 238py, 1.15%; >*°Pu, 63.85%; >*°Pu, 25.93%; **'Pu, 4.79%: ***Pu, 4.28%:; >*' Am, 3.48%. The bottom spectrum (red line)
isotopic composition (wt%): >**Pu, 0.01%; 2*°Pu, 93.48%; **°Pu, 6.31%; **'Pu, 0.16%; >**Pu, 0.04%; **' Am, 0.17%
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An analysis using the measurable peaks in all four regions from 30-800 keV would include many peaks and could be very
accurate; however in practice, the results from the analysis of a very wide energy range might not be better than the analysis in
a smaller energy range even though the wide energy range analysis uses more data. The reason for this outcome is that when
the energy range is very large, the deviances in the efficiency curve could become large and could negatively affect the results.
(See Chap. 7 and [10] for a description of efficiency curve.)

In the following sections are descriptions of four practical analytical regions that are normally used for plutonium isotopic
analysis of HPGe spectra and one region that is used for analysis of microcalorimeter data.

9.3.5.1 The 30-210 keV Analytical Region

For freshly separated samples, peaks below 60 keV are visible and can be used for analysis. These peaks represent the most
intense gamma rays for most of the plutonium isotopes except 241py (and ***Pu). Because this region lacks a **'Pu peak, it is
insufficient to use the 30-60 keV region alone for plutonium isotopic analysis. The region would need to be used in
conjunction with another region that has a **'Pu peak (see Table 9.2).

The 60120 keV region has a neptunium X-ray at 101.06 keV (from the decay of 2*”U) that can be used to measure **'Pu in
aged plutonium. For fresh plutonium, this X-ray peak cannot be used to quantify the **'Pu, so a peak from the direct decay of
241py is needed. The 120500 keV region has the 148.45 keV peak from **'Pu decay, so the 30-60 keV region can be
combined with the 120-500 keV region for full isotopic analysis. In fact, the whole 120-500 keV region need not be used
because that would make the combined 30-500 keV range too large for effective analysis. A combination of the 30-60 keV
region and 120-210 keV region is sufficient [20]. This combination of two narrow regions is advantageous because the
analysis avoids the 100 keV region, which is crowded and requires the capability of analyzing the X-ray peaks. For a better
analysis, the 60—120 keV region can be included if capability exists to fit the X-ray peaks. The inclusion of this region does not
extend the range of the efficiency curve but adds significant intense peaks to the analysis [19].

In practice, the analytical region is often extended to 230 keV to cover the 210 keV and 228 keV peaks from **>Am and/or
2$3Cm decay, which will give **Am to Pu and/or ***Cm to Pu ratio results in addition to the plutonium isotopic composition.
The 186 keV **°U peak is often included to measure the *>°U to Pu ratio.

9.3.5.2 The 60-210 keV Analytical Region
The 60-210 keV analytical region can be used to analyze either fresh or aged plutonium. For fresh plutonium, only the
148.45 keV peak is used for >*'Pu activity. All of the peaks from the **'Pu daughter **’U (see Table 9.2) can be used to
measure 2>’ U activity but not the **'Pu activity. For aged plutonium, these **"U peaks can be considered to come directly from
241py decay and are used to measure “*'Pu. For a small plutonium item inside a thin container, this analytical region offers the
best results because the peaks in the 100 keV region are intense and can give good results in a short measurement time. A
drawback is the requirement of a detector with good resolution, such as that of a good planar detector, to de-convolute the
many overlapping peaks. A detector with inferior resolution, such as a coaxial HPGe detector, can still give precise results due
to intense peaks in the 100 keV region, but the bias can be significantly large due to the difficulty in resolving the overlapping
peaks in the region.

Similar to the 30-210 keV region, the analytical region may be extended to 230 keV to cover the 210 keV and 228 keV
243 Am and/or 2**Cm peaks for 243 Amto Pu and/or >**Cm to Pu ratio results. Also, the 186 keV 25y peak is often included to
measure the >*°U to Pu ratio.

9.3.5.3 The 120420 keV Analytical Region

The 120-420 keV analytical region does not include the X-ray region, which makes analysis a bit easier because it does not
require fitting the X-ray peaks. The drawback to using this region is its dependence on the weak 160.31 keV **°Pu peak, which
is a factor of 18 less intense than the **°Pu peak at 104.23 keV (see Table 9.2). If the 451.48 keV peak is present in the
spectrum, the analytical region can be extended to 460 keV to include this peak. The 186 keV peak is normally used for U
activity. If the 235U to Pu ratio is large, then some other intense peaks from 235U at 143.8, 163.4, and 205.3 keV can also
be used.

9.3.5.4 The 200-800 keV Analytical Region

The 200-800 keV analytical region is most useful for large items and/or items shielded by thick and high-Z filter materials.
The peaks from #38py and **°Pu in this analytical region are more than an order of magnitude weaker than those in the
120-420 keV analytical region. For large items or heavily shielded items, the low-energy peaks are significantly suppressed,
which makes the weak peaks at high energies relatively more prominent. In practice, the lower bound of the analytical region
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is normally set at 180 keV to include the 186 keV *°U peak, and the upper bound is extended to 1010 keV to include the
1001 keV **®U peak so MOX items can be analyzed.

9.3.5.5 The 96-210 keV Analytical Region with Microcalorimeters

The efficiency of microcalorimeter gamma spectrometers is optimized for the 100 keV region, making the 96-210 keV
analytical region optimal for determining plutonium isotopic composition with microcalorimeters. The high resolving power
of microcalorimeters has been shown to result in reduced uncertainty and bias in quantitative analysis of plutonium isotope
ratios as compared with HPGe measurements [21, 22].

For microcalorimeter regions, the high-energy resolution allows for more degrees of freedom in fitting for the regions of
interest (ROIs), which is not possible when fitting the regions relevant to plutonium isotopic composition in the 96-210 keV
region of HPGe data. For microcalorimeter data, because of the well-resolved lines, the gamma-ray energies can be allowed to
vary up to 50 eV with few exceptions, which is 0.7—1.0 times the typical energy resolution. To achieve convergence with
HPGe data in this analytical region, the energy position of the majority of peaks must be fixed relative to each other within an
ROI with only a global shift considered. The uncertainty reported from peak minimization routines has significant dependence
on these parameter constraints, and the fewer degrees of freedom artificially reduce uncertainties in peak areas while
potentially introducing systematic error in the derived peak areas [21].

94  Measurement Principles
9.4.1 Measurement of Isotopic Ratios
The full-energy peak area for any single gamma ray can be written as
C(E)) = XN'BRg(E;), (9.1)
where

C <EJ’) = full-energy peak area of gamma ray j with energy Ej’ emitted from isotope i

In(2)
T

A" = decay constant of isotope i; A' = , where T’i P is the half-life of isotope i

N' = number of atoms of isotope i

BR; = branching ratio (gamma rays/disintegration) of gamma ray j from isotope i

e(E;) = total efficiency for full-energy peak detection of gamma ray with energy E;; includes intrinsic detector efficiency,
geometry (solid angle), item self-absorption, and attenuation in materials between the item and detector.

Equation 9.1 may be rearranged to give an expression for the atom ratio of two isotopes. The atom ratio is given by

Nt C(EL) TV, BR RE(E)’

m

i EY T k
N c( ]) x L2 BR,, X RE(E) (9.2)

In Eq. 9.2, the full-energy peaks areas C(E) are measured, and the half-lives T/, and branching ratios BR are either known or
can be calculated from nuclear data. The total efficiency has been expressed in terms of the relative efficiency RE(E).
Geometric factors cancel, and the relative efficiency ratio includes only item self-absorption, attenuation in materials between
the item and detector, and detector efficiency. The use of an efficiency ratio removes the need for reproducible geometry and
makes the isotopic ratio method applicable to items of arbitrary size, shape, and composition.

A relative efficiency curve can be determined from the measured spectrum of every item. Equation 9.3 gives the following
proportionality for gamma rays from a single isotope i:
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C(E)

E; RE(E; —_
e( j) X ( j) X BRJ’»

(9.3)

Because efficiency ratios are used in Eq. 9.2, only the shape of the relative efficiency curve, which is the ratios given in
Eq. 9.3, is important.

After appropriate isotopic ratios are measured, it is usually desirable to calculate absolute isotopic fractions. The sum of all
isotopic fractions must equal unity. Neglecting 2**Pu, this implies that

L=Ff238 + f230 + 240 +f241> (9.4)

where f; is the isotopic fraction of isotope i.
Dividing Eq. 9.4 by f>39 gives

f239 B f239 f239 f239

Equation 9.5 expresses the isotopic fraction of 29py (f>39) in terms of the three measured ratios f>38/f>39, f240/f239, and fo41/f>30.
The remainder of the isotopic fractions are obtained from

Fi=Faz0 % Vz—;],i:238,240, 241. (9-6)

Section 9.4.2 discusses the incorporation of ***Pu into this analysis. If the ratio of **' Am to any of the plutonium isotopes
(usually 239Pu) has been measured, then the absolute fraction of **' Am can be calculated from

Jam=Ffi* {ffﬂ} . (9.7)
1

Note that this formula gives the weight or atom fraction of **' Am in the sample with respect to total plutonium, not total

sample.

The isotopic ratio method can be applied to items of arbitrary size, shape, and composition. The method works if the
plutonium isotopic composition and the Am/Pu ratio are uniform throughout the item; the plutonium could be nonuniformly
distributed within the item if the aforementioned uniformity is present. Two different methods were developed—one at
Mound Laboratory [23] and the other at Los Alamos National Laboratory [24]—to measure electro-refining salt residues that
have a nonuniform Am/Pu ratio.

9.4.2 The ?*?Pu Isotopic Correlation

Plutonium-242 cannot be measured directly because of its low activity, low abundance, and weak gamma rays. Instead,
isotopic correlation techniques [9] are used to predict the ***Pu abundance from knowledge of the other isotopic fractions. It is
well known that correlations exist among the plutonium isotopic abundances because of the nature of the neutron capture
reactions that produce the plutonium isotopes in nuclear reactors. Because these correlations depend on the reactor type and
details of the irradiation history, it is difficult—if not impossible—to find a single correlation that is optimal for all material.
Gunnink [9] suggests that the correlation

Jaur= M, (9.8)

(fa0)°

where f is the isotopic fraction, is linear and relatively independent of reactor type. When the isotopic fractions are given in
weight percent, the constant K equals 52. One disadvantage of using correlations that depend on **'Pu is the relatively short
half-life of ?*'Pu, which decreases in absolute abundance by ~5% per year. The correlation works best if the **'Pu abundance
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can be corrected to the time of fuel discharge from the reactor. When the discharge time is not known, a partial correction can
be made by adding the quantities of **' Am to the *'Pu before computing the correlation. The total gives the **'Pu content at
the time of the last chemical separation. Reference [10] employs such correlation.

f242 =A (fZ38>B(fZ39>C(fZ4O)D(fZ4I +fAm241)E:| . (99)

The parameters A through E can be tuned specifically for materials of different reactor types. Setting parameter E to zero
would make the correlation independent of 2*'Pu. In more recent versions of the isotopic code Multi-Group Analysis (MGA)
authored by Ray Gunnink, >**Pu correlation is determined using the equation [25]

P2pu/Pu) = C1 - [33Pu/?Pu)” - Pu/?Pu)” - [(*'Pu + Am) /*°Pu)™ + €5 - [P3Pu /™ Pu) + C6
[Pu/Pu)” + €7 (%Y Pu + Am) /2P Pu) " (9.10)
The coefficients C1 to C10 are entered in the setup file for the MGA.
A correlation not involving **'Pu has been suggested [9, 26]:
K (fz4o)3
forr=—"3% (9.11)

6239)2 .

This correlation is linear for a given reactor type, but the slope K depends on reactor type.
Ruhter et al. [27] proposed a correlation formalism that does not depend on **'Pu. It is given in the following equation:

242 238 Ci 1240 G
Pu 0[ Pu] { Pu} (9.12)

B9p, ~ “O|@op,| |239p,

This is equivalent to Eq. 9.9 with E = 0. The correlation given in Eq. 9.12 was tested and evaluated by Bignan et al. [28] using
a theoretical and experimental approach. Based on extensive experimental data sets available from destructive analysis of
pressurized-water reactor (PWR) and boiling-water reactor (BWR) fuels, Bignan et al. [28] determined that best values for the
fitting coefficients C; and C, were 0.33 and 1.7, respectively. Rather than recommending a single value for the coefficient Cy,
Bignan et al. [28] provided a table with recommended values of C, according to the plutonium characteristics, such as the
range of initial >>>U enrichment and the range of burn-up. The average value of C is 1.313 for PWR fuel and 1.117 for BWR
fuel. According to Bignan et al. [28], using these average values for C, results in average error on >**Pu evaluation of
approximately 3% for PWR fuel and 7% for BWR fuel.

After the isotopic fraction of 242py has been determined using a suitable correlation, known value, or stream average, the
other isotopic fractions can be corrected using

fi=fill =fan), (9.13)

where f? are the normalized isotopic fractions (such that the sum of all plutonium isotope fractions is 100%) excluding f5,,;
the normalized 2**Pu fraction is the correlated fraction f>4> determined from one of the Eqs. 9.4 through 9.8. This correction
has a flaw in that if the >**Pu fraction f»4, happens to be greater than 1, then the normalized isotopic fractions S5 will become
negative. A more robust equation to calculate the isotopic fractions is

C _ fi
fi - 1 +f242’ (914)

where f7 are the normalized isotopic fractions, including f%,,. This correction renormalizes the fractions so that the sum over
all plutonium isotopes equals unity.
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Table 9.3 Typical measurement precision

Region (keV) | Count time ‘ 238py ‘ 3%y ‘ 24%py ‘ 241py | 241 Am | Specific power
30-210° | 15-30 min 10.3-5% 10.05-0.5% 10.2-1.0% L 15% | 1-10% 10.1-1.0%
60-210 | 30-60 min 10.3-5% 10.05-0.5% 10.2-1.0% 10.2-0.8% 10.2-1.0% 10.1-1.0%
120-420 60120 min 0.2-4% 0.05-0.5% 0.2-1.0% 0.2-0.8% 0.2-1.0% 0.1-1.0%
200-800 1-4h° 1-10% 0.1-0.5% 1-5% 0.2-0.8% ‘ 0.2-10% ‘ 0.3-2%

Fresh plutonium
"With high-count-rate systems, these precisions can be realized in less than 30 min

Table 9.4 Systematic and statistical uncertainties for plutonium isotopic composition from microcalorimeter and
HPGe measurements®

Measurement ‘ 238py/2¥py | 240py/23%py | 21py/2¥py | 2 Am/2Pu
Microcalorimeter (syst.) [%] | 0.8-1 [~ | ~0.76 |~1.2

HPGe (syst.) [%] 10.9-7 |13 10.8-2 |16

Scaling factor (stat.) 10.2-1 10.2-0.8 10.8-1 10.2-1

#Scaling factor is the microcalorimeter statistical uncertainty divided by the HPGe statistical uncertainty, assuming
equal counts in the 96-210 keV region [21]

9.4.3 Summary of Measurement Precision (HPGe Detectors)

For all techniques discussed, the measurement precision is influenced most by the spectral region analyzed; a higher precision
is obtained when measuring the lower-energy regions that have higher gamma-ray emission rates. Table 9.3 summarizes the
measurement precision attainable for different energy regions. Measurement accuracy is usually commensurate with
precision.

9.4.4 Summary of Measurement Precision (Microcalorimeters)

Microcalorimeters afford the opportunity to achieve lower total measurement uncertainty on determination of plutonium
isotopic composition. They reduce (1) statistical errors on weak and/or overlapping peaks important for analysis and
(2) systematic uncertainties that arise from uncertainties in the nuclear and atomic data used for isotopic analysis by both
microcalorimeters and HPGe detectors. These systematic uncertainties currently limit the precision of plutonium isotopic
determination to ~1%.

Existing codes such as FRAM do not include the uncertainties from nuclear and atomic data, such as branching ratios, half-
lives, X-ray line widths, and energy calibration; uncertainties from empirical adjustments of these values are not calculated
and propagated to isotopic ratios. The SAPPY code [29] based on SAP [21] does propagate these systematic sources of
uncertainty in a consistent framework for both HPGe and microcalorimeter data. These systematic uncertainties limit the
precision of gamma spectroscopy to approximately 0.8—7% in the 97-207 keV region, as can be seen in Table 9.4. For
microcalorimetry, the dominant contribution to the systematic uncertainties arises from the branching ratio uncertainties
(0.7-1.2%), and if these uncertainties were significantly improved, microcalorimetry results would be dominated by
uncertainties in half-lives at the tenths-of-percent levels. Given improvements in branching ratios, HPGe analysis would
still be dominated by the 0.2—7% uncertainties from the energies. Neither microcalorimeter nor HPGe analysis is sensitive to
uncertainties in mass attenuation coefficients and material densities, variations of which produce relative uncertainties of less
than 0.001% [21].

Assuming equal counts in the 96-210 keV region, the statistical uncertainties on microcalorimeter measurements of
isotopic ratios can be up to a factor of 5 (0.27") lower than HPGe results. Microcalorimeters achieve significantly better
performance than HPGe detectors on materials with high ***Pu content because the sensitivity of the detector allows for more
precise measurements of the other less-abundant isotopes. For example, a 1-h HPGe measurement of PIDIE-1 yields
uncertainties of 2>*Pu/*°Pu, 2*°Pu/>*°Pu, "' Pu/?*°Pu, and **' Am/**°Pu of 11%, 4%, 1%, and 1%, respectively. Using the
scaling factors for statistical uncertainties (Table 9.4 and Table III in Ref. [2]), propagating these uncertainties for absolute
fractions (e.g., 2>°Pu/Pu) using the method described in Ref. [30], ignoring ***Pu uncertainty, and ignoring covariance, the
improvements in the uncertainties of the 238Pu/Pu, 239Pu/Pu, 240Pu/Pu, 241py/Pu, and 2*' Am/Pu fractions are factors of 5.3,
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5.0, 5.0, 1.0, and 3.2, respectively, with microcalorimeter data. This result would affect the specific power uncertainties for
calorimetry measurement by a factor of 4.7, yielding a factor of 4.7 improvement in the calculation of total plutonium mass,
assuming no uncertainty in the calorimetry measurement. A similar analysis for PIDIE-6 yields a factor of 1.1 improvement
due to its higher burnup [21].
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10.1 Introduction

Gamma-ray nondestructive assay (NDA) can provide a variety of useful information about a sample that contains nuclear or
radiological material. The measurement of uranium enrichment (Chap. 8) and plutonium isotopic composition (Chap. 9) are
two specific applications that have their own dedicated chapters. In this chapter, we will discuss several additional applications
of gamma-ray NDA and their associated techniques, which can be divided into three categories: attribute measurements (Sect.
10.2), general nuclide identification (Sect. 10.3), and quantitative measurements (Sect. 10.4).

Attribute measurements are useful measurements that are intended to confirm the presence or absence of specific attributes
of nuclear material. These rapid, low-cost, semiquantitative techniques can be used to supplement more rigorous (but less
frequent) physical inventories, to allow an inspector to rapidly assess the material in a large facility, or to apply to process
monitoring.

Nuclide identification refers to the process of analyzing a gamma-ray spectrum to determine which radionuclides are
present in the sample. The instrumentation used to collect the spectrum determines which of several techniques are available
for nuclide identification. These techniques are useful for identifying unknown or legacy items and in search and recovery
operations.

Section 10.4, Quantitative Measurements, provides details on the applications and techniques for performing isotopic
composition measurements, waste measurements, and holdup measurements.

10.2 Attribute Measurements

10.2.1 Introduction

Nuclear material measurements are usually quantitative assays in which the measurement goal is to fix a numerical value on
the amount of nuclear material present. The assays are performed with the highest accuracy and precision possible, and prior

knowledge about the samples could be extensive; however, several measurement challenges can be met with more qualitative
information on samples, about which prior knowledge could vary widely. Some examples include
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+ characterization of unlabeled or mislabeled samples;

* go/no-go determination of nuclear material content for recovery, burial, transport, or criticality safety;
+ rapid inventory verification to check consistency of declared values;

» confirmation of shipper values by the receiver;

* location of nuclear material holdup;

* process monitoring; and

» control of material movement.

Most of these tasks can be accomplished with qualitative or semiquantitative measurements that are rapid enough to save time,
money, and personnel exposure.

NDA techniques are well suited to these types of measurements because they are usually fast, nonintrusive, and capable of
measuring the item as a whole. If the nondestructive measurement is careful and accurate, it may be considered a material
assay. If the measurement is completely qualitative and determines only some signature, fingerprint, quality, or characteristic
of the material, it may be considered an attribute measurement. Between the extremes are semiquantitative measurements
(such as waste characterization, monitoring of material movement, rapid inventory verification, and identification) and
measurement of material holdup. These semiquantitative measurements are often very important to the day-to-day operation
of nuclear fuel cycle facilities.

Section 10.2.2 summarizes nuclear material attributes and how they can be measured. Measurements that are more than
attribute measurements but less than full quantitative assays include semiquantitative measurements of waste (Sect. 10.4.2)
and holdup measurements (Sect. 10.4.3 and Chap. 19, Sect. 19.4.4). For discussions of two other measurement problems that
fall into the category of semiquantitative measurements, see Chap. 21 on irradiated fuel assay and Chap. 22 on portal
monitoring.

10.2.2 Measurement of Nuclear Material Attributes

The most fundamental task in measuring nuclear material attributes is simply to identify the presence or absence of particular
radionuclides or nuclear materials. The primary radiation attributes (regardless of material type) are listed as follows:

+ alpha radiation

* beta radiation

* gamma/X-ray radiation

* infrared radiation (heat)

* total neutron radiation

+ coincident neutron radiation

+ high-fission cross section for thermal neutrons (yielding prompt and delayed gamma rays and neutrons)

Information on the radiation emission rates of these attributes is summarized in Chaps. 2, 13, 23, and 27.

Nuclear material in elemental form is also very dense and strongly attenuates gamma radiation. A further attribute of
uranium and plutonium is the discontinuities in their X-ray absorption cross section at the K- and Lyj-absorption edges
(Chap. 12).

Of the attributes listed above, only gamma ray spectroscopy provides unambiguous identification of the specific
radionuclides that are present within the material in question, especially if the spectra are measured with high resolution.
Although the other attributes mentioned are necessary features of nuclear material, they are not sufficient for unique
identification.

In a full-fledged nuclear material assay, almost all attributes cited above are measured at one time or another. A simple way
to view attributes measurements is to regard them as incomplete assays. The data are taken in the same way as for complete
assays, but the measurements are made more quickly, with less precision, and often without any use of the absolute calibration
of the instrument. Even semiquantitative confirmatory or verification measurements may involve only a determination of the
relative magnitude of the attribute responses from sample to sample. Table 10.1 summarizes the measurement instruments that
are commonly available in nuclear facilities and the attributes they can reveal. Some active assay instruments are included for
completeness.



10 Gamma-Ray NDA Applications & Techniques 187

Table 10.1 Measurement instruments and the attributes they reveal

Instrument Attribute

Visual inspection Packaging, history, color

Scales Weight, apparent density

Alpha counter Presence of alpha emitting isotopes, contamination

Geiger counter Gross beta/gamma activity; potential presence of U, Pu, or Am
Gamma spectrometer Gamma-ray spectrum; U, Pu signature; enrichment; burnup
Radiograph Density, distribution, shape

Densitometer Density; X-ray absorption edges; U, Pu signature

Calorimeter Heat output; presence of high alpha activity; warmth implies Pu, Am
Passive total neutron counter Neutron emission; presence of spontaneous fissions or (o,n) reactions
Passive neutron coincidence counter Spontaneous or induced fissions; presence of Pu or Cf likely

Active neutron coincidence counter Induced fissions; presence of U or Pu likely

Californium shuffler Delayed neutrons from induced fissions; presence of U or Pu likely
Fuel-rod scanner Delayed neutrons or gamma rays; presence of U or Pu likely

Se8 888

Fig. 10.1 Notional diagram of positioning a gamma-ray detector in measuring (a) the representative background and (b) the subsequent attribute
measurement on the selected item (indicated in yellow). In this scenario, it is presumed that all of the items contain the same nuclear material and that
the item in question cannot be readily moved from its current location

-
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Attribute measurements can be a very effective tool for characterizing, verifying, or monitoring nuclear material. Measured
one at a time, nuclear material attributes provide simple answers to inventory questions. Measured in combination, they can
provide very reliable or even unique information with a minimum of effort.

10.2.3 International Atomic Energy Agency Verification of the Presence of Radionuclides

One of the standard methods for verifying the presence of nuclear material within a container is to verify that the container is
emitting gamma rays that are characteristic of the declared nuclear materials. To perform this measurement, the count rate of
the characteristic gamma ray must be statistically greater than the ambient background count rate. Because attribute
measurements are performed within the nuclear facility and often with the item of interest located near other items containing
that same material, the background count rate can be significant and can include the presence of the gamma ray of interest. To
ensure that the observed count rate from the gamma ray of interest is coming from the item to be verified and not from
neighboring items or the ambient environment, it is important to perform a background measurement that is as representative
as possible of the background that is expected when measuring the item of interest. For instance, if the item to be verified
(indicated in yellow in Fig. 10.1) were being stored with other items that contain similar types of material, positioning the
gamma-ray detector so that the detector’s field of view (FOV) was in between neighboring items, as indicated in Fig. 10.1a,
would provide a representative background. By positioning the detector in this manner, the background measurement can
provide a reasonable estimate for the contributions to the overall count rate from items that are next to and behind the item of
interest.

Once an appropriate background count rate has been established, a measurement can be performed to determine whether
the characteristic gamma ray is being emitted from the item of interest at a statistically significant higher rate than was
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observed from the measurement of the background. The determination of what is meant by “statistically significant” depends
on the requirements associated with the confidence level of the measurement. In the case of an attribute measurement that is
done for safeguards purposes, the minimum statistical confidence level that is needed to conclude that a characteristic gamma
ray is being emitted from an item of interest is 99.7%, as shown in Eq. 10.1. To achieve a statistical confidence level of 99.7%
or more in an attribute measurement, the characteristic gamma-ray count rate that was measured from the item must exceed the
measured count rate in the ambient background by at least 3 times the total uncertainty of the net count rate between the item
and the background measurements, as shown in Eq. 10.1.

2 2
oM op
where

Ry = the count rate in the peak for the measurement
Rgp = the count rate in the peak for the background
oM = the uncertainty in the measurement counts

op = the uncertainty in the background counts

Ty = the measurement count time

Tg = the background count time

Given that the total uncertainty in the measurement is greatly dependent on the measurement time, one key aspect in
performing a successful attribute measurement is to ensure that the count time for the item measurement is sufficiently long
enough so that the uncertainty in the measurement is small enough to satisfy Eq. 10.1. In cases where the count rate in the peak
from the ambient background is negligible, the condition for verifying an item using the attribute test can be simplified to
determine if the net area (A) underneath the peak is greater than 3 times its uncertainty:

A>36 (10.2)

Often, the characteristic gamma-ray energy that is used to verify the presence of a specific radionuclide of interest is one that
can be measured and identified using a low-resolution detector system, such as Nal. In the case of performing an attribute
measurement on >>>U for instance, the 185.7 keV line is chosen as the characteristic gamma ray to verify its presence within
the material of interest. Figure 10.2 shows an example Nal spectra with a region of interest (ROI) placed on the 186 keV
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Fig. 10.2 Nal spectra associated with an attribute test of a *°U item. The area under the 186 keV peak is located within the ROI
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gamma-ray peak. In cases where the ambient background is negligible, once the measured area underneath the 186 keV peak
becomes greater than 3o, the 2*°U attribute test will have been satisfied, verifying that the item of interest contains >*>U.

10.3 General Nuclide Identification
10.3.1 Introduction

The identification of unknown radionuclides (or “nuclide ID”) is a task that encompasses measuring a gamma-ray spectrum
from a sample that contains unknown radionuclides and determining all of the gamma-emitting isotopes that contributed to the
measured spectrum. The gamma detector that is used to measure the spectrum will often determine the method that is most
applicable. For example, an experienced gamma-ray spectroscopist can use a method known as pattern recognition to rapidly
identify common gamma ray spectra from low-resolution detectors, such as Nal (TI) or LaBrs; but if presented with a
spectrum from a high-resolution detector, the spectroscopist will likely rely on peak identification techniques to ensure that
every full-energy peak in the spectrum is identified and accounted for. Alternatively, some radiation detector systems offer
automated nuclide identification algorithms that apply computational analysis that is based on similar concepts to those used
manually by a spectroscopist [1].

In an ideal situation, the gamma-ray detector system would measure every gamma ray emitted from the unknown item with
perfect efficiency across all energies and sufficient resolution to have each gamma ray appear as a distinct peak. In practice,
complications arise when using actual gamma-ray detectors to identify unknown radionuclides. Factors that complicate the
use of gamma-ray spectroscopy to identify radionuclides include gamma rays present in the ambient background that interfere
with the gamma rays being emitted by the item of interest, inability to distinguish gamma rays with similar energies due to the
energy resolution of the detector being used, and uncertainty in the energy calibration of the gamma-ray detector, among other
factors.

To perform nuclide ID, five practical steps must be taken to identify an unknown source using gamma-ray spectroscopy
[2]. First, the detector being used must have an accurate energy calibration that spans the range of gamma-ray energies that are
to be detected from the source. Appropriate calibration sources must be used in calibrating the detector, and they must emit
known gamma rays over the appropriate energy range. Given that it is rare to have an energy calibration for a gamma-ray
detector that is truly linear in nature, extrapolating an energy calibration beyond the range of known gamma-ray energies used
to establish the calibration increases the uncertainty associated with the measured gamma-ray energy, which can make
identifying a gamma-ray peak of interest within the spectrum more difficult.

Having calibrated the detector system, a background spectrum should be taken to determine how the ambient background
is contributing to the detected unknown spectrum. Similar to the case of measuring an attribute described in Sect. 10.2.3, the
background spectrum should be taken in the same environment as the unknown measurement will take place. As the
background conditions can evolve over time, it is important that the background spectrum be taken as close in time as
when the measurement of the unknown item will take place. In cases where a large or dense object is being measured,
considerations must be made for how the presence of the item within the area would shield a portion of the background from
the detector.

The background spectrum may be subtracted from the measured spectrum of the item of interest to reveal the features that
remain within the spectrum that could be attributable to the unknown radionuclides. The process of subtracting background
from the measured spectrum must consider any differences that occurred during these measurements, such as the live time of
the two measurements.

However, directly subtracting the background can introduce complications into the process of nuclide identification. This
process can cause artifacts in the net spectrum, particularly if there are any differences in background intensities (perhaps from
a slightly different measurement location or due to shielding from the item of interest), energy calibration (such as from gain
shift from temperature changes). Additionally, poor counting statistics may lead to missed features when analyzing
background-subtracted spectra. When performing peak-based analysis, an alternative approach is to subtract net peak count
rates extracted from both the spectrum of interest and the background.

The remaining features that are present after background subtraction must then be analyzed and compared against the
signatures of known radionuclides. The specific features of a spectrum that are used in a radionuclide identification will
depend on what analysis techniques are being used, with some techniques using only the peaks themselves while other
techniques will use the entire spectrum, including all of the peaks, Compton edges, and Compton continuum [2].
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Note that in many cases, to avoid the pitfalls of background subtraction, the live-time normalized representative
background is often superimposed on the spectrum of the unknown item so that the two may be compared.

10.3.2 Manual Methods

Two manual methods for nuclide identification are presented here: peak search and lookup and pattern matching. Manual
methods involve a gamma-ray spectroscopist who analyzes the raw gamma-ray spectrum collected by the instrument and
manually analyzes it, either directly on the user interface of the instrument or, more commonly, by downloading the spectra
from the instrument and analyzing it using an external spectral analysis tool.

Peak search and lookup is a manual nuclide identification technique that is performed primarily on high-resolution gamma-
ray spectra, commonly collected with high-purity germanium (HPGe) detectors. To perform the best analysis, a minimum of
three measurements is recommended:

» Background spectrum from the same location as the unknown sample

* A spectrum from a known gamma-ray source, ideally with multiple gamma-ray lines that can be used to confirm the energy
calibration

* A spectrum from the unknown gamma-ray source

The background spectrum is useful to eliminate certain full-energy peaks from the analysis of the unknown spectrum, the
known gamma ray spectrum is used to verify the energy calibration, and the unknown is what the analysis is performed
on. Figure 10.3 shows a long dwell spectrum of a background collected with an HPGe detector, with the full-energy peaks
labeled. Note that a good background spectrum can also be used to verify the energy calibration of the system.

To perform the peak search and lookup, the spectroscopist should first confirm the energy calibration by using either the
known or background spectrum. After confirming that the energy calibration is correct, the spectroscopist should overlay and
normalize (using the live time) the background spectrum on the unknown spectrum (see Fig. 10.4), which allows the
spectroscopist to omit from the lookup process those peaks that are present with the same magnitude in both the background
and unknown spectrum. This approach is often a less-error-prone operation than subtracting the background spectrum from
the unknown.

Next, the spectroscopist must identify all other full-energy peaks that are present in the spectrum, noting the presence of
any peaks that appear wider or of an unexpected shape that could indicate either multiple overlapped peaks or photons from
other sources, such as electron-positron annihilation or other nuclear reactions. With all of the full-energy peaks identified in
the spectrum, the spectroscopist must then look up the gamma emission lines from radionuclides to determine those nuclides
present in the unknown sample. Because many more low-energy gamma rays are emitted than high-energy gamma rays, one
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Fig. 10.3 Long dwell background spectrum with peak labels
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Fig. 10.4 Spectrum of Ba-133 source with background spectrum overlaid. All full-energy peaks at higher energy than 436 keV are present in the
same magnitude in both the background and foreground measurement and therefore can be excluded from the analysis

Table 10.2 Isotopes that emit 384 keV gamma rays

Results Energy (keV) Difference Phot/decay Nuclide Parent half-life
133Ba 383.85 +0.15 8.940e—02 133Ba 10.53 yr
133mye 383.85 +0.15 2.515e—05 133Xe 2.26 days
133%e 383.85 +0.15 2.400e—05 133%e 5.29 days
146Gd 383.50 —0.20 4.600e—04 146Gd 48.30 days
21 Am 383.81 +0.11 2.820e—07 2 Am 4332 yr

2T Ac 383.52 —0.18 3.112e—04 227Th 21.8 yr
227Th 383.52 —0.18 4.674e—04 227Th 18.50 days
108m A o 383.20 —0.50 8.349e—07 1080 418.0 yr
23%py 383.81 +0.11 8.181e—08 24T Am 2.41e+004 yr
Zlpy 383.52 —0.18 1.352¢—05 227Th 3.28e+004 yr

strategy is to begin identifying unknown full-energy peaks from prominent high-energy peaks to low energy. Once a potential
nuclide is identified, the spectroscopist should look to see if that nuclide emits any other gamma-ray lines and if those gamma
lines are present in the spectrum. For the example shown in Fig. 10.4, the spectroscopist should start with the unknown full-
energy peak at ~384 keV, which results in several possible nuclide candidates as seen in Table 10.2. From the list of possible
radionuclides, selecting '**Ba shows that several other gamma rays are emitted and present in the unknown spectrum. The
other radionuclides that appeared in the search on the energy of 384 keV emit other gamma rays that do not appear in the
unknown spectrum and can therefore be ruled out. Note that some peaks that appear in measured spectra may be single- or
double-escape peaks, sum peaks, or X-rays; these should be considered when analyzing an unknown spectrum.

The second manual nuclide identification technique is pattern recognition, which relies on an experienced spectroscopist’s
recognizing the spectral shape, typically from a low-resolution gamma detector. To become proficient in using the pattern
recognition technique, a spectroscopist must see and become familiar with a large number of spectra from various
radionuclides that have different detector geometries and shielding. One way to gain this experience is by using spectral
flash cards that contain an unlabeled spectrum on one side and the answer key on the back. One such example of spectral flash
cards is the SpectraDeck [3]. Typically some level of pattern recognition is required to perform an energy calibration.

Figure 10.5 shows a common and easily recognizable low-resolution spectrum of Co-60. At a glance, an experienced
spectroscopist will be able to quickly identify this spectrum as Co-60 without needing to identify the two full-energy peaks
and look them up in a table. For radionuclides that emit gamma rays that are closer in energy, lower-resolution detectors might
not allow the spectroscopist to identify the unique energies of all gamma rays that contribute to the spectrum and, therefore,
pattern recognition becomes a more applicable manual identification method. Figure 10.6 shows a low-resolution spectrum of
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Fig. 10.5 Nal spectrum of unshielded Co-60 is easily identifiable by its two distinct peaks at 1173 and 1332 keV
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Fig. 10.6 Nal spectrum of unshielded Lu-177m has many gamma lines that cannot be resolved, making pattern recognition difficult. A manual
nuclide identification technique could be required to identify the nuclide that creates this spectrum

Lu-177m in which individual full-energy peaks cannot be distinguished, but the overall spectrum has a distinct shape that can
be recognized by a trained spectroscopist. Figure 10.7 shows a high-resolution spectrum of Lu-177m with the many gamma-
ray lines.

10.3.3 Template Matching

Template-matching algorithms have been developed to automate the process of pattern recognition that is used when
analyzing an unknown spectrum. Within a template-matching algorithm, the unknown spectrum is compared with a series
of known template spectra with the quality of fit between the spectrum and the template quantified in some manner to ascertain
whether the template is considered to be present within the unknown spectrum [2]. One common way to quantify the quality
of fit is to use a reduced x> method, which accounts for the differences between the template spectrum and the unknown
spectrum on a channel-by-channel basis relative to the uncertainty associated at each channel in the unknown spectrum. This
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Fig. 10.7 HPGe spectrum of unshielded Lu-177m that shows many of the prominent gamma lines

method produces a value, which allows for the algorithm to determine whether the difference between the template and the
unknown spectrum is statistically acceptable. The algorithm will determine which templates are the closest match to the
unknown spectrum based on specific criteria associated with the quantification of the quality of fit [2].

To account for a wide range of detection conditions, the algorithm’s database may contain several template spectra for a
single radionuclide. Each template spectrum that is present within an algorithm’s database will have either been calculated or
measured with knowledge of the intervening materials between the source and the detector, the measurement geometry, and
the detector medium [2]. Given that the template spectra are a product of both the radionuclide being detected and the
conditions associated with the template, the matching of an unknown spectrum to a specific template spectrum can determine
both the radionuclides present in the spectrum and the properties of the attenuating material between the source and the
detector.

A complication that arises in template-matching algorithms is when analyzing an unknown spectrum that has more than
one radionuclide present because the template spectra present within the algorithm’s database are often produced from a single
radionuclide source. To properly account for the possibility of more than one radionuclide’s presence within the unknown
spectrum, template-matching algorithms must either be able to dynamically and appropriately combine several template
spectra together to compare with the unknown spectrum or have within their database special templates that were created
based on the simultaneous measurement of different sources of radionuclides. Given the unconstrained number of measure-
ment conditions that might need to be considered in analyzing an unknown spectrum (attenuation, distance to source, the
presence of multiple sources, etc.), one of the drawbacks with using a template-matching algorithm is the lack of a clear
template within the database that matches the unknown spectrum in a statistically significant manner [2]. In these cases, the
spectroscopist would need to become more involved in the analysis of the spectrum either through working with the template-
matching algorithm or through other means to identify the source.

In addition, implementations of template-matching (and other automated nuclide identification) algorithms generally use a
relatively small number of radionuclides for their libraries. This practice reduces the computation needed—especially if
mixtures are considered by the algorithm—and generally improves the probability of correct identification for nuclides that
are in the library. However, the practice also renders these implementations unable to identify any radionuclide not included in
the library. Radionuclide libraries are then generally selected for the application as well as the most likely radionuclides to be
encountered [4].

10.3.4 Recent Software Applications
10.3.4.1 Spectral Analysis Software

Spectral analysis software encompasses any software that is used to view, analyze, and interpret gamma-ray spectra. This
software could include the software and user interface that is incorporated directly into a radiation detection system, or it could
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be a standalone software that is used to perform gamma-ray spectroscopy on offline data. Although some differences exist in
the features and functionality of each software package, the primary functionality of these applications is mainly the same.
These applications include the ability to open spectra in many different file formats, zoom in or out, fit full-energy peaks, and
have look-up libraries for gamma and X-rays. These applications commonly have additional features, such as summing
multiple spectra, subtracting background spectra, adjusting the energy calibration, dose-to-activity conversion, and other
useful tools for the analyst.

Spectral analysis software is specifically designed for analysis and is therefore often much easier for a spectroscopist to use
when performing nuclide identification than any spectral viewing/analysis features included with the data acquisition
software. Two commonly used spectral analysis applications are PeakEasy' and InterSpec.”

10.3.4.2 Detector Response and Inject Modeling Software

Detector-specific response and inject modeling software is used to synthetically generate gamma-ray spectra based on a source
term that is modeled in a user-defined configuration. The source term can be modeled as a simple point source, or the software
may allow for more complex problems, such as large, distributed sources, multilayered shielding, and sources dispersed in a
matrix. These software applications are able to solve radiation transport problems to determine the gamma-ray flux incident on
a detector. The software then applies a detector-specific model to account for the physical detector response to incident
photons. This detector-specific modeling accounts for the intrinsic efficiency, energy resolution, and detector-specific pulse-
processing electronics (dead time, pileup effects, etc.) to create an accurate, detector-specific spectrum for a specific source
model.

Detector-specific response and inject modeling software is a powerful tool that can assist an analyst in multiple ways. For
an unknown item in a complex geometry environment, a spectroscopist may use any of the previously discussed methods for
performing the isotope identification. However, to gain a better understanding of the unknown source, the analysist may build
the scenario with the modeling tool, tweaking parameters to determine the matrix, density, distribution, and other factors that
would produce the measured spectrum from an unknown item. In other applications, these tools may be used to determine
scenario-specific limits of detection, evaluate detector performance without the need for resource-intensive testing, or develop
detector-specific training material for analysts and spectroscopists. One example software that contains all of the functionality
described here is GAmma Detector Response and Analysis Software (GADRAS).?

10.4 Quantitative Measurements
10.4.1 Isotopic Composition Measurements

10.4.1.1 Introduction

An accurate measurement of uranium and plutonium isotopic composition is usually required to interpret the results of neutron
coincidence or calorimetry measurements. Several methods have been developed for determining uranium and plutonium
isotopic composition by using gamma-ray spectroscopy; some of the early approaches are described in Refs. [5-9]. An
American Society for Testing and Materials standard test method has been written for plutonium isotopic analysis using
gamma-ray spectroscopy [10]. Different methods have been developed for different sample types.

The principal application of plutonium isotopic measurements is to support other NDA methods in providing the total
plutonium content of a sample. Two methods that use plutonium isotopic results are calorimetry and neutron coincidence
counting.

Calorimetry uses the isotopic information to calculate the specific power P (W/g plutonium) of a sample from the measured
isotopic fractions and the known specific power for each isotope (see Chapters 23 and 24).

The response of neutron coincidence counters is a complicated function of the plutonium isotopes and the **'Am. A
measurement of isotopic composition is required to convert the coincidence counter response to plutonium mass (see
Chap. 17).

'Limited distribution, obtained from https:/peakeasy.lanl.gov
2Qpen source; obtained from https:/sandialabs.github.io/InterSpec/
3Limited distribution, obtained through https://rsicc.ornl.gov/
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10.4.1.2 Data Acquisition Considerations for the Measurement of Uranium and Plutonium

10.4.1.2.1 Detectors
All data analysis methods benefit from the use of a detector that gives the best possible resolution and peak shape. These
parameters are most important when selecting a detector for a plutonium isotopic system. A planar, HPGe detector is used in
most applications. A detector with a front surface area of 200 mm? and a thickness of 10—13 mm gives a good trade-off
between resolution and efficiency. Such detectors are available commercially with a resolution (full width at half maximum
[FWHM)]) better than 500 eV at 122 keV. A peak-shape specification of 2.55 or better for the ratio of full width at one-fiftieth
maximum to FWHM at 122 keV helps ensure good peak shape. Good detectors give values of 2.5 or below for this parameter.
The low efficiency of planar detectors restricts their use to regions below 400 keV. High-quality coaxial detectors can be used
in the 100400 keV region, but their lower resolution complicates the analysis of partially resolved peaks using channel-
summation methods.

A coaxial detector with a relative efficiency of 10% or higher is recommended for measurements in the 600 keV region.
Again, resolution is important. The very best resolution may negate the need to peak-fit the entire 600 keV region
[11]. Resolutions of 1.7 keV or better at 1332 keV are available.

10.4.1.2.2 Filters

Filters must be used in nearly all situations that involve plutonium-bearing items to reduce the count rate from the 59.54 keV
2 Am gamma ray that dominates the unfiltered spectrum from any aged sample. If the detector is unfiltered, the americium
peak will cause unnecessary dead time and will sum with X-rays and gamma rays in the 100 keV region to produce
interferences in the 150—165 keV region. Typical filters use 0.15-0.30 cm of cadmium and 0.025 cm of copper to selectively
absorb the 59.54 keV gammaray. A reasonable rule of thumb is to design the filter to reduce the 60 keV peak height to just less
than the peak heights in the 100 keV region. A thicker filter will unnecessarily reduce the intensity of the important plutonium
peaks in the 120-200 keV area (see Chap. 9, Sect. 9.3.3). A further test for an adequate filter is to check that the region
between 153 and 160 keV is flat and contains no sum peaks [12]. A more complete discussion of filter design is given in
Chap. 3.

Little, if any, filtering is needed for freshly separated samples (no >*' Am or *’U) when using the 100 keV region or the
40 keV region. If the detector is shielded with lead, the shield is often lined with approximately 0.25 cm of cadmium to
suppress lead X-rays (72—-87 keV) that would otherwise appear in the spectrum.

No filters are typically used or needed when measuring uranium items due to the lack of peaks that could interfere with the
peaks from #*°U and ***U.

10.4.1.2.3 Count Time

The count time required to produce the desired precision is a function of the spectral region studied. In the 40 and 100 keV
regions, count times of 300—600 s are usually satisfactory. Count times of 1-2 h or longer are often necessary when using
gamma rays above 120 keV to measure high-mass samples, although in some situations, samples as small as 10 g can be
measured to better than 1% in less than 30 min. Small samples (1-2 g or less) could require overnight measurement times. For
large samples, simple verification of the *°Pu/**'Pu ratio may take only a few minutes.

10.4.1.2.4 Count Rate and Sample/Detector Geometry

Large plutonium samples have high neutron emission rates; 1 kg of plutonium emits 1 to 2 x 10° n/s. High neutron exposure is
known to damage germanium detectors and degrade detector resolution. It is difficult to minimize this effect because, as the
sample-to-detector distance is increased, the count time must be increased, and the neutron dose remains essentially constant.

10.4.1.2.5 Throughput and Resolution Trade-Off

For the same detector and electronic equipment (depending on the electronic setup and the measurement input count rate), the
precision and accuracy of a measurement can be significantly different. The two mentioned parameters (electronic setup and
input rate) are independent from each other, and a change in one or both parameters can affect the results of different analysis
differently depending on the type of analysis and the analytical energy region.

Figure 10.8 shows examples of the resolution and throughput as a function of the input rate. The curves are generated from
actual data of the 122 keV peak of a >’Co source and the 1332 keV peak of a ®°Co source measured by a coaxial detector at
three different rise times of an adjustable digital multichannel analyzer that uses a quasi-trapezoid pulse shape. The three rise
times of 4, 6, and 12 ps pulse shaping in the figure correspond roughly to the shaping times of 2, 3, and 6 ps of the traditional
analog amplifier.
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Fig. 10.8 Resolution and throughput as a function of the input rate. Both the FWHM and Throughput vertical axes have a minimum value of 0

For input rates less than 10 kHz, the throughput curves with different rise times are about the same, whereas the resolution
of the 12 ps rise time is the best. As the input rate increases, smaller rise time would give better throughput, and for very large
input rate, smaller rise time would also give better resolution. For a system that is used in low count-rate environments, a large
rise-time setup is preferred. For a versatile system that measures sources of various intensities, a smaller rise-time setup is
more designable.

The relationship between the resolution and throughput can also be displayed in a somewhat different viewpoint.
Figure 10.9 shows the resolution and throughput as a function of the percent dead time.

The throughput curve shape is independent of the rise time, and its maximum occurs at a dead time of 1 — e ' = 63%, as
shown in Eq. 7.47. As Fig. 10.9 shows, there is trade-off between the resolution and throughput for dead time below 63%.
Under no circumstances should the dead time of a measurement be allowed to exceed 63%. If the dead time exceeds 63%, then
the user should increase the source-detector distance, add an extra filter, or reduce the rise time or shaping time of the data
acquisition system to reduce the dead time to below 63%.

The shape and position of the FWHM curve in the figure can change somewhat depending on the detector and the
electronics. It can be lower and/or level for a good system or higher and/or sloped for a poor system. With a good system, the
dead time of a measurement can be pushed closer to 63%, but for a poor system, the trade-off from a small gain in throughput
near the maximum is not worth the significant broadening of the peaks due to the large slope of the FWHM curve.

The peak broadening caused by increased dead time or input rate has different effects on different peaks. A clean peak on a
low background will not be significantly affected; its uncertainty will increase only slightly. The increase in uncertainty of an
isolated peak on a high background will be more noticeable. When a peak is joined with another peak and requires
complicated fitting to extract its peak area, then a slight increase in its FWHM can translate into a large increase in the
uncertainty.
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Fig. 10.9 Resolution and throughput as a function of the percent dead time

The uranium isotopic analysis employing the 120-1010 keV region uses peaks that are relatively clean. For this analysis,
there is a balance between the increased uncertainty from the increased FWHM and the decreased uncertainty from the
increase in throughput near the maximum. Therefore, the optimal statistical uncertainty can be achieved with a dead time
slightly smaller than 63%.

For uranium analysis that employs the X-ray region, the >**U activity is determined with a pair of *>*Th peaks at 92.4 and
92.8 keV. This pair is close to the thorium X-ray peak, at 93.4 keV from **°U decay. A small increase of the FWHM can result
in a large increase of the area uncertainties of this pair of peaks, which then translates to large uncertainty for *U and ***U
results.

For plutonium analysis, *’Pu has only a few weak gamma ray peaks that can be measured and used for activity
calculations. The analysis employs the low-, middle-, and high-energy regions using the **°Pu peaks at 104.2 keV,
160.3 keV, and 642.5 keV, respectively. These peaks are weak and mixed in with other peaks; therefore, a small increase
in the FWHM can significantly increase the uncertainties of these peaks. The dead time for optimal precision (smallest
statistical uncertainty) can be far from the 63% dead time. Figure 10.10 shows the 208 keV peak area and FWHM and the
Fixed-Energy Response-Function Analysis with Multiple Efficiency (FRAM)-reported uncertainties for ***Pu effective and
specific power as a function of the dead time of five plutonium spectra. The measurement time was 7200 s true time for each
spectrum. The item was low burnup with 6.4% **°Pu. The detector system used to collect these data consisted of a 25%
relative efficiency coaxial HPGe detector together with the nuclear instrumentation module electronics. The high-energy
(180-1010 keV) region analysis of FRAM was used to analyze the data.

The curves are the third order polynomial trendlines. The maximum of the 208 keV peak area is at 63.5% dead time, and
the minima of the specific power and **°Pu effective curves are at 45.5% and 49.4%, respectively. The detector system used to
acquire these data was good, with only 7% broadening of the peaks when the dead time increased from 14% to 85%. For a
system that is not as good, then the specific power and 2*°Pu effective minima would occur at lower dead times.

The results in Fig. 10.10 show that when the dead time is reduced from 63.5% to 45.5%, the 208 keV area is reduced from
2.87 x 10°t0 2.55 x 10° (11% reduction), the FWHM changed from 1.00 keV to 0.98 keV (2% improvement), and the specific
power error is reduced from 0.42% to 0.34% (19% improvement). This result means that for this specific case, a small
improvement of only 2% in resolution can significantly increase the precision despite the 11% loss in statistics. The trade-off
will be different for analyses that employ different energy regions or different detector systems.
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Fig. 10.10 Resolution, throughput, 240py effective, and specific power as a function of the percent dead time. The 208 keV area curve peaks at
63.5%, and the specific power and *°Pu effective curves bottom out at 45.5% and 49.4%, respectively

10.4.1.2.6 Detector Efficiency and Resolution Trade-Off

It is well known that for solid-state detectors such as HPGe and CZT, the larger detector would give better efficiency but worse
resolution. The detector efficiency and resolution that are optimal for a measurement therefore depends on the measurement
situation and what is being measured.

For example, if the source is a small 93% **°U item, then the high-energy peaks of ***U at 1001 keV are very weak due to
the small fraction of >**U in the item. A large coaxial detector is not a good choice because, for low-energy region analysis, its
resolution in the 100 keV region could be insufficient, causing the areas of the pair of >>*Th peaks at 92.4 and 92.8 keV to have
large uncertainties despite good statistics. The analysis in the high-energy region is not so good either because of the weak
1001 keV peak. In this case, the small planar detector is better because it can analyze the low-energy region well.

However, if the sample is large, then the scattered gamma rays from inside the large item will increase the background in
the 100 keV region and reduce the precision of the analysis employing the low-energy region. In the meantime, the large item
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will prevent most of the low-energy peaks from getting out while still allowing the high-energy 1001 keV peak to get out of
the item and to the detector. The overall effect is an increase of the 1001 keV peak intensity relative to the lower-energy peaks,
which improves the analysis employing the high-energy region of the large coaxial. Combining with the decrease in the
precision of the analysis employing the low-energy region of the planar detector, the high-energy region analysis with the
coaxial detector is better.

Another example: If the source is very weak, then a large coaxial detector might be better than the small planar detector
because it can get much better statistics. Conversely, if the source is intense, then the planar may be better because the optimal
throughput for both systems will be the same, but the planar detector system will give better resolution.

Choosing a coaxial detector leaves the question of how large the crystal should be. For plutonium measurement, the highest
useful peak is below 800 keV, whereas for uranium analysis, the highest useful peak is at 1001 keV. With these energies, a
detector with highest efficiency is not necessary. A coaxial detector with a relative efficiency of approximately 25% is about
right for all of the plutonium and uranium measurements with the coaxial detector.

10.4.1.2.7 Systematic Uncertainty

Discussion in the previous section was entirely about the statistics and precision of a measurement. When the input rate and/or
the dead time of a measurement increases, the probability for the true and chance coincidence summing also increases. These
coincidence events will decrease the counts of the involved individual peaks and create sum peaks where its energy is the sum
of the energies of two individual gamma rays. The reduced counts of the individual peak areas, if not corrected, will affect the
accuracy of the analysis. The creation of the sum peaks, which can be numerous, can either increase or decrease the area of a
measured peak; if its energy is very close to the measured peak, then its counts will be added to that of the measured peak, and
if its energy is right at the background region of the least-square fit, then it will increase the background and reduce the
measured peak area.

Figure 10.11 shows the two spectra of a high-burnup plutonium item acquired at two different measurement conditions.
The higher spectrum was acquired at 34% dead time and had the 60 keV peak height at 10% of the peaks in the 100 keV
region. The lower spectrum was acquired at 40% dead time and had the 60 keV peak height at 120% of the peaks in the
100 keV region.

The top spectrum shows a relatively flat background below 159 keV and above 162 keV, whereas the bottom spectrum
shows several peaks at 156.6, 158.5, and 162.5 keV. These are the sum peaks of the 59.5 keV peak of **' Am summing with
the 97.1 keV neptunium X-ray peak and the 98.9 keV and 103.0 keV gamma-ray peaks from **' Am decay, respectively.
Another intense sum peak occurs at 160.6 keV (59.5 keV + 101.1 keV neptunium X-ray) that is not resolved from the 160 keV
peak structure. The inclusion of this 106.6 keV sum peak will increase the area of the 160.3-keV **°Pu peak, whereas the
158.5 and 162.5 keV sum peaks would likely increase the background of the fit region and decrease the 160.3 keV peak area.
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Fig. 10.11 Overlaid spectra of a high-burnup plutonium (26% *°Pu). The higher spectrum (red) was acquired at 34% dead time and had the
60 keV peak height at 10% of the peaks in the 100 keV region. The lower spectrum (blue) was acquired at 40% dead time and had the 60 keV peak at
120% of the peaks in the 100 keV region
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For a spectrum such as this, the analysis that employs the mid-energy region that uses the 160.3 keV peak would give incorrect
249py activity. This situation can be remedied by either moving the source away from the detector to reduce the input rate and
the dead time or by adding more filter to significantly reduce the 59.5 keV peak to only a fraction of the peaks in the 100 keV
region.

10.4.1.3 Uranium Enrichment-Meter Techniques

Applications for determining the enrichment of uranium items via the net count rate of the 185.7 keV peak of **°U can be
broadly grouped under the enrichment-meter approach. In its simplest form, the enrichment of an item can be determined with
the following formalism:

E=K-Cig (10.3)

Here, the enrichment E is related to the net count rate of the 186 keV peak of By, € 186, by a calibration constant K.

Such measurements are highly dependent on item and detector geometry and require representative calibration
measurements to be made ahead of time. Changes in the geometry, detector FOV, or attenuation characteristics of the
material matrix and intervening material with respect to that of the calibration can severely bias the enrichment results. Infinite
thickness measurements are a subset of enrichment meter measurements, although many often equate the two. For the former,
the item fills the FOV of the detector with a uranium matrix that is infinitely thick with respect to the 186 keV gamma rays
from 2>>U. This effect was shown in Fig. 8.3. The advantage of the infinite thickness approach is that it is easier to maintain the
fixed-geometry requirement of the enrichment meter while shielding the detector from 186 keV gamma rays from uranium
items that would otherwise be in the detector FOV. Although infinitely thick for 186 keV gamma rays, an item may not be
infinitely thick for the 1001 keV and other associated gamma rays from ***U progeny. Although such peaks are not considered
directly in the enrichment meter approach, their scattering continuum can affect the relative uncertainty on the net-count rate
186 keV peak.

The first enrichment meter approach relied on two ROIs. This approach was designed for use with low-resolution detectors
such as Nal, which did not allow direct determination of the background continuum underneath the 186 keV peak. This
method required two calibration constants and two calibration measurements. Because this method has been mostly
superseded by peak-fitting approaches, it is mentioned here only for historical purposes. For more information on the
two-region enrichment meter, see Chap. 8, Sect. 8.3.2.

To apply the enrichment-meter technique using only a single calibration constant and without fitting the 186 keV peak
requires the use of a high-resolution detector system (i.e., HPGe). Here, three ROIs are used with a region on both the low- and
high-energy sides of the 186 keV peak that allow for direct determination of the underlying continuum, as shown in
Fig. 10.12.

Modern applications of the enrichment meter to low-resolution data have generally been based on the approach of the
NalGEM code. NaIGEM (Nal Gamma Enrichment Measurements) is a code for determining uranium enrichment from
low-resolution gamma-ray spectra [13]. NalGEM, which is intended for use with Nal or LaBr; detectors, provides an
approach to the enrichment-meter method that is an alternative to, and in many ways an improvement over, the two-region
method discussed previously. As in the latter, the net-peak area of the 186 keV region of **°U is related via calibration to the
enrichment of items for a particular measurement configuration. However, instead of obtaining this net peak area using a
simple relationship between the ROI gross counts as in the two-region method, NaIGEM makes use of least-squares fitting
within a single ROI centered on the 186 keV peak. Although this approach is more complex, it offers advantages over the
two-region method.

A result of NaIGEM’s approach for obtaining the net area of the 186 keV peak of **°U is that, in principle, only one
calibration measurement is required for a fixed geometry. A caveat to this is that in the case of thick attenuators (e.g.,
12-18 mm of steel) between the detector and the item, an additional calibration measurement will be needed to fine tune the fit
of the resulting scattering component. However, this method is as opposed to the two-region method, which always requires
two calibration measurements to solve for the two calibration constants relating the 186 keV and background-
continuum ROIs.

The fitting components used by NaIGEM account for peaks from >*°U, the scattering continuum from higher-energy
gamma rays of °°U daughters, the scattering from the 186 keV peak itself, and interferences from ***U daughters. A
screenshot of a fitted 186 keV region is shown in Fig. 10.13.
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Fig. 10.12 Tllustration of the three-region method used for the high-resolution, enrichment-meter technique. The ROIs above and below the 23U
peaks at 182.6 keV and 185.7 keV are used to directly determine the underlying Compton continuum
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Fig. 10.13 Screenshot of NalGEM fit of the 186 keV region of a uranium spectrum recorded with a LaBr detector [13]
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By specifically fitting the continuum component that results from low-angle and multiple scattering of 186 keV gamma
rays, NaIGEM circumvents an issue that can plague the two-region method. Due to the simple approach of applying a
transmission factor e "P* to correct for additional attenuation, the two-region method fails to account for the continuum that
arises from scattering within the attenuator. This scattering component lies in part within the low-energy side of the 186 keV
ROI and can result in an over-correction by the transmission factor, which in turn will bias the enrichment results. By fitting
this scattering component directly, NalGEM greatly mitigates this source of bias.

Uranium that has been through the fuel cycle at least once could become contaminated with >**U, the decay chain of which
contains “**Th daughters that can complicate uranium gamma-ray spectra especially at higher enrichments. Therefore, the
238.6 keV peak of '*Pb can become a source of interference in determining the continuum that underlies the 186 keV ROL
By including this contribution from the ***U decay chain as a fitting component, NaIGEM is still able to accurately determine
the background continuum and obtain the net area of the 186 keV peak in the presence of significant ***U daughters.

Additionally, NaIGEM has some tolerance for shifts in gain and detector resolution. Because of this and the above reasons,
NalGEM has become a widely used tool in uranium-enrichment measurements as well as forming the basis for specialized
enrichment-measurement codes to be discussed in a later section of this chapter.

In cases where the items are either not infinitely thick or do not fill the entire field-of-view of the detector (such as fresh fuel
rods, fresh fuel pellets, or materials test reactor fresh fuel plates), a fixed-geometry method can be used where the item is
placed at a fixed location relative to the field-of-view of the detector. Accurate enrichment measurements are possible using
this method because the fresh fuel rods, pellets, or plates are produced with a specific set of physical properties (physical size,
density, poison content, cladding thickness, etc.). When performed with a low-resolution detector system, a NaIGEM analysis
is often used in extracting the count rate of the 186 keV peak from the spectrum. As was the case when NalGEM was used for
infinite thickness measurement, a single calibration measurement is needed to relate the 186 keV count rate to the uranium
enrichment of the item.

In the case of fresh fuel rods and pellet measurements, differences between the physical dimensions of the items used to
calibrate the system and the items being measured in the field can have a major impact on the accuracy and precision of the
measurement results. This impact occurs because fresh fuel rods and pellets are made with various diameters, heights,
cladding thicknesses, and neutron poison content, all of which will impact the count rate of the 186 keV peak independent of
the enrichment of the item. Therefore, analysis of fixed-geometry enrichment measurements must include corrections for the
physical size and properties of the item being measured relative to the items used to calibrate the system. These corrections are
often generated using Monte Carlo methods, which calculate the response of the detector system to changes in the item
characteristics.

Unlike infinite thickness measurements, where the item completely fills the detector’s FOV, *°U gamma rays that are
present within the ambient background must be accounted for when performing fixed-geometry measurements because the
items being measured are not infinitely thick and do not fill the detector’s FOV. If possible, fixed-geometry measurements
should be performed in as low an ambient background as possible. Before performing a measurement, a background run
should be performed to ascertain the rate at which 186 keV gamma rays are being detected from the ambient background. A
high ambient background can potentially reduce the accuracy and precision of the enrichment measurement if the rate of
detecting the 186 keV gamma rays from the ambient background is comparable in size to the rate of gamma rays detected from
the item.

10.4.1.4 Online Enrichment Monitor
The online enrichment monitor (OLEM) is the latest in the evolution of instruments used to determine the enrichment of UF¢
in process piping at gas centrifuge enrichment plants.

The OLEM was built specifically to perform unattended measurements on unit header pipes where the UF¢ gas pressures
are higher than in the cascade. For example, for UF¢ product, the OLEM could be installed outside of the cascade hall after the
unit header pump, where the UFg is denser, because it is under higher pressure (Fig. 10.14). This higher-density UF4 gas
provides a stronger gamma signature from the **°U.

As shown in Fig. 10.14, the OLEM system often consists of two tamper-indicating enclosures because existing pressure
transducers are often installed on secondary manifolds to facilitate calibration and maintenance. One enclosure mounted to the
main unit header pipe contains the single-board computer, gamma spectrometer, and temperature sensor. This enclosure
typically connects via tamper-indicating conduit to a secondary enclosure that surrounds the pressure sensor.

Initial OLEM prototypes were developed by Oak Ridge National Laboratory for use by the International Atomic Energy
Agency. Some preliminary modeling is described in Ref. [14], and a complete description of the as-built units is available in
Ref. [15].
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OLEM determines the ***U enrichment as a function of time by determining the density of *>U compared with the total
density of U, as shown in Eq. 10.4:

_ Densityyys (1)

Enrichment (t) Densityy, (1)

(10.4)

The density of ?°U is determined from gamma spectrometry, and the uranium density is determined from gas temperature and
pressure measurements, unlike some of its enrichment-monitoring predecessors. The density of uranium in the UFg gas can be
calculated empirically by Eq. 10.5 as provided by Refs. [16, 17], assuming the gas is pure UF¢. Equation 10.5 adjusts for
deviation from the Ideal Gas Law due to stronger intermolecular forces of the UFg vapor. Equation 10.5 provides the density
in terms of grams per cubic centimeter when pressure (P) is provided in atmospheres, and the temperature is provided in
Kelvin. The pressure of the gas can be measured directly with access to the pipe, and the temperature of the gas is inferred by
measuring the temperature of the pipe.

4201 P
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(10.5)

The density of **U (Densityy3s) is proportional to gamma-ray emissions from >*>U, which are typically measured using the
186 keV peak. A calibration is needed to determine the proportionality constant (k) that accounts for the unit header pipe
characteristics and measurement geometry. Monte Carlo N-Particle (MCNP) transport modeling can provide a first order
approximation for k. The precision of k can be improved using UFg flow loop measurements or by comparing OLEM results
with high-accuracy assay measurements such as those from a mass spectrometer.

The OLEM gamma measurement, like most measurements, is affected by background radiation sources. The background
radiation may be from wall deposits of uranium inside the pipe or from other background sources in the area. The signal from
the wall deposits can be determined by analyzing the 186 keV counting rate while plant operations cause pressure changes in
the pipe; the 186 keV intensity measured from the gas is proportional to the gas pressure (at a fixed enrichment), whereas the
wall deposit signal is independent of gas pressure. These pressure transients allow for the estimate wall deposit background.
The OLEM measurement determines the enrichment (E) by using the counts from the gas (counts,geg,s) by subtracting the
counts from other background sources (counts;gepi,), as shown in in Eq. 10.6.
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The OLEM measurement approach is capable of achieving approximately 1% relative uncertainty for an low-enriched
uranium (LEU) product stream (i.e., 4.95 + 0.05%), 3% for the feed stream (~0.71% =+ 0.02%), and 10% for the tails stream
(~0.20% + 0.02%).

10.4.1.5 Isotopic Analysis Codes
Response-function analysis codes use the principles discussed in Chap. 7 to calculate the shape of the detector response to a
particular isotope in a particular energy region. The peak-fitting procedure assigns a separate term with the form of Eq. 7.30 to
each full-energy peak in the analysis region and allows some or all of the shape parameters to be free. The response-function
analysis uses the same equation but fixes all shape parameters and the relative amplitudes Y of all of the peaks from the same
isotope; the only free parameters in the fitting procedure are the amplitudes of the isotopes that contribute peaks to the analysis
region. The fitting procedure is reduced to a linear least-squares analysis that can be quickly solved.

The peak-shape characteristics of the detector must be known or determined from the spectrum of the sample under study.
If the parameters are determined directly from each spectrum, variations that are due to different count rates or instrumental
changes are automatically registered. (The procedure used to determine peak positions and shape parameters is discussed in
Chap. 7, Sects. 7.2 and 7.4.) Given the shape parameters and positions for all gamma-ray peaks, it is easy to compute the
response profile of each isotope in the analysis region. Response-function analysis has been used to fit the complex 100 keV
region [8, 18, 19] and the many regions between 120 and 370 keV [20, 21]. The formalism of Ref. [22] should be used to
compute X-ray line shapes when analyzing the 100 keV region.

10.4.1.5.1 Multi-group Analysis Program for Plutonium and Uranium Isotopic Abundance

The Multi-Group Analysis (MGA) software program for plutonium isotopic measurements was first developed in 1979 by
Ray Gunnink at Lawrence Livermore National Laboratory [23]. The MGA code was initially developed to analyze the
low-energy gamma-ray spectra (energies less than 300 keV) as measured using a high-resolution germanium detector to
determine the plutonium isotopic composition of an item. One of the main advantages of analyzing peaks with energies less
than 300 keV is that this region contains at least one intense gamma ray from all of the relevant plutonium isotopes except
242py and **' Am. Because the relevant gamma rays being analyzed are close in energy, the differences in both the attenuation
and the detector efficiency for these gamma rays are small. To extract the area underneath individual gamma-ray peaks within
the complex, MGA uses advanced analysis techniques to unfold overlapping peak groupings. The specific techniques used to
extract these peak areas were previously discussed in Chap. 7, Sect. 7.4.9.

The MGA code represents one of the first implementations of using a relative or “intrinsic” efficiency curve (see Chap. 7,
Sect. 7.9) to analyze a plutonium spectrum to extract plutonium isotopic fractions [23]. MGA determines the relative
efficiency curve from the measured spectrum by using a functional form to describe the detector efficiency, the absorption
by the steel container walls, and the self-attenuation of the gamma rays within the sample [24]:

e~ Heon(Ej)eon) (1 — el —ﬂm,,(E/)»t.\m,;))

ﬂsmp (Ej ) : [smp

L= XN: (Pix * X) ] : [e;) - (14 bE; + cE;) (10.7)
k=1

where
I; — intensity of selected peak in the spectrum from the isotope of interest
X — disintegration rate of isotope k (unknown)
P« — emission probability for peak j belonging to isotope k
Mcom Msmp — linear attenuation coefficients for the container and sample, respectively
fcon tsmp — Wall thickness for the container and sample, respectively (unknown)
0

¢; — estimated relative detector efficiency for peak j

b,c — unknown variables used to account for variations in efficiency as a function of Energy

The unknown variables in Eq. 10.7 (X, fcoms tsmps eJQ, b, c¢) are solved by an iterative least-squares method [24]. Although the

MGA code was initially developed to apply this methodology to address specific isotopic problems with limited input from
the user, recent versions of the program allow for the user to specify the regions of a spectra to be analyzed, the specific X-ray
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and gamma-ray peaks that are present within the specific region, and relevant physical information associated with each peak,
including its energy, emission probability, etc. [24]. In determining the **Pu.g; fraction, MGA is typically able to achieve a
precision of 2%—3% for a 300 s measurement.

The MGAHI program was developed to analyze plutonium spectra from items that are packaged with a sufficient container
thickness to completely attenuate the 100 keV region. This program applies the MGA methodology to the measured gamma-
ray peaks from 200 keV to 1 MeV [25]. For the MGAHI analysis to be successful, the 203 keV gamma-ray peak from ***Pu
must be present within the spectrum, and the energy resolution of the detector must be 1.1 keV or better at 208 keV. The
plutonium spectra regions used in the MGAHI analysis are the 325-350 keV region, the 360-385 keV region, and the
635-670 keV region [26]. The detector efficiency, absorber, and sample thicknesses are calculated based on the known peaks
from **°Pu that are present within the spectrum above 200 keV [26].

In 1994, Gunnink and collaborators developed the Multi-Group Analysis Uranium (MGAU) code, which adapted the
analysis methodology of the MGA code for plutonium to the analysis of uranium spectra in the 89—-100 keV region [27]. As
noted in Chap. 8, Sect. 8.4.6, the MGAU code determines a ratio of **U/**>U by analyzing peaks associated with the decay of
235U and **®U. Because the code contains only gamma-rays and X-rays associated with the decay of uranium isotopes, a
requirement associated with using MGAU is that the item does not contain plutonium isotopes or significant amounts of other
radionuclides [28]. As with all analysis codes that determine uranium enrichment using a ratio-based technique, the code
requires that secular equilibrium is established between ***U and its ***Th daughter within the material. The typical accuracy
of MGAU in determining the **°U enrichment is to within 2%. The MGA analysis methodology is also used in the “U235”
code to analyze uranium spectra [29]. One main difference between the MGAU and U235 codes is that MGAU limits its
analysis to the 89—-100 keV region whereas the U235 code has been set up to analyze peaks in the 0-300 keV range to
determine the 234U, 235U, and 2*%U ratios.

10.4.1.5.2 FRAM

The Fixed-Energy Response-Function Analysis with Multiple Efficiency (FRAM) software was developed and continues to
be refined by Los Alamos National Laboratory. It was first developed in the mid-1980s, running on a MicroVAX computer
using the Virtual Memory System (developed by Digital Equipment Corporation) [30]. The first version of the FRAM code
that ran on PC/Windows 3.1—called PC/FRAM—was released in 1994 [31, 32]. Several upgraded versions of the FRAM
code have been released since then, and the latest is FRAM version 6.1, released in March 2020 [33].

10.4.1.5.3 Plutonium Measurement and Analysis

FRAM’s plutonium energy regions can be classified into four separate energy ranges: 30-60 keV, 60-120 keV, 120-500 keV,
and 500—-1010 keV. All of these regions have one thing in common: each region has one and only one measurable gamma ray
from 2*°Pu decay.

For the freshly separated samples such as spent-fuel dissolver solutions, all peaks above 30 keV can be used for analysis by
FRAM. The peaks in the 3060 keV range represent the most intense gamma rays for all plutonium isotopes except **'Pu.
Therefore, FRAM is not sufficient to use this region alone for complete plutonium isotopic analysis. This region will need to
be used together with another region that has a **'Pu peak.

For aged material, the 60 keV peak of **'Am is very intense, and its corresponding Compton distribution would
overwhelm all other peaks below it, making the region below 60 keV useless for isotopic measurements. Therefore, for
aged plutonium, only the gamma rays in the region at and above 60 keV can be used.

The 60-120 keV region contains intense usable peaks from all of the plutonium isotopes except >*°Pu. Plutonium-239 has
one fairly intense peak at 98.8 keV; however, it is sitting on the shoulder of a much more intense uranium X-ray peak and its
area cannot be accurately extracted, so it is not used. As in the 30—-60 keV region, the 60—120 keV region cannot be used by
itself to obtain all isotopic information. The region must be combined with another region to obtain this information.

The 120-500 keV region contains peaks from all plutonium isotopes, so the isotopic ratios of all plutonium isotopes can be
determined from just this region. However, the gamma rays in this region are about two and one orders of magnitude less
intense than the peaks in the 30—60 keV and 60-120 keV regions, respectively.

The 500-1010 keV region does not have peaks from **'Pu, so some gamma rays from the immediate lower-energy region
will need to be included for a complete analysis. The gamma rays in this region are about one order of magnitude weaker than
those in the 120-500 keV region. This energy region is best used with heavily shielded plutonium items where the low-energy
gamma rays from other regions are only weakly visible, if at all.

Figure 10.15 shows an example of a plutonium spectrum with four regions separated by three vertical dashed lines. Each of
these four regions has one, and only one, measurable gamma ray from **°Pu decay. The four overlapping analytical regions
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Fig. 10.15 A low-burnup plutonium spectrum. The three vertical, dashed lines separate the four regions. The four overlapping analytical regions
that FRAM normally uses for the analysis are shown as four thick horizontal bars above the spectrum

that FRAM normally uses for the analysis are shown as four thick, horizontal bars above the spectrum. The top bar
corresponds to the analytical region for freshly separated plutonium, called the very low-energy analytical region. The
other three—low-, middle- or medium-, and high-energy analytical regions—are for aged plutonium.

The analyses of the first two analytical regions (which include the X-ray regions) with energy up to 210 keV require
detectors with good resolution at low energy (<0.7 keV FWHM at 122 keV). A good planar detector is therefore normally
used for these measurements. The resolution requirement for the analysis of the other two analytical regions with energy from
120 keV is less stringent and can be easily achieved using a standard planar or coaxial detector.

For standard plutonium analysis that employs the X-ray regions, the data are typically acquired with a planar detector in
4 K channels at 0.075 keV/ch. The data for very-low to medium analyses can also be obtained in 8 K channels at 0.075 keV/ch
up to more than 600 keV so that the data could be analyzed in several different energy ranges: 30-210 keV (for fresh
plutonium), 60-210 keV, and 120-500 keV.

For the coaxial detector, the spectra are normally acquired in 8 K channels at 0.125 keV/ch, covering the entire 0-1024 keV
energy range. The coaxial detector’s data can be analyzed employing either the 120-500 keV region (third analytical region in
Fig. 10.15) or 200-1010 keV region (fourth analytical region in Fig. 10.15).

Some special coaxial detectors (such as the Lo-Ax from Ortec or wide-energy detectors from Canberra) have reasonable
resolution at low energy and reasonable resolution and efficiency at high energy. With such a detector, the X-ray regions (with
0.125 keV/ch energy calibration) may also be employed in analyses in addition to employing the 120-500 keV and
200-1010 keV regions.

10.4.1.5.4 Uranium Measurement and Analysis
FRAM can also obtain a complete isotopic analysis for uranium. With the use of a planar detector, FRAM normally analyzes
data in the 80210 keV range. In low-enriched uranium (LEU), where the 63.3 keV peak from the **U decay-chain might be
visible, FRAM may also use that peak. The data are typically acquired in 4 K channels at 0.075 keV/ch. If a planar detector is
used in a measurement situation where uranium is shielded by a somewhat thick absorber (such as the walls of a UF¢ cylinder)
and low-energy gamma rays and X-rays might not be visible, then FRAM may use the peaks in the range of 120-1010 keV for
analysis. If a coaxial detector is used, the analytical energy range is normally in the 120-1010 keV range. The data for these
higher-energy analyses are acquired in 8 K channels at 0.125 keV/ch up to 1024 keV.

Figure 10.16 shows an example of a uranium spectrum with two regions—one below the K-edge and one above the
K-edge, separated by the dashed line. The two thick, horizontal bars above the spectrum represent the two overlapping (low
and high) analytical regions that FRAM normally uses for the analysis.
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Fig. 10.16 A natural-uranium spectrum. The vertical dashed line separates the two regions—one below the K-edge and one above the K-edge. The
two overlapping analytical regions that FRAM normally uses for the analysis are shown as two thick, horizontal bars above the spectrum

10.4.1.5.5 Analysis Technique

The FRAM code is structured to give the user as much control as desired over the analysis to increase the versatility and
applicability of FRAM, which is accomplished via the use of the “parameter set.” A parameter set contains all of the
parameters required to carry out an analysis on a gamma-ray spectrum, including information on the isotopes to be analyzed;
the specific gamma-ray peaks to use; the nuclear data for the isotopes and gamma-ray peaks; data acquisition conditions such
as gain, zero, number of channels, and regions of the spectrum for analysis; and diagnostic test parameters. A parameter set in
the database can be exported to a text file—called a parameter file—that can be sent to other users and imported into their
FRAM database.

FRAM analyzes the data using the following steps:

1. Determine energy calibration.

2. Determine FWHM formula.

3. Determine peak shape formula.

4. Fit the regions to obtain peak areas.

5. Determine relative efficiency curve.

6. Calculate the relative activities of the isotopes.

7. Adjust the background of the analysis regions.

8. Repeat steps 4 through 7 several times (default: five iterations).

9. Estimate by correlation the ***Pu or *°U isotope if not measured or declared by the operator.
10. Calculate the final isotopic fractions of the isotopes.

Step 1: Determining Energy Calibration

The peaks are located using the default energy calibration in the parameter set. The algorithm locates the peak at the maximum
count found in a region of (6 + 0.0016 x peak centroid) channels on either side of the default peak position, which is located
using the default energy calibration. After the peak is located, the peak centroid is found using the following method: (1) an
11 points smooth function is applied to the channels in the peak region, and the peak centroid is calculated from the channel
with the largest smooth counts and its two adjacent channels using a quadratic function. If it fails, then (2) a least-squares fit of
a quadratic function is applied to the logarithm of the counts. If both (1) and (2) fail, then the peak is not used in the calibration.
A piecewise linear calibration between pairs of peaks is used for the energy calibration.
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Step 2: Determining FWHM Calibration

The FWHM is calculated from a least-squares fit of a quadratic equation to the logarithm of the net counts. The fit is over a
range of channels in which the counts exceed 75% of the peak maximum on the low-energy side and exceed 25% of the peak
maximum on the high-energy side. The FWHM as a function of energy that is used in calculating the response function for an
arbitrary fitted peak is found from a least-squares fit to the function,

FWHM(E) = \/(Al +A2E+%), (10.8)

where E is the peak energy in keV, and A; are the fitted constants.
Step 3: Determining Peak Shape Calibration

The shape of a gamma-ray peak in the spectrum is described by a central Gaussian component with a single exponential tail on
the low-energy side of the peak:

Y(E)=H exp [ — a(E; — E)?| + Tuil(E)), (10.9)

where

Y(E)) is the net count at energy E;,

H is the peak height at the peak energy E, and.

o = 2.77259/FWHM? is the peak width parameter.
The tailing parameter Tail(E;) is given by

Tail(E;) = H exp[(T) + T2E) + (T3 + T4E)(E; — E)] - |1 —exp( — 0.4a(E; — E)*)|,

where T; are the fitted constants.
Step 4: Determining Peak Areas Using Response Functions

The analysis starts by subtracting the background to get the net counts in a region. The background for the first iteration is
available from the initial background calculation. The background for later iterations is from the adjusted background done in
Step 7.
The process then fits the net counts in the channels into a region using the response functions. Each response function has
the form > f;R;(x), where each R; is a unit area function that describes the shape of a photopeak and f; is the associated area
1

factor. The shape of a gamma-ray peak in the spectrum is described by a central Gaussian component with a single exponential
tail on the low-energy side of the peak.

For HPGe spectra, the response function described can be fitted using linear least-squares fits. For a medium-resolution
spectrum such as that of a LaBr3 or CZT detector—due to the imprecision of the FWHM and tail calibration, the very broad
peaks, and the overlapping of many peaks—the linear least-squares fit does not work well. Therefore, the nonlinear least-
squares fit technique that combines the Powell’s minimization method with the linear least-squares fit is used to fit medium-
resolution spectra.

Step 5: Calculating relative efficiencies

There are two models for the relative efficiency curve: empirical relative efficiency and physical relative efficiency. For both
models, let N be the number of isotopes that have peaks used for efficiency calculations and M be the number of efficiency
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functions. (M is 1 for homogeneous items and > 1 for inhomogeneous items.) Then the model for the empirical relative
efficiency curve is

In(Area/BR) = ¢, + ¢2/E* 4 e3In(E) + c4(In(E))* + ¢s(In(E))’ + ¢; + ¢;/E (10.10)

where E is the energy in MeV. Each c; is associated with isotopes beyond the first one; i ranges in value from 6 to 5 + (N — 1).
Each ¢; is associated with an efficiency function beyond the first one; j ranges in value from6 + (N — 1)to 5+ (N — 1) + (M — 1).

The physical relative efficiency has two sub models that relate to how the heterogeneous materials are determined. For the
true heterogeneous model, the design matrix is constructed as

RE— A;;a _ (1 e)gisxj)ﬂoxj)) - [exp(— 1) - exp(— pyXa) - exp(— p3x3)]

(10.11)
- [Aj] - [Detector Efficiency] - [Correction Factor]|.

where E is the energy in MeV, u, refers to the absorption coefficient of plutonium or uranium, and x; are the corresponding
thicknesses of the nuclear materials that represent different efficiency curves. Fori = 1, 2, or 3, u; and x; refer to the absorption
coefficient and thickness of the ith absorber material. Each A; is associated with isotopes beyond the first one; if any exist,
i ranges in value from 7 to 6 + (N — 1). Each x; beside x,, is associated with an efficiency function beyond the first one; if any
exist, j ranges in value from 6 + (N — Dto5+ (N — 1) + (M — 1).

For the exp(C/E) model, the design matrix is constructed as

_Area _ [(1 —exp(—px0))| B . B . B Al ¢
RE=ppt = [ [exp(— pyx1) - exp(— i) - exp(—pizxs)] - 41 - [exp ()
- [Detector Efficiency] - [Correction Factor] (10.12)

where x,, corresponds to the thickness of the nuclear material, and exp(c; /E) is the term for multiple efficiency functions.
Step 6: Calculating relative activities.
The relative activity of a peak is A; = Area,(BR;)(RE;), where Area; is the area of the peak i, BR; is the branching ratio of the
peak i, and RE; is the relative efficiency at the peak i’s energy. The relative activity of an isotope is found as the average in
logarithm of the activities of the individual peaks of the isotope.

_ Zi ll’l(A,')W,‘

In(4) = average(in(4)) = =<0

(10.13)

where w; = (A,/8A;)* is the reciprocal of the square of the error associated with In(A;), and 84, is the uncertainty of the relative
activity of peak i.

Step 7: Adjusting the background

Each analysis region consists of one peak region and up to four background regions. In the initial background determination,
the counts in each channel of a background region are set equal to the count in the channel of the spectrum. The whole
background for the analysis region is calculated from these background regions.

After each iteration, the contribution of the fitted peaks to the background regions is subtracted from the initial background
counts. The new background for the analysis region is then calculated from the adjusted background regions.

Step 8: Repeat analysis

After obtaining the new background for the HPGe spectra, the code repeats the analysis process (obtaining peak areas, fitting
the relative efficiency curve, calculating the relative activities, and adjusting the background) several times by going back
to Step 4. For the medium-resolution spectra, the code repeats both the calibration and analysis processes by going back to
Step 1.



210 P. A. Santi et al.
Step 9: Adding ***Pu or **°U

After the final iteration is complete, the final relative masses (relative to the first isotope in the isotope list) are combined to
give the absolute isotopic fractions. If ***Pu or **°U is measured, then this combination step will be the final step, and
Step 10 can be skipped. However, for virtually all of the analysis, these isotope fractions will be from either operator-declared
values or from correlation with other isotopes.

The correlation used for ***Pu is of the form

22py— A x [(233Pu)3 x (2Pu) x (2Pu)” x (2 Pu + 241Am)E} (10.14)

where the constants A, B, C, D, and E are Application Constants in the selected parameter set.
The correlation used for 22°U is of the form

26y =A% [(235U)Bx (muﬂ +Dx {(235U)E>< (228Th)F] (10.15)

where the constants A, B, C, D, E, and F are application constants in the selected parameter set. If 228Th is not present as an
isotope in the parameter set, the correlation uses only the first term.

Step 10: Calculating the Final Isotopic Fractions

After the ***Pu or *°U fraction from either operator entry or correlation is added, then the total fraction will be greater than
1 (or 100%). The fractions are renormalized, accounting for the added 242py or 20U,

10.4.1.6 Special Measurement Cases
The following sections discuss the special cases that the user may encounter; many of the cases are from Ref. [34].

10.4.1.6.1 Uranium-Plutonium Mixed Oxide

For gamma-ray analysis, materials that contain a mixture of uranium and plutonium oxide (mixed oxide [MOX]) can be
considered as a plutonium item with uranium as an impurity. This consideration is true even in those cases where the uranium
fraction is many times larger than the plutonium fraction. Both the MGA and FRAM codes can analyze typical MOX items
using the plutonium analysis (MGA) or the standard plutonium parameter sets (FRAM). FRAM also includes the standard
parameter sets to analyze special MOX where the 25U/Pu ratio is greater than 0.3.

Both the MGA code and the FRAM standard plutonium parameter sets include 235y peaks at 143.8, 163.4, 185.7, 202.1,
and 205.3 keV as interference peaks. The FRAM standard plutonium analysis in the high-energy region also includes the ***U
peaks at 766.4 and 1001.0 keV. Plutonium-238 and ***U both contribute to peaks at 766.4 and 1001.0 keV, and all four peaks
are used in the analysis. In the MOX samples, the 766.4 keV peak arises mainly from ***Pu, and the 1001.0 keV peak arises
mainly from **U. FRAM accounts for this by fixing the ***U component at 766 keV to the *>*U component at 1001 keV and
fixing the ***Pu component at 1001 keV to the larger **Pu component at 766 keV. The iterative FRAM analysis then further
refines this starting point.

Figure 10.17 shows a MOX spectrum (11.7% **°Pu) with 1.1% uranium enrichment and U/Pu ratio of 6.0. The **°U
185.7 keV peak is weak, whereas the 1001.0 keV peak of >**U is intense and clearly seen in the spectrum.

10.4.1.6.2 Americium-243 and Neptunium-239 Impurities
Americium-243 may be present in plutonium samples. This isotope decays as shown in the following equation:

243

o 2734 29, p23%6d 239p (10.16)

The gamma rays from the direct decay of ***Am are too weak to be seen, but the gamma rays from the decay of ***Np are very
strong and easily identifiable in a plutonium spectrum. The intense peaks are at 106.1, 209.8, 228.2, 277.6, and 334.3 keV.
These gamma rays, along with a few weaker neighboring gamma rays, are accounted for in analysis for 2**Am.
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Fig. 10.17 A MOX spectrum (11.7% 2*°Pu/Pu, 1.1% **U/U, and 6.0 U/Pu ratio)

107 _ 243Am lines

106 4

10° 4

Counts

10* 4

103

102 4 “ﬂh¢wm

101 ] 1 1 1 1 1
0 50 100 150 200 250 300
Energy (keV)

Fig. 10.18 A low-burnup plutonium spectrum with a significant amount of ***Am. The 106.1, 209.8, 228.2, and 277.6 keV peaks of ***Am are
marked red

The standard FRAM parameter files easily analyze spectra from samples with “normal” concentrations of ***Am. Very
high concentrations are characterized by the peak height of the 209 keV **’Np peak being an appreciable fraction of or greater
than the peak height of the 208.00 keV **'Pu->*"U peak. These cases should be examined more closely because it may be
necessary to “tweak” the boundaries of some of the ROIs to obtain the best results. MGA can analyze spectra with “normal”
concentrations of 2**Am but does not report it.

Figure 10.18 shows a low-burnup plutonium spectrum with a significant amount of ***Am. The 106.1, 209.8, 228.2, and
277.6 keV peaks of ***Am can be seen in the spectrum.

10.4.1.6.3 Heterogeneous Am/Pu

Pyrochemical purification processes, such as molten salt extraction and electrorefining, produce residues where the americium
and plutonium are in different matrices. The americium is concentrated in a low-Z matrix in the form of AmCl;, whereas small
amounts of plutonium metal are imbedded in the low-Z matrix. The relative efficiency curve will be different for an americium
gamma ray escaping from a chloride matrix compared with that of a plutonium gamma ray escaping from plutonium metal.
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Fig. 10.19 Screenshot from the FRAM software showing examples of heterogenous data fitted by different efficiency models. (top) Data are fitted
to a homogeneous efficiency curve. (bottom) Data are fitted to a heterogeneous efficiency curve

MGA cannot calculate heterogeneous models. The FRAM code calculates the different relative efficiency curve shapes for
americium and plutonium based on actual physical heterogeneous models or a model proposed by Fleissner [35].

Figure 10.19 shows examples of heterogeneous data fitted by a homogeneous model efficiency (top), assuming americium
and plutonium are in the same matrix and by a heterogeneous model efficiency (bottom), assuming americium is in a different
matrix than plutonium.

10.4.1.6.4 Very High Pu-239/Very Low Pu-240
This material type can be defined roughly as having a >*’Pu content less than approximately 2%. Spectra from these materials
usually have very little >*'Pu, so the **'Pu-**"U peaks may not be strong enough to use for internal calibrations. Plutonium-
239 lines are strong and suffer little interference because of the low **'Pu and ***Pu content in the sample. At these low levels,
the 208 keV gamma ray from **'Pu-**"U is less intense than the ***Pu gamma ray at 203.5 keV, which is just the reverse of
what is usually seen in plutonium spectra from higher-burnup samples.

Both MGA and FRAM—with their low-energy standard parameter sets—can analyze spectra with 99.9% ***Pu and 0.05%
240py. FRAM can analyze spectra with 1% 2*°Pu with the medium- and high-energy parameter sets.

Figure 10.20 shows a very high >**Pu/very low **°Pu spectrum with 2.0% 2*°Pu. The marked peaks are of the 203.5 and
208.0 keV peaks where the 203 keV peak is more than one order of magnitude larger than the 208.0 keV peak.
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Fig. 10.20 A plutonium spectrum of 2.0% 2*°Pu. The 203.5 (red) and 208.0 (green) keV peaks are marked
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Fig. 10.21 Spectrum of a 1.0% **’Pu and 94% 2*°Pu. The three peaks of 2**Pu at 104.2, 160.3, and 642.5 keV are marked in red

10.4.1.6.5 Very Low Pu-239/Very High Pu-240
Samples with more than 90% **°Pu are used in physics research applications and in safeguards applications for calibration of
neutron coincidence counters. Such samples have three major peaks that span three analysis regions of FRAM at 104.2, 160.3,
and 642.5 keV. Both MGA and FRAM—with their standard parameter sets in all energy regions—can analyze samples up to
95% ***Pu (and 1% **°Pu).

Figure 10.21 shows the spectrum of an item with 1.0% ***Pu and 94% **’Pu. The three most-intense peaks of **’Pu at
104.2, 160.3, and 642.5 keV are marked in red.

10.4.1.6.6 Very High Neptunium-237
Neptunium-237 is present in every plutonium sample as a direct decay product of **' Am and the **’U daughter of **'Pu.
The levels vary as a function of the age of the sample, the burnup of the sample, and the chemical processing history.
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Fig. 10.22 A spectrum of a low-burnup plutonium with 2% **’Np. The **'Np peaks at 300.1, 311.9, 340.5, 375.4, 398.5, and 415.8 keV are
marked in red

The concentration of **’Np is determined by analyzing the gamma rays from its >**Pa daughter. This isotope decays as

237 _
a 2.144e6y 233 B~ 26975d o33
Pa U.

(10.17)

The gamma-ray activity from *>*Pa will be in secular equilibrium with **’Np after about 6 months. This condition does not
present a problem except for materials fresh from chemical processing. The decay of ***Pa produces intense gamma rays at
86.5,300.1,311.9, 340.5, 375.4, 398.5, and 415.8 keV that can be used for the quantification of the 237Np/Pu ratio and/or must
be considered as interferences for the plutonium isotopic composition measurement.

Normal **’Np/Pu ratios range from 10> to 10~>. FRAM can analyze the samples with >*’Np/Pu ratio up to 0.02 with the
medium- and high-energy standard parameter sets. FRAM—with low-energy standard parameter sets—can analyze samples
with a *’Np/Pu ratio up to 0.1. Above a 0.1 ratio, FRAM can still analyze the sample using a parameter set tailored for very
high **’Np. With appropriate filtering to cut down the intense, low-energy gamma rays below 200 or 300 keV, spectra with
*3"Np/Pu ratio up to 10 can be analyzed using the FRAM high-energy region analysis.

Figure 10.22 shows the spectrum of a low-burnup plutonium with 2% **’Np. The **'Np peaks at 300.1, 311.9, 340.5,
375.4, 398.5, and 415.8 keV are marked in red.

10.4.1.6.7 Very High Am-241

The concentration of **' Am in normal plutonium ranges from 0 for fresh plutonium to 10% for very aged, high-burnup
plutonium. Americium-241 concentrations above 10% relative to plutonium usually arise only in residues and wastes that
contain **' Am concentrated from purification processes. This is a very high concentration of **' Am.

For very high **' Am samples, the **' Am gamma-ray activity will dominate the spectrum. The peaks from plutonium will
ride on top of a large continuum from the americium gamma rays. The resulting signal/background ratio will be poor, and the
plutonium gamma-ray peaks will have poor statistical precision. Also, the **' Am peaks normally too weak to be visible above
the background continuum will suddenly appear in the spectrum. These “new” peaks interfere with peak and background
ROIs established for analyses of samples with “normal” americium concentrations.

Both MGA and FRAM—with their standard parameter sets in all energy regions—can analyze normal plutonium samples
with up to 10% **' Am. For very high *' Am samples, special FRAM parameter sets can be created to analyze samples with a
241 Am/Pu ratio up to 3.

Figure 10.23 shows the low-burnup plutonium with 78% 2*'Am. The intense peaks of **'Am are marked in red.
The intense, unmarked peaks at 300 and 312 keV are from **’Np, which is the daughter of **' Am.
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Fig. 10.23 Spectrum of low-burnup plutonium with 78% 241 Am. The intense peaks of 241 Am are marked in red
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Fig. 10.24 Spectrum of a very high **Pu. The three intense peaks of ***Pu are marked in red

10.4.1.6.8 Very High Pu-238 (Heat Source)

Heat-source-grade plutonium typically contains approximately 80% ***Pu and 2%-4% >*°Pu, with the remainder being
mostly ***Pu. Plutonium-241 and **' Am are also present and can be analyzed. The **°Pu that is originally present in parts per
million (ppm) amounts produces strong gamma-ray peaks from its thorium daughter decay products. The thorium daughter
gamma-ray peaks are used to help define the relative efficiency curve.

Plutonium-238 has three intense peaks at 99.9, 152.7, and 766.4 keV. These peaks are very prominent in the spectrum. Old
samples also have intense peaks from the thorium daughter. Neither MGA nor FRAM—with their standard parameter sets—
can analyze the heat source spectra. Special FRAM parameter sets can be created to take the three major and some minor **Pu
peaks at 201.0, 742.8, and 786.3 keV into account to analyze the data in all three energy regions: low, medium, and high. The
analysis for *°Pu, >*'Pu, and **'Am is straightforward using the major higher-energy peaks. Plutonium-240 is the most
difficult isotope to analyze because its peaks—at 104.2, 160.3, and 642.5 keV—are essentially undetectable. This issue results
in very large percent relative standard deviation values for 2*°Pu. The user must use prior knowledge or stream average data
for ***Pu because the standard FRAM isotopic correlation does not apply.

Figure 10.24 shows the spectrum of a very high ***Pu. The three intense peaks of **Pu are marked in red. Most of the
intense unmarked peaks in the spectrum are from ***Th, the granddaughter of ***Pu.
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Fig. 10.25 Spectrum of a 95% **Pu item

10.4.1.6.9 Very High Pu-242

The concentration of **Pu in normal plutonium ranges from ~0.02% for very low-burnup plutonium to ~10% for very high-
burnup plutonium. Plutonium-242 emits only few weak gamma rays, and those gamma rays are not measurable in normal
plutonium spectra. However, for the material with very high ***Pu concentration, the >**Pu peaks could become sufficiently
intense that they and the corresponding ***Pu activity can be measured.

The three gamma rays emitted by ***Pu are at 44.9, 103.5, and 159.0 keV. For fresh plutonium, the **' Am has not had time
to build up, and its 59.5 keV peak is not too intense, which allows the peaks below 60 keV to show and be measured.
Plutonium-240 has an intense peak at 45.2 keV, which is less than one FWHM from the ***Pu 44.9 keV peak, assuming that
the detector is reasonably good with the FWHM ~0.4 keV at 45 keV. This closeness of the two peaks requires that the peak
area of the ***Pu 44.9 keV peak be at least 50% of the *°Pu 45.2 keV peak area to get a decent uncertainty for the 44.9 keV
peak area. This requirement translates into 95% or greater ***Pu in the plutonium.

The 103.5 keV peak is next to the 103.67 keV peak of 2*'Pu and the 103.74 keV plutonium fluorescence X-ray. Both peaks
can be accounted for with one condition: that their areas are not much greater than the 103.5 keV peak area. The condition
with the **'Pu 103.67 keV peak requires greater than 95% >**Pu. The condition with the 103.74 keV X-ray peaks requires that
the plutonium concentration in the matrix is small, such as low-concentration solution, so that the plutonium fluorescence is
small.

The 159.0 keV peak has smallest photoemission probability of the three, but it is far from some other peaks that can
interfere with the extraction of its peak area. The peak closest to it is the **'Pu 160.0 keV peak. A good planar HPGe detector
may have a FWHM of 0.6 keV at 160 keV. This result is only 60% of the 1 keV separation between the **Pu 159.0 keV and
the 2*'Pu 160.0 keV peaks, and it allows accurate determination of the 159.0 keV peak area if it is measurable. To have
reasonable 159.0 keV peak uncertainty, the >**Pu/Pu ratio would need to be at least 85%.

Figure 10.25 shows the spectrum of a 95% ***Pu item. The spectrum looks like that of a super high-burnup plutonium
where even the most intense **°Pu peak at 129.3 keV shows up only as a blip above the background.

Figure 10.26 shows a FRAM least-squares fit of the 160 keV region. The three intense and fitted peaks are the ***Pu
159.0 keV peak, **'Pu 160.0 keV peak, and **°Pu 160.3 keV peak.

10.4.1.6.10 Very High Uranium-236

Similar to **Pu, *°U has only a couple of weak gamma rays at 49.4 and 112.7 keV. The concentration of **°U in normal
uranium ranges from 0% for natural uranium and gradually increases to ~0.3% for very highly enriched uranium (HEU). This
concentration is too small for its peaks to be visible to measure. However, for special uranium, where the 236(J concentration is
~20%, the intensity of the 49.4 keV peak is comparable to that of the 63.3 keV of the **U daughter **Th and of the 53.2 keV
of 2*U with ~20% enrichment. If the enrichment is LEU, then the 53.2 keV peak intensity is less, but the 63.3 keV peak
intensity increases, and vice versa for HEU. Regardless, a peak from either >*U or **®U at low energy will always extend the
relative efficiency curve down to ~50 keV, allowing **®U activity to be determined using the 49.4 keV peak intensity. Note
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Fig. 10.26 Scrrenshot from the FRAM software showing a least-squares fit of the 160 keV region. The three intense peaks from left to right are of
242p, 241py anq 249py,

that *®U has a peak at 49.55 keV, and the contribution of this peak needs to be accounted for when fitting the **°U
49.4 keV peak.

Uranium-236 also has a peak at 112.7 keV. This peak is very close to the 112.8 keV peak of ***Th (***U’s daughter). For
LEU, this peak is overwhelmed by the 112.8 keV peak, and for HEU, it is not visible due to the high background in this region
from #*°U. For uranium with greater than 20% >°°U, this 112.7 keV peak would become much larger and can be measured to
determine the **°U activity.

10.4.1.6.11 Freshly Separated Plutonium

Plutonium-241 has a short half-life (relative to other plutonium isotopes) and quickly decays to **' Am. Americium-241 has a
very intense peak at 59.5 keV. After several days, this peak may become the most intense peak in the spectrum. After several
weeks, depending on the *'Pu fraction, this peak may become so intense that its Compton background may obscure the peaks
below it, preventing the analysis from using the peaks below 60 keV.

For very fresh plutonium, the region below 60 keV is the most intense and useful region for measuring ***Pu, ***Pu, *°Pu,
and *' Am. The peaks are at 38.7 (**°Pu), 43.5 (***Pu), 45.2 (**°Pu), 51.6 (***Pu), and 59.5 (**' Am) keV. Figure 10.27 shows
the spectrum of a fresh, high-burnup plutonium.

The region below 60 keV does not have a measurable >*'Pu peak; therefore, to get full isotopic composition, it will need to
combine with other region(s). The 30~120 keV region would include peaks from all plutonium isotopes and **' Am and can
give complete isotopic composition without having to cross the plutonium K-edge. Analysis in this region would give good
results.

There is a caveat when analyzing this region. The only intense **'Pu peak in this region is at 103.7 keV. Also, the
plutonium X-ray peak at 103.7 keV will need to be accounted for to accurately measure the >*'Pu peak. The plutonium X-ray
peak is from fluorescence and from the decay of *’Np, which is the daughter of ***Am and can be present in fresh plutonium.
The fluorescence plutonium X-ray intensity can be minimized by measuring a small amount of plutonium in solution.
The plutonium X-ray from the decay of ***Np can be reduced by measuring the sample 2 weeks or later after separation.
Neptunium-239’s half-life is 2.4 days, and only 1% will remain after six half-lives, which is 14 days.

The 100 keV region includes the X-ray peaks, which require Voigt (convolution of Lorentzian a Gaussian) peak-shape
fitting. The fitting of this peak shape is complicated and not easily done. A combination of the 30-60 keV region with the
121-210 keV region will give complete isotopic composition without having to deal with the X-rays. The best analysis would
be from the 30-210 keV region, including the 100 keV region.

Both the MGA and FRAM codes—with their low- and medium-region standard parameter sets—can analyze the freshly
separated plutonium. Users can create FRAM parameter sets to include the peaks below 60 keV. The results will likely
improve over that of the standard parameter sets.
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Fig. 10.27 Spectrum of a fresh, high-burnup (23.7% 2*°Pu) plutonium sample. The five peaks marked in red are >*°Pu 38.7 keV, ***Pu 43.5 keV,
*%Pu 45.2 keV, **’Pu 51.6 keV, and **'Am 59.5 keV

10.4.1.6.12 Freshly Separated Uranium

Uranium-238 decay emits a gamma ray at 49.55 keV. This peak is weak and would normally be overwhelmed by the high
background from the Compton of the *°U, **Th, and ***Pa gamma rays. However, for fresh, low-enriched uranium, the
gamma-ray signals and their Compton background from these three isotopes are weak and may allow this peak to be
measured. To calculate the ***U activity, the intensity of this peak needs to be compared with another peak nearby, or the
relative efficiency curve can be extended to the location. Uranium-234 has a peak at 53.2 keV. If visible, this peak can extend
the efficiency curve down to 50 keV and allow the determination of the **U activity. The ratio of the 49.55 keV peak to the
53.2 keV peak is ~1 for natural uranium and gradually reduces to 0.1 as the enrichment increases to 5%. For higher
enrichment, the 49.55 keV peak would become very small and cannot be accurately measured. Figure 10.28 shows the
spectrum of 1.0% enriched uranium 8 h after separation.

For uranium of any enrichment, the **U gamma rays that are used in the analysis of the MGA code and the standard
parameter sets of FRAM are from the **Th daughter and/or **Pa granddaughter. Thorium-234 has a half-life of 24.1 days
and will come into secular equilibrium with its **U parent in about 6 months. A uranium sample that has had its thorium and
protactinium removed less than 6 months before is considered fresh. The amount of ***U determined using ***Th and ***Pa
gamma rays will appear too small relative to those from >*°U, which would make the enrichment appear too large. Correction
using the time since chemical separation will need to be applied to bring the enrichment to its true value. FRAM has an option
that allows the user to enter the separation date, and it will correct for the overestimated enrichment due to the lack of secular
equilibrium between the **Th daughter and the ***U parent. MGA does not have the option, and the correction must be done
manually.

10.4.2 Waste Measurements

10.4.2.1 Introduction
The objective of radioactive waste assay is to measure waste items, quantify activities or masses of radionuclides present in the
item and the total measurement uncertainties, compare the results with the regulatory limits, and adjudicate the appropriate
disposal of the waste item. NDA techniques are very useful in radioactive waste assay. NDA systems that measure neutron,
gamma, or heat signatures emitted by radioactive waste are commonly deployed. The NDA system that is best suited for a
given waste stream will depend on the radionuclides expected to be present in the waste stream, data quality objective,
acceptance criteria, fit for purpose, and cost, among other things.

Radioactive wastes are typically classified into several disposal categories. Although some variation in terminology exists
from country to country, similar guidelines are generally followed throughout the world. Following are the four major
categories of radioactive waste.
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Fig. 10.28 Spectrum of a fresh 1.0% enriched uranium measured 8 h after removal of thorium and protactinium. The peak shown in red at
49.55 keV is from 2*8U, and the one at 53.2 is from 2>*U

10.4.2.1.1 Remote-Handled Waste
Remote-handled waste is typically defined as waste that has a dose rate of greater than 200 mR/h (2 mSv/h) on the surface of
the container. This waste may or may not also be transuranic (TRU).

10.4.2.1.2 Transuranic Waste, Alpha Waste, and Intermediate-Level Waste

TRU waste is defined by U.S. Department of Energy waste acceptance criteria as waste that is contaminated with alpha-
emitting TRU radionuclides with half-lives greater than 20 years and concentrations greater than 100 nCi/g (3700 Bq/g) at the
time of assay. The term infermediate level waste is also used to describe similar types of waste internationally.

10.4.2.1.3 Low-Level Radioactive Waste

Low-level (radioactive) waste (LLW) is typically defined as waste that is not TRU and does not exceed certain concentration
limits for specific nuclides. LLW includes items that have become contaminated with radioactive material or have become
radioactive through exposure to neutron radiation. This waste typically consists of contaminated protective shoe covers and
clothing, wiping rags, mops, filters, reactor water treatment residues, equipment, and tools. The radioactivity can range from
just above background levels found in nature to very highly radioactive in certain cases, such as parts from inside the reactor
vessel in a nuclear power plant.

10.4.2.1.4 Free-Release Waste

Free-release or very low-level waste criteria vary significantly from country to country and are subject to constant changes.

Often country-specific limits and terminology apply; however, the measurement principles are the same. In Europe, the Basic

Safety Standard 2013-59 legislation has established a release limit; some countries use 0.4—50 Bq/g for very low-level waste.
Depending on the radionuclides expected in the waste stream assayed, a neutron or gamma NDA system (or a calorimeter,

which measures the heat from radioactive decay) is used.

10.4.2.1.5 Neutron Systems

Neutron waste assay systems are used to measure the uranium or plutonium content in waste items. They can be either passive
(measuring spontaneous fission neutrons) or active (measuring induced fission neutrons). Active neutron systems, e.g., the
252Cf Shuffler, are used to assay and quantify uranium. In these systems, a neutron-emitting interrogation source is used to
induce fissions in >**U contained in the waste, followed by the measurement of prompt fission neutrons or delayed neutrons.
Neutron measurements are advantageous because lower-energy gamma rays (e.g., the 186 keV gamma ray emitted by >*°U)
could be severely self-attenuated and/or attenuated in the waste matrix.
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Passive neutron systems are used to assay and quantify plutonium by measuring the prompt neutrons. Measurement of the
triples provides an additional piece of data that can be used to determine an additional unknown parameter; however, the
efficiency of the neutron counter must be high enough so that good precision can be achieved in the triples measurement.

10.4.2.1.6 Gamma-ray Systems

Gamma-ray systems have the advantage of providing isotope-specific information. Waste items that consist of many fission
products and activation products need to be assayed using a gamma NDA system that can identify the radionuclides and
quantify their activities or masses. In NDA systems that measure only the gamma rays emitted by radionuclides (emission
only), the geometry correction and the container and matrix attenuation are determined using a multi-density efficiency
calibration. Some gamma NDA systems use transmission measurements to determine the container and matrix attenuations,
which are then applied to the count rates in the full-energy peaks in the gamma-ray spectrum. Most gamma-based NDA
systems can be used in both the emission only or the emission and transmission modes.

To completely characterize a waste item, both neutron and gamma measurements are often necessary. The *°U mass or
24OPuequivalem mass is determined using neutron counting. Gamma-ray measurements are necessary to determine the
abundances of uranium and plutonium isotopes. Results from the neutron and gamma measurements are then combined to
provide isotope-specific quantification for uranium or plutonium content of the waste.

10.4.2.1.7 Calorimetry

Calorimeters perform waste assay by measuring the thermal energy generated by radioactive decay. Calorimeters are typically
used to measure waste materials that produce significant amounts of heat by alpha-particle decay (plutonium, americium), or
beta-particle decay (tritium). Heat-flow calorimeters have been used routinely to assay items whose thermal power ranges
from 0.001-135 W. Gamma-ray spectrometry is typically used to determine the plutonium isotopic composition and **' Am-
to-plutonium ratio.

10.4.2.2 ISOCS for Waste Measurements

When measuring waste, the In Situ Object Counting System (ISOCS) calibration software can be used to calculate the
efficiency calibration when determining the activity and mass of nuclear material. This method of quantifying nuclear and
radiological material is used with gamma spectroscopy to analyze measurements from an HPGe detector. The ISOCS
efficiency calibration has been applied successfully to gamma assay of waste material for decades and has proven to be a
well-established technique [36].

To determine an accurate efficiency calibration, the ISOCS software does not require the use of traditional calibration
sources, which can lower the cost and time required for collection of waste measurements. Instead, this software uses the
MCNP transport modeling code, mathematical geometry templates, and a few physical parameters input by the user that are
specific to the detector, sample, and geometry used in the measurement [37]. The model created in ISOCS by the user can be
adjusted to represent the waste sample and measurement geometry. To find the activity and mass of radioisotopes identified in
the waste, the efficiency calibration from the ISOCS software is applied during spectral analysis of the measurement data.

Several tools can be used with ISOCS to provide the most accurate measurement values. The Line Activity Consistency
Evaluator (LACE) tool can be used to optimize and validate these poorly known or unknown physical parameters. This tool is
based on a fundamental rule of gamma spectroscopy in which all associated gamma energies for a given radionuclide have the
same calculated activities. By plotting these calculated activities and providing a value for the slope, the user can determine if
the material is over- or under-attenuated and can then adjust the model parameters as needed. This tool helps to improve
accuracy and to remove measurement bias that is caused by differences between the model and the actual physical properties
of the sample [38].

Another tool that can be used with the ISOCS software is the ISOCS Uncertainty Estimator (IUE), an automated method
that iteratively creates and analyzes multiple models based on input by the user [38]. The user defines one or more physical
parameters, the range of variation, and a probability distribution function [36]. The IUE allows the user to investigate the
impact of varying one or more physical parameters and determines the average and standard deviation of efficiency values.
This tool can also be used to simulate hotspots in a sample with random size and locations [36], which can be especially useful
for waste measurements.

This method can be applied to a very wide range of nuclear material types and compositions and is sometimes the only
technique available for certain applications. It is often a more cost-effective option because it eliminates the need for physical
calibration sources. The ISOCS method for quantifying nuclear and radiological material has an extremely wide range of
possible relative uncertainties. Another limitation is that creating the ISOCS models can be complex and will most likely
require proper training and experience [39].
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10.4.2.3 SNAP for Waste Measurements

The Spectral Nondestructive Assay Platform (SNAP) is a gamma-ray spectroscopy, point-kernel modeling routine owned by
Pajarito Scientific Corporation.* The program imports gamma-ray spectrum photopeak data from any counting system to
produce assay results for a wide variety of geometries and matrices. Nearly anything with gamma-ray-emitting contaminants
that can be physically described can be analyzed by this method (waste, surfaces, holdup, etc.). The code is adaptable to any
gamma-ray detector media (HPGe, LaBr;, Nal, etc.) for which an intrinsic photopeak efficiency calibration can be obtained.
SNAP is intended for an experienced spectroscopist because it provides the user with the opportunity to make specific choices
during the analysis process to “self-direct” the routine to an optimal solution.

SNAP analyses follow a straightforward, four-step process: (1) nuclide identification of photopeaks in the spectrum report,
(2) input of modeling data to describe the assay source/detector configuration, (3) photopeak selection for assay calculations
of detected radionuclides as well as minimum detectable activities, and (4) fine-tuning of the final assay report. The nuclide
identification process is library driven and is often completed in the automated mode. However, use of both semi-automated
and manual modes allows the analyst to interact with the code so that correct choices are made regarding the radionuclides and
interactions that are present. Coincidence peaks, escape peaks, neutron capture gamma rays, florescent X-rays, and other
common phenomena can be properly identified. The user is also required to make photopeak choices during the assay
calculation process to avoid inappropriate automated choices that frequently require post-analysis modification. Although user
interactivity requires a minor amount of additional time during the analysis process, it helps avoid many of the common
mistakes of purely automated routines.

SNAP assumes that the detector is pointed in the general direction of the item under investigation and calculates the
detector response in a 180° FOV. This calculation is accomplished by a combination of empirically determining both the
detector’s intrinsic photopeak efficiency using sources normal to the detector face and applying the relative change in
efficiency as a function of gamma-ray angle as it enters the detector (an angular response calibration). Both calibration
subroutines are provided with the program. The intrinsic photopeak efficiency is established with measurements of National
Institute of Standards and Technology—traceable sources over the desired energy range of interest (e.g., 50-3000 keV). The
angular response calibration is derived from empirical measurements of a source at incremental angles through the forward-
looking 180° space. The intrinsic photopeak efficiency measurements are made with the sources placed at common assay
distances; the angular response measurements can be made with or without side-shielding/collimation of the detector. No limit
exists to the number of efficiency and angular response calibrations that can be created and used.

The modeling routine requires the user to physically describe the item/sample under measurement and its geometric
configuration to the detector (source-detector distance and vertical and horizontal offsets from the detector center). In addition
to common simple geometries (e.g., rectangular box, right circular cylinder) the code can also produce results for area sources
(dpm/100 cm2) and linear sources (Ci/cm length). Furthermore, SNAP allows the user to selectively weight any number of
point-kernels in the matrix to describe unique shapes (e.g., spheres, cones, curved pipes) and/or specific distributions of
contaminants within the item/sample (e.g., bottom settling, accumulations in corners). Models of 15 special shapes and
contaminant distributions are provided with the program.

More than 35 common materials can be used to describe the item’s radioactive matrix, as well as the container walls and/or
gamma-ray filters (e.g., cadmium, copper). Mass attenuation coefficients as a function of energy are provided for all materials
to calculate attenuation losses of full-energy gamma rays headed toward the detector. Additional mass attenuation coefficients
for other materials can be added by the user as needed. When the material in the radioactive matrix is unknown, gamma-ray
attenuation can be determined using a transmission source measurement. To properly interpolate the transmission fraction, the
transmission correction subroutine requires the use of a transmission source that has gamma-ray emissions on either side of the
assay photopeak.

A graphical differential peak analysis allows the analyst to view the relative activities of different energy photopeaks from
the same radionuclide. This tool enables a physics check on whether the item/sample has been properly modeled so that
modifications can be made if necessary. Gamma-ray self-absorption corrections (aka lump corrections) of inherently dense
nuclear materials, such as plutonium and uranium, can also be made when two or more photopeaks are present from the same
isotope. These corrections are independent of the lump shape and will enhance the final accuracy of results for these materials.

SNAP includes a thorough radionuclide library that can be added to and/or modified by the user. It comes with
11 sublibraries of common radionuclide groups such as uranium isotopes, plutonium and other transuranics, and medical
isotopes. New sublibraries can be created, and default sublibraries can be modified as necessary.

4Parajito Scientific Corporation, www.pajaritoscientific.com
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A detailed error analysis is performed on all photopeaks used in the assay. Uncertainties are determined for random
statistical errors in the net counts in photopeaks, polynomial curve fits to the intrinsic photopeak efficiency, and assumptions
about the source distribution and attenuation losses. The default calculation assumes a uniform, homogeneous distribution of
contaminants within the physical volume of the item/sample. However, the program will also calculate the difference in
activity of a single point source within that volume at a near-worst-case location. This difference in activity is conservatively
used as part of the total measurement uncertainty unless it is overridden by the analyst during the fine-tuning stage of the
report process (e.g., it is known that the contaminants are uniformly distributed).

Not considering statistical uncertainties, the accuracy of results using SNAP (or any other modeling routine) are dependent
on three primary factors: (1) how closely the modeling input parameters match the physical item/sample; (2) the physical size/
volume and matrix density of the item/sample; and (3) the methods employed to collect the data (e.g., detector positioning,
source rotation, count time, background interference). It is apparent that poor results will occur if the item/sample under
investigation is not physically well known or properly modeled. Furthermore, large-volume items with higher-density matrix
materials are much more susceptible to geometry and attenuation inaccuracies than smaller items with lower-density
materials. However, it is also important to recognize that a well-positioned detector that measures all sides of an item equally
will generally produce data that lends itself to more accurate results. The failure to measure all sides of an item equally (or to
rotate it continuously during the count) means that potential hotspots will be either over- or underestimated during analysis.
Positioning the detector close to a larger-volume item will also lead to excessive inaccuracies when the source distribution is
heterogeneous as opposed to homogeneous (which is a common occurrence). Although modeling routines allow a great deal
of flexibility in the ways that measurements with portable detectors can be conducted, poor choices in measurement methods
can lead to undesirable results. Caution is advised.

10.4.2.4 Segmented Gamma-Ray Scanning/Tomographic Gamma-Ray Scanning
In the process of filling scrap and waste containers, vertical variations frequently occur in the volume densities of both source
arid matrix materials. Radial inhomogeneities are often less pronounced, and their effects can be substantially reduced by
sample rotation. The different layers could substantially meet the requirements on homogeneity even though large differences
exist between layers. In such cases, the container may be assayed as a vertical stack of overlapping segments. The advantages
of the segmented scanning procedure are gained at the loss of some degree of sensitivity; therefore, a system that employs
segmented scanning would probably not be used on samples that contain <1 g of ***Pu or **°U.

Figure 10.29 shows the spatial relationships of detector, collimator, assay sample, transmission source, and reference
source for a system tailored to the assay of *>*Pu in cylindrical containers <20 cm in diameter.

Sample

A\ 2

Detector Transmission Source

0 ——

- Segment Definition
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Fig. 10.29 General arrangement for segmented, transmission-corrected, gamma-ray assay
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The sample container is positioned as close as possible to the collimator to maximize count rates and give the best segment
resolution. The segment overlap is determined by the sample size, the collimator dimensions, and the relative positions of the
segments. In Fig. 10.29, a collimator 1.25 cm high and 10 cm deep provides a reasonable trade-off in sensitivity and spatial
resolution. For 30- and 55-gallon drums, a collimation 5 cm high and 20 cm deep is a reasonable choice. The spatial resolution
cannot be as sharp in the latter case, but it is sufficient to provide useful information on the uniformity of material distribution.
The choice of collimator material is usually lead. If space is a consideration, a tungsten alloy may be used.

To maximize count rates, the detector is as close as possible to the collimator. For the plutonium measurement, a filter of
lead (~1.5 mm) and cadmium (~0.8 mm) reduces the rate of low-energy events from **' Am and the X-rays of both plutonium
and lead. For *°U assay, the cadmium alone should suffice because no 60 keV **' Am flux is found in plutonium materials.

For 2*’Pu assay, 73Se is the transmission source, and 133Ba is the reference source. About 10 mCi of °Se provides usable
intensity for at least 1 year in spite of the relatively short, 120-day half-life. Sources of this strength must be encased in a
collimator shield to avoid undue personnel exposure. The 356.0 keV gamma ray of '**Ba provides the reference; it can also be
used for spectrum stabilization because it is always present in the acquired spectrum. The 10.4-year half-life is convenient; a
single source usually lasts the useful life of a germanium detector. A source of ~10 pCi may be positioned anywhere on the
front side of the detector end cap; however, a slightly better peak shape results when the source is mounted on the front of the
end cap along the crystal axis.

Segmented scans may be accomplished in several ways, described as continuous or discrete scans. In a continuous scan, the
rotating sample moves past the collimator at a constant speed. The count time is often chosen as the time required for the
container to move the height of the collimator. In a discrete scan, the sample is positioned vertically, counted, repositioned,
counted again, etc. This mode of operation avoids detector microphonics caused by vibration in the vertical drive system. In
practice, a segment spacing equal to one-half of the collimator height works well and might be recommended as a rule of
thumb. The continuous mode probably gives a somewhat better value for the average transmission within a segment. The
discrete scan is usually easier to achieve. It also lends itself to two-pass assays during which the container is counted once with
the transmission source exposed and once with it shuttered off. The two-pass scheme is useful when the utmost sensitivity and
accuracy is desired and is particularly useful when '®*Yb is used as a transmission source in *>°U assays. Other variations in
the application of the segmented scanning procedure are possible and are described in Refs. [40, 41].

An increasing demand to assay a class of materials that was difficult or impossible to assay with standard NDA techniques,
including segmented gamma-ray scanning (SGS), led to the development of tomographic gamma-ray scanning (TGS)
technology [42]. Unlike SGS, which measured the content within vertical segments of an item, TGS technology uses a
collimation system that divides the samples into small-volume elements called voxels. Measuring the transmission in each
voxel provides a three-dimensional map of the sample that indicates the density of material that exists within each voxel. This
map provides a means for measuring and correcting for the attenuation that is occurring within the item as a function of the
position within the item. By measuring the gamma-ray emission rate from each voxel and applying the attenuation corrections
from the measured three-dimensional density map, a three-dimensional image of the nuclear material content within the item
can be produced, which allows for an accurate assay of nuclear material within the item. Examples of TGS three-dimensional
image reconstructions of 208 L drums that contain various matrices are shown in Fig. 10.30 [42].

Figure 10.31 shows a conceptual configuration for the TGS. During a scan, the item undergoes a continuous motion
consisting of both rotation and translation to maximize throughput of items. The translation consists of moving the item both
vertically and horizontally. The gamma rays from ">Se are used to determine attenuation coefficient images within each voxel
as a function of gamma-ray energy. The distribution of gamma-ray-emitted material is then determined based on the emission
analysis, with the emitted gamma rays corrected for attenuation. From this information, the mass of nuclear material within the
item is determined based on mass calibrations that were performed on the TGS for the primary isotope that is to be measured.

To illustrate the capabilities of a TGS system, Fig. 10.32 shows the results of assays performed by a portable TGS system at
the Rocky Flats Environmental Technology Site on electro-refining salts that were destined for disposal at the Waste Isolation
Pilot Plant in comparison with assay results on those same items using a combination of calorimetry and gamma-ray isotopic
(Cal/ISO) measurements [42, 43]. The fact that the data presented in Fig. 10.32 does not significantly deviate from the solid
line that indicates a slope of unity shows no significant bias in the TGS data. An analysis of the TGS data indicated that an
uncertainty per measurement was 9.4%, with a bias between the TGS and Cal/ISO data of —0.04 + 0.99%.
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Fig. 10.30 Transmission (blue background) and emission (black background) image reconstructions of 208 L drums in varying matrices [42]
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Fig. 10.31 Conceptual configuration for a TGS system

10.4.3 Holdup Measurements

10.4.3.1 Introduction
Process holdup is defined as the residual nuclear material retained in process equipment after cleanout [44]. The effective
characterization and quantification of process holdup is critical for plant operations and important to many plant programs,
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Fig. 10.32 Assay results from TGS measurements on electro-refining salts performed at Rocky Flats Environmental Technology Site as a function
of assay results using Cal/Iso, showing no significant bias in the results. For reference, the diagonal line in the graph indicates a 1-to-1
correspondence between the TGS and Cal/Iso results [42, 43]

including material control and accountability, nuclear criticality safety, and environmental management. These in-situ
measurements are most often performed using NDA methods. Holdup measurements present significant challenges due to
the unique and nonideal nature of the deposits. The distribution (i.e., geometry) and thickness of a given deposit is largely
unknown. The concentration and isotopic information are assumed based on process knowledge or samples measured at a
specific time in the process. Additional challenges include the lack of representative calibration standards, the large number of
holdup deposit locations and relatively short count times available, high or variable background environments, and poor
accessibility to measurement locations. As a result, large measurement uncertainties are expected.

Several holdup measurement methods have been developed and used through the years for both uranium and plutonium
applications. One of the earliest approaches—the generalized geometry holdup (GGH) method—is still used today for most
uranium applications. More modern techniques, such as ISOCS or ISOTOPIC-32, are currently being applied for plutonium
applications. The most common methods and the accompanying instrumentation are described in the following sections.

10.4.3.2 GGH Method, Introduction, Calibrations, and Corrections

10.4.3.2.1 Introduction

Traditionally, holdup measurements are performed using a robust methodology—the GGH method [44—47]. This method is
commonly applied to uranium holdup applications and can account for geometric differences in deposits, correct for both wall
attenuation and self-attenuation, and be used in various radiological environments. The basis of the GGH method is to force
each holdup deposit to fit the GGH model definition of a point, line, or area geometry with respect to the collimated detector
FOV. The assumption is that the detector can be positioned such that the holdup deposit will assume one of the geometries
shown in Fig. 10.33.

* Point: Point in the center of the detector FOV and small enough in diameter to occupy less than 3% of the FOV

* Line: Line extending across the FOV in one direction but occupying less than 3% FOV in the opposite (1D) direction
(narrow)

* Area: Uniform distribution that extends beyond the FOV in all directions

Through the development of representative models and application of corrections for wall attenuation, finite source
geometries, and self-attenuation, a measured mass for point deposits, a linear density for line deposits, or an areal density
for area deposits can be determined. It should be noted that the GGH method is applied to most solid deposits in process
equipment where self-attenuation dominates the attenuation of the signal. This method is not applicable for materials where
attenuation is driven by other factors [46].
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Fig. 10.33 Diagram depicting the geometries considered in the GGH method
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Fig. 10.34 Example uranium spectrum and assigned ROIs for uranium holdup using GGH

10.4.3.2.2 Determining Net Counts for Analysis

The GGH method assumes that all deposits can be modeled as points, lines, or areas with respect to the detector FOV and
measured as such to determine the isotopic mass of the deposit. The measurement itself is a simple ROI technique that focuses
on the 186 keV gamma ray from ***U for uranium applications or the 414 keV gamma ray from ***Pu for plutonium
applications [47]. The GGH method begins with analysis of the net count rate in the ROI indicative of the isotope of interest.

An example spectrum showing the traditional ROIs used for uranium analysis is given in Fig. 10.34. ROIs #1 through #3
are related to the reference peak (**' Am in the following scenario and usually '°°Cd for plutonium applications) and are used
for quality control checks. The reference peak and associated backgrounds are monitored to ensure that the detector is stable
and operating properly. ROI #4 is the analysis ROI that encompasses the 186 keV peak. ROI #5 is referred to as the Compton
ROI and serves as a measure of the Compton continuum that is subtracted from the integral of ROI #4 to determine the
186 keV net peak area.

It is important to note that room background can have a significant impact on the GGH analysis and results and therefore
must be carefully considered. Room background is generally measured alongside the process equipment under inspection,
with the detector located at the same position and either pointed away from the deposit or with a high-Z plug inserted into the
collimator. The net room background for the isotope of interest is determined as previously described.
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The net room background rate is then subtracted to obtain the net count rate attributed to the source. This net count rate is
referred to as the uncorrected, room-background-subtracted, net count rate because it has yet to be corrected for wall or self-
attenuation.

C:{%l Z Sa(i) — Z Sc(i)]}—{lli Ba(i) — Z Bc(i)H (10.18)

t
i=DBeg, i=Begc B i=DBeg, i=Begc

where

Bega = first channel marking the analysis ROI

End, = last channel marking the analysis ROI

Begc = first channel marking the Compton ROI

Endc = last channel marking the Compton ROI

SA(i) = counts in the i channel of the analysis ROI from the source (cts)
Sc(i) = counts in the i channel of the Compton ROI from the source (cts)
Ba(i) = counts in the i channel of the analysis ROI from the background (cts)
Bc(i) = counts in the i/ channel of the Compton ROI from the background (cts)
tg = count time for the source measurement (s)

tg = count time for the background measurement (s)

This uncorrected, room-background-subtracted, net count rate is the basis for further analyses including determination of the
calibration constants and measurements of holdup deposits. Once the room-background-subtracted, net count rate is
determined and appropriate corrections are applied, the isotopic mass of the deposit can be determined.

10.4.3.2.3 Determining Calibration Constants

Detector calibrations are carefully performed using a single, well-characterized calibration standard to understand the detector
response to the generalized geometries (i.e., point, line, or area) and distributions of the deposit. Acceptable calibration
sources must be representative of the material to be measured (thin, deposit-like standards are preferred to thicker or spherical
standards), in a stable form, have a known geometry and packaging, and have a known self-attenuation value.

The calibration source is measured at the center of the FOV along the detector axis at a fixed distance (rp) to determine the
response to a point source. (Refer to the point-source geometry with respect the detector axis shown in Fig. 10.33.) The source
is then measured at small radial increments (s) across the FOV to determine the one-dimensional radial response or the
detector response to a distributed line-geometry deposit, as shown in Fig. 10.35. For a cylindrical collimator, rotational
symmetry is a good assumption; therefore, the response at each of the radial locations is assumed to be constant around the
concentric rings of the detector FOV (also shown in in Fig. 10.35) and determines the response to a distributed area-geometry
deposit.

This series of calibration measurements is first used to determine the geometric correction factors for a line (L) and
an area (A).

2 Z,'CRadial(i)

L=s —1 10.19
CRadial(O) ( )
52 Z[|i|cRadial(i)]
A=n"trm 28" 10.20
4 CRadiul(O) ( )

where

L = geometric correction factor for a line (cm)

A = geometric correction factor for an area (sz)

s = incremental radial measurement spacing (cm)

i = off-axis measurement positions

CRradial(l) = net count rate at position i from the radial response measurements (cps)
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Fig. 10.35 Diagram depicting the spatial response of the GGH detector. The radial response is determined by measuring the calibration (point)
source at each of the off-axis positions. The distance between each position is s

The calibration constants are then calculated using the following equations:

mya3s
Kp=- 10.21
g Cunc . Cqull . CFself . r(Z) ( )

K. =- Muass (10.22)
Cunc : CFwall . CFself -L- ro

Ki= - Mu2ss (10.23)
Cunc . CFwall . CFself ‘A

where

Kp = calibration factor for point-type deposits (g—s/cm?)

K, = calibration factor for line-type deposits (g—s/cm?)

K, = calibration factor for area-type deposits (g—s/cm?)

Mmyy35 = isotopic mass of the calibration standard (g)

Cune = uncorrected, room-background-subtracted, net count rate from the isotope of interest (cps)
CFwan = correction factor for wall attenuation

CFs.ir = correction factor for self-attenuation in the deposit itself

L = geometric correction factor for a line (cm)

A = geometric correction factor for an area (sz)

ro = measurement distance from the detector face (including the collimator offset) to the calibration standard (cm)
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The correction factors for the calibration standard should be well known. Alternatively, they can be calculated using the
following equations:

CF a1 = €XP(Hyatt * Prvatt * Xwall) (10.24)

HKact * Pact * *Xact
CFyor = 10.25
v I exp(/’lact “Pact * xact) ( )

where

Hyway = Mmass attenuation coefficient for the container wall material for the gamma-ray energy of interest (cm*/g)
pwal = density of wall material (g/cm3)

Xwan = thickness of the container wall (cm)

Haee = Mass attenuation coefficient for the actinide compound mixture at the energy of interest (cm?/g)

Pact = density of actinide compound mixture (g/cm?)

Xace = thickness of the actinide compound material (cm)

Once the calibration constants are determined for each geometry, measurements can be performed to obtain a total gram
quantity of a given holdup deposit.

10.4.3.2.4 Analysis of Holdup Deposits

Like the calibration calculations, the holdup deposit analysis begins by determining the uncorrected, room-background-
subtracted, net count rate in the ROI. However, an area background correction factor (CFg) is now applied for area geometries
to compensate for attenuation of the background signal by the process equipment: CFg = CFy,; for a single-walled deposit
and CFp =CF %Vull for double-walled deposits. For points and lines: CFg = 1.

. 1 Endy Endc 1 1 Endy Endc
cmz{gl PIENGEEY Sc(z')”—c—FB{g [ S Bai)— > Bc(i)]} (10.26)

i=Begy i=Begc i=Beg, i=Begc

where

Bega = first channel marking the analysis ROI

End, = last channel marking the analysis ROI

Begc = first channel marking the Compton ROI

Endc = last channel marking the Compton ROI

Sa = counts in the analysis ROI from the source measurement at channel I (cts)

Sc = counts in the Compton ROI from the source measurement at channel I (cts)

B = counts in the analysis ROI from the background measurement at channel I (cts)
B¢ = counts in the Compton ROI from the background measurement at channel I (cts)
tg = count time for the source measurement (s)

tg = count time for the background measurement (s)

CFg = area background correction factor

The importance of background measurements should also be noted. Background measurements should be performed
frequently. When background is unknown, unstable, or rapidly changing over the measurement campaign, it might be
necessary to perform background measurements before every deposit measurement. In more-stable environments, a single
background measurement may be used for multiple subsequent deposit measurements. Walk-downs of the facility and reliable
process knowledge should be considered when deciding how to proceed with background measurements.

10.4.3.2.5 Corrections

For holdup deposits, three corrections are typically applied: wall attenuation correction, finite source correction, and self-
attenuation correction. Without application of these correction factors, a systematic negative bias will result. The wall-
attenuation correction is straightforward and easily applied to gamma-ray measurements. The wall-attenuation correction is
again determined using Eq. 10.24.
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Next, the finite source correction must be applied to account for the fact that point and line deposits have a non-negligible
width that fills some fraction of the detector FOV at the given measurement distance. The portions of the deposit that are
off-axis from the center of the detector FOV have a lower detection efficiency that must be corrected for. The finite source
correction factor (CFgg) is dependent on the radial response of the detector and an empirical width parameter (w). This width
parameter is effectively the estimated diameter of a point or the estimated width of a line deposit. For example, w for a point
can be estimated as the diameter of an elbow in a pipe where material has accumulated. For a line, w can be estimated by the
width of a pipe. The finite source correction is not applied to area geometries because they are assumed to fill the detector FOV
completely.

wozw-r70 (10.27)
1 (22 () =\’
_ _ L2\
G =exp 3 ( FWEM ) (10.28)
CFrs= [”TG} ) (10.29)

where

wo = relative width (for lines)/diameter (for points) scaled by the ratio of the calibration distance at i = 0 to the measurement
distance to the deposit (cm)

w = empirical parameter for point diameter or line width of the deposit (cm)

ro = calibration distance at position i = 0 (including the collimator offset) (cm)

r = measurement distance from the detector face (including the collimator offset) to the deposit (cm)

G = calculated radial response at the edge of the deposit relative to the center

FWHM = full width half maximum of the Gaussian fit of the radial response (cm)

CFgs = finite source correction factor

n = geometry order (n = 2 for a point, n = 1 for a line, n = 0 for an area)

Measurement distances can be carefully chosen to reduce the effects of the finite source; however, environmental factors, such
as room background and physical access to measurement locations, generally drive the selection of the measurement distance.

Both the wall-attenuation correction and the finite source correction are applied linearly such that an intermediate specific
mass of the isotope can be calculated using Eq. 10.30.

My — (K . r”)('CW,C . CFFS . CFWaZZ) (1030)

where

m;,, = intermediate specific mass (wall attenuation and finite source corrections applied) (g, g/cm, g/cmz)

K = calibration constant associated with the deposit geometry (K = Kp, K;, or K, depending on the deposit geometry)
(gfs/cmz)

r = measurement distance from the detector face (including the collimator offset) to the deposit (cm)

n = geometry order (n = 2 for a point, n = 1 for a line, n = O for an area)

Cune = uncorrected, room-background-subtracted, net count rate in the analysis peak for the measured deposit (c/s)

CFgs = finite source correction factor

CF,,.n = wall attenuation correction factor

Standard uncertainty propagation techniques can be applied for calculations thus far because all are considered linear [46].

Once the finite source and wall-attenuation corrections have been applied, the nonlinear self-attenuation correction can be
applied. The self-attenuation correction must be applied to account for the gamma rays that are attenuated by the (high-Z)
deposit itself. The most common application of the self-attenuation correction is provided herein and depends on the measured
areal density of the deposit [48]. Alternative methods have been developed to address self-attenuation [49].
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Because self-attenuation depends on the actinide density, conversion of the specific mass of the isotope to the areal density
of the actinide is required. This conversion calls for process knowledge of both the isotopic distribution and the actinide
matrix.

My
mE_f1'fE (10.31)
where
mg, = elemental or actinide mass of the deposit (g, g/cm, g/cm?)

m;,, = intermediate specific mass (wall-attenuation and finite source correction applied) (g, g/cm, g/cmz)
f| = isotopic fraction by weight (enrichment)
fg = elemental fraction by weight (based on deposit compound)

The measured areal density of the actinide deposit is then determined by dividing the specific actinide mass by the area of the
point deposit or the width of a line deposit. The areal density for an area deposit is directly measured.

(0X) vteas = % , for a point (10.32)
x(3)

(05) pgeas = %,for a line (10.33)

(PX) p1eus = M for an area (10.34)

where
(PX)Mmeas = measured areal density (g/cm2)
w = empirical parameter for point diameter or line width

The true area density as a function of the measured areal density can then be determined using Eq. 10.35. Note that the self-
attenuation correction is now applied.

()= = oIl =+ () (10.35)

where
(px) = true areal density of the actinide (g/cmz)
i = mass attenuation coefficient for actinide deposit material at energy of interest (cm?/g).

The self-attenuation corrected areal densities must then be converted back to specific mass of the isotope:

mo=(ox) 2(%) f1 fe (10.36)

mL=(px) - w-f1f (10.37)

(px) - f1 - fe.for points, lines, and single — walled deposits
my=14 1 (10.38)

3 (px) - f; - fg-for double — walled area deposits

where

mp = final specific mass for a point (g)

my = final specific mass for a line (g/cm)
mu = final specific mass for an area (g/cmz)
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Note that for a double-walled deposit, the specific mass is divided by 2 to account for the fact that the deposits on both walls
are contributing to the signal.
Finally, to determine the total grams for a given deposit,

M=m-D (10.39)

where

M = total grams of the isotope of interest in the deposit (g)

m = specific mass for the deposit (g, g/cm, g/cm?2)

D = total deposit area or length depending on geometry (1 for a point) (cm?, cm)

For completeness, the resulting self-attenuation correction factor is

CFsprr = ( (p)j;) (10.40)

where CFs; = self-attenuation correction factor.

Note that the uncertainty for the self-attenuation correction factor cannot be calculated using standard propagation
techniques but instead must be propagated nonlinearly [44].

The holdup deposit width parameter (w) impacts the finite source correction (CFgg) and the self-attenuation correction
(CFsgLp) in opposite ways. If the estimated width parameter is larger than the actual deposit, then CFgg is overestimated, and
CFsgLr is underestimated. The converse is also true; if the estimate of the width parameter is smaller than the actual deposit,
then CFgs is underestimated, and CFgg; f is overestimated. Therefore, any bias caused by an inaccurate estimate of w is largely
cancelled and its magnitude much smaller than the overall uncertainty. The practical takeaway from this case is that the NDA
practitioner who is making holdup measurements with large enough r (measurement distance from the detector face to the
deposit) such that the deposits resemble those depicted in Fig. 10.33 can simply take the process equipment dimension as the
deposit width, saving valuable time by eliminating the need to measure deposit widths using handheld dose-rate meters.

The application of these correction factors is critical for the measurement of process holdup. Although the bias introduced
for a single measurement could be small, the amount of nuclear material in process holdup throughout an entire facility could
be significant. Without application of these corrections, holdup measurement results will always be biased low.

10.4.3.2.6 Hardware Considerations

Because the GGH method relies on simple ROIs, low-resolution gamma detectors are generally acceptable. Advantages of
low-resolution systems, such as Nal(TI), include room-temperature operation, low cost, and the lightweight (easily maneu-
verable) nature. The use of Nal(Tl) and the ROI method can be complicated or biased due to interferences, such as B2U/%2Th
decay (resulting from reprocessing of reactor returns) or the relatively low sensitivity to thin deposits in the presence of high-
energy gamma rays from room background [47, 50].

Because the GGH method assumes a radially symmetric response across the detector FOV, the detectors used for this
method should be cylindrical and must be side-shielded to reduce the effects of room background and collimated to ensure
rotational symmetry. The Nal(TI) detectors commonly used include a 1-inch collimator. For uranium applications, a **' Am
seed is placed between the detector face and the tin filters. This setup provides a stable and constant reference source for the
holdup measurements. For plutonium applications, a '°’Cd source is often employed. Tin filters are often placed in front of the
detector to eliminate low-energy gamma rays and X-rays from interfering with the reference peak. A diagram that illustrates
the primary detector components is provided in Fig. 10.36.

The data acquisition system for holdup measurements includes a modern multichannel analyzer (MCA) to store spectra and
a handheld computer or similar device to control the measurements. The current MCA used for Nal(TI) systems is the GBS
Elektronik MCA-527.

10.4.3.2.7 Benefits/Applications

The GGH method has many advantages. A single calibration source can be used to establish the response of the measurement
system. The robust geometry models are flexible enough to accommodate most holdup deposits. If the crude geometry
assumptions are reasonable, this method can provide a very good estimate of the mass of the deposit in a reasonably short
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Fig. 10.36 Diagram of the traditional Nal(T1) detector used for GGH measurements

amount of time, which allows a high volume of measurements to be performed in the relatively short inventory periods.
Finally, because high resolution is not required for most applications of the GGH method, Nal detectors with high efficiency
are often employed. Nal is lightweight, can be operated at room temperature, and is relatively inexpensive; therefore, it is cost
efficient to have multiple measurement systems operating around a facility.

10.4.3.2.8 Limitations

GGH is not without its limitations. The method relies on many assumptions and user inputs (including process knowledge
related to actinide mixture, enrichment, and geometric distributions of the source). The GGH method is only as good as the
assumptions that go into the models; thus, measurement experience is invaluable. The better the assumptions, the better the
results. Another significant limitation is the inability to handle deposits that approach infinite thickness. Because GGH relies
on the ROI method, certain interferences (especially those that have gamma rays in the Compton ROI) may affect the
measurement results.

10.4.3.3 ISOCS for Holdup Measurements
The ISOCS calibration software can be used to take more-accurate holdup measurements. As discussed in Sect. 10.4.2.2,
ISOCS has the capability to model the measurement geometry and physical parameters associated with the holdup material.

Information about the location, composition, and density that corresponds to holdup material is often limited; therefore, the
LACE and IUE tools are especially useful for these types of measurements. The LACE tool indicates whether the associated
gamma energies for a given radionuclide have the same calculated activities, and the IUE tool allows the user to investigate the
impact of varying one or more physical parameters in the model.

ISOCS is becoming more commonly used for holdup measurements, including by the International Atomic Energy
Agency for safeguards verification activities that involve uranium holdup measurements [39]. If the information regarding
the holdup characteristics is not well known, the uncertainties may not be the most precise or accurate [39]; however, it can
provide a low measurement uncertainty if the measurement parameters are well known.
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11.1 Introduction

The term densitometry refers to measurement of the density of a material by determining the degree to which that material
attenuates electromagnetic radiation of a given energy. Chapter 3 details the interaction of electromagnetic radiation
(specifically X-rays and gamma rays) with matter. Because electromagnetic radiation interacts mainly with atomic electrons,
densitometry measurements are element specific, not isotope specific. Two phenomena occur during a densitometry
measurement: first, part of the incident radiation energy is absorbed; and second, the ionized atoms emit characteristic
X-rays as they return to their ground states. This latter process, known as X-ray fluorescence (XRF), is a powerful method for
element-specific assays. (See Chap. 12 for details of the XRF technique.) In some cases, gamma-ray transmission
measurements can provide information not only on the bulk density of a sample but also on its composition. Because the
attenuation of low-energy photons (primarily by the photoelectric effect) is a strong function of the atomic numbers (Z) of the
elements in the sample, a measurable signature is provided on which an assay can be based.

This chapter describes various densitometry techniques that involve measurement of photon absorption at a single energy
and at multiple energies and measurement of differential photon attenuation across absorption edges. Applications using these
techniques are discussed, and measurement procedures with typical performance results are described.

All densitometry measurements discussed in this chapter are based on determination of the transmission of electromagnetic
radiation of a given energy by the sample material. The mathematical basis for the measurement is the exponential attenuation
relationship between the intensity (Iy) of photon radiation of energy (E) incident on a material and the intensity (I) that is
transmitted by a thickness (x) of the material:

I=1Ipe M* (11.1)

where p is the mass density of the material, and u is the mass attenuation coefficient, which is evaluated at the photon energy
(E). The incident and transmitted intensities are the measured quantities. Their ratio (I/Iy) is called the transmission (T) of the
material at the photon energy of interest. If any two of the three quantities in the exponent expression are known from other
data, the third quantity can be determined by the transmission measurement. A strong advantage of a procedure that measures
photon transmissions is that the data are handled as a ratio of two similarly measured quantities, thereby removing many
bothersome systematic effects that often complicate the measurement of absolute photon intensity.
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Fig. 11.1 Key components of a densitometry measurement

The measured electromagnetic radiation can originate from an artificial X-ray source (that emits photons with a continuous-
energy spectrum) or from a natural gamma-ray source (that emits gamma rays with discrete energies). The sample material is
placed between a photon source and a photon detector (see Fig. 11.1). The transmission of the sample is determined by
measuring the photon intensity of the source both with (I) and without (Iy) the sample material present.

11.2 Single-Line Densitometry
11.2.1 Concentration and Thickness Gauges

If a sample is composed of one type of material or of a mixture of materials whose composition is tightly controlled except for
one component, then the sample transmission at one gamma-ray energy can be used as a measure of the concentration (density
p) of the varying component. Normally, discrete-energy gamma-ray sources are used. For example, consider a two-component
system such as a solution of uranium and nitric acid, whose components have respective densities p and po, and mass
attenuation coefficients y and g at a given gamma-ray energy. The natural logarithm of the photon transmission at that energy
is given by

In(T) = — (up + popo)x. (11.2)
With p as the unknown concentration,
1 HoPo
= —(—|In(T) — 2=, 11.3
p= = (g Jni) - (1)

Equation 11.3 may be applied as a gauge for the concentration of an unknown amount of substance (p) in a known, carefully
controlled solvent concentration (py). In applying the concentration gauge to special nuclear material (SNM; uranium and
plutonium) solutions, it is critical that both of the mass attenuation coefficients be well characterized for the solvent (o) and
for the SNM () and that the solvent composition (pg) be well known and constant from sample to sample. The sample
solutions should not be vulnerable to contamination because contamination would cause variations in the effective values of
po and

Single-line measurement can also be applied as a thickness gauge for materials of known and tightly controlled composi-
tion. Online measurement of the transmitted photon intensity at one energy through metals and other solids in a constant
measurement geometry is a direct measure of the thickness (x) of those materials. Such information is useful for timely control
of some commercial production processes.
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11.2.2 Measurement Precision

Consider the case of a single-line concentration measurement in which no significant fluctuations are present in the solvent
composition. The measurement precision of the unknown quantity (p) is determined by the statistical variance of the
transmission (T). The relative precision of the density measurement is obtained by propagating the statistical uncertainty in

the transmission ratio (T).
o(p) _ (1 \[o(T)
2= im) ') (4

In writing Eq. 11.4, it is assumed that transmission (T; equal to I/Iy) is due to the SNM component only. The transmission
through the matrix component is accounted for as part of Iy; i.e., I is the transmission through a blank solvent solution with no
SNM.

Iy = e Forot, (11.5)
1= e—(ﬂl’+ﬂopo)x’ (116)
I — ppx
T=+—=e¢ ", (11.7)
Iy

Therefore, In(T) = —ppx.

This expression shows a range of transmission values over which the relative precision of the density measurement is
smaller than that of the transmission, as illustrated in Fig. 11.2, which shows the favorable precision regime, |In(T)| > 1 or
T < 0.37. For larger transmission values, the relative precision of the density is larger than that of the transmission, and the
measurement suffers accordingly. Note that when T approaches 1, the expression for the relative precision diverges because of
the factor 1/(In(T)). Because the sample material is absorbing none of the incident radiation, there is no assay signal.

The range of useful transmission values can also be related to a characteristic concentration, p. = 1/px. When In(T) > 1,
then p > p., and the measurement is in the favorable precision regime; but when p > p,, the assay signal is too small, and the
precision is unfavorable. By determining the favorable operating range from the point of view of this characteristic
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Fig. 11.2 Precision of single-energy densitometry as a function of sample transmission for two values of incident photon total counts (from
Eq. 11.8). The optimum transmission is that which gives the smallest relative measurement precision, which corresponds to a concentration that is
greater than the characteristic concentration, pc, where In(T) = 1. (Note the logarithmic scale on the horizontal axis)
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concentration, one can choose a reasonable sample thickness (x) given the intrinsic properties of the sample material to be
measured (u) and the expected range of sample concentrations.
Because of the symmetry in p and x in Eqgs. 11.1, 11.2, and 11.3, Eq. 11.4 also expresses the relative precision of a
thickness measurement. For a thickness measurement, the precision can be enhanced by a judicious choice of photon energy.
There are limits on both how high and how low the sample transmission should be for optimum measurement precision.
Because T = I/l and the intensities are statistically varying quantities, Eq. 11.4 can be rewritten as

olp) 1 (T+1\
ppln(T)<10T>' (11.8)

In Fig. 11.2, a plot of this relationship shows the deterioration of the measurement precision at the high- and low-concentration
extremes. The optimum range of T is below the point where In(T) = 1, in keeping with the definition of p. The range of T over
which the quantity o(p)/p is near a minimum determines the instrument design features (sample thickness, measurable
concentration range, and photon energy). These features are also important in the more complex densitometry measurements
described in Sects. 11.3 and 11.4.

Note that the above discussion deals with the measurement precision determined by counting statistics alone. Generally,
other factors can cause added fluctuations in the measurement results; they include variations in the matrix material (solvent)
and possible instrumental fluctuations. As a result, the precision of an assay instrument should be determined by making
replicate measurements of known standards that represent the full range of sample and solvent properties.

11.3 Multiple-Energy Densitometry

Measurement of photon transmission at one energy allows for the assay of only one substance or component of a mixture; the
concentration of the other components must be kept constant. Measurement of photon transmission at two energies allows for
the assay of two components of a mixture. Such a compound measurement stands the greatest chance for success the more the
attenuation coefficients of the two components differ from one another. Analysis of the concentration of a high-Z element in a
low-Z solvent is an excellent example of a two-energy densitometry measurement.

11.3.1 Analysis of Two-Energy Case

Consider a mixture of two components with (unknown) concentrations p; and p,. Let the mass attenuation coefficient of
component i measured at energy j be given by

=i (E)) (11.9)
and define the transmission at energy j as
Tj= e (Mprtmn)r (11.10)

The measurement of two transmissions gives two equations for the two unknown concentrations:

—In(T
# =M =pp, + uyps

o) (11.11)
—In

x 2 =My = ipy + #3p;

By attributing the measured absorption to the two sample components, we are actually defining the incident radiation to be the
intensity transmitted by an empty sample container. The solution to the above equations is
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D= pip5 — popii-

For Eq. 11.11 to have a solution, the determinant of the coefficients (D) must be nonzero. This condition is virtually assured if
the mass attenuation coefficients for the two components have significantly different energy dependences. Physically, this
condition means that the assay is feasible if the components can be distinguished from one another by their absorption
properties. This criterion further suggests two possible choices of photon energies. First, if two widely differing energies are
used, the different slopes of u versus E for the high-Z and the low-Z components suffice to differentiate between them.
Second, by choosing photon energies near and on either side of an absorption edge for the heavier (higher-Z) component, the
energy dependence for the mass attenuation coefficient of the higher-Z material will appear to have the opposite slope to that
of the low-Z component, making the two components easily distinguishable. This approach is especially promising in assays
of SNM in low-density matrices or in assays of two SNM components.

11.3.2 Measurement Precision

The primary source of random measurement uncertainty is the statistical variance of the transmission measurements. The
expression for the relative precision of each component’s concentration is given by
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Because the assay result varies inversely with the sample thickness (see Eq. 11.11), the sample thickness (x) must be very well
known or held constant within close tolerance.

(11.13)

11.3.3 Extension to More Energies

In principle, the multiple-energy densitometry technique can be extended to three or more energies to measure three or more
sample components. In practice, such a broadening of the technique undermines the sensitivity of the measurement for some
sample components because it is extremely difficult to select gamma-ray energies that can sample different energy
dependences of the absorption of each of the components. Accordingly, multiple-energy densitometry is rarely extended
beyond the two-energy case.

11.4 Absorption-Edge Densitometry

Absorption-edge densitometry is a special application of two-energy densitometry. The photon energies at which the
transmissions are measured are selected to be as near as possible to and on opposite sides of the absorption-edge discontinuity
in the energy dependence of the mass attenuation coefficient for the unknown material [1]. Both the K and the L;; absorption
edges have been used in nondestructive assay (NDA) of SNM (see Sect. 11.7 for specific applications). Figure 11.3 shows the
attenuation coefficients for plutonium, uranium, and selected low-Z materials and includes the K- and L-edges for the heavy
elements.

Absorption-edge densitometry involves the measurement of the transmission of a tightly collimated photon beam through
the sample material. The collimation defines the measurement geometry and reduces interference from radiation emitted by
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Fig. 11.3 Energy dependence of the photon mass attenuation coefficients for uranium, plutonium, and selected low-Z materials. Note the
absorption edge discontinuities for uranium and plutonium in the 17-20 keV (L-edge) and 115-122 keV (K-edge) energy regions
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Fig. 11.4 Expanded schematic of the mass attenuation coefficient as a function of photon energy. Curves are shown for a sample material
(s) assumed to be a heavy element, a heavy-element matrix component (M), and a light-element matrix component (m)

the sample material. Because the collimation selects only a small fraction of the sample volume, the sample must be highly
uniform for the assay to be representative of all of the material. As a result, the absorption-edge technique is best suited for
solution assays, although it has been used for assays of solids [2—4].

11.4.1 Description of Measurement Technique
Consider the typical case of a high-Z (SNM) component in a low-Z (solvent) matrix. Figure 11.4 depicts the attenuation

coefficients and measurement energies above (U) and below (L) an absorption edge. (The discussion emphasizes K-edge
measurements, but the analysis is similar in the L-edge region as well.) The subscript S refers to the measured element, and the
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Table 11.1 Absorption-edge energies and discontinuities for selected SNM components

Property ‘ Uranium ‘ Plutonium
E(K) | 115.6 keV | 121.8 keV
E(Ly) [17.2 keV |18.0 keV
Au(K) 3.7 cm?/g 3.4 cm?/g
Apu(Ly) 55.0 cm?g 52.0 cm?/g

subscripts M and m refer to the high- and low-Z matrix elements, respectively. The magnitudes of the attenuation coefficient
discontinuities and the edge energies of interest are given in Table 11.1.
Equation 11.14 gives the transmission of photons through the solution at the two measurement energies E;; and E;.

In(T.) = — (ubps + ulp,,)x

In(Ty) = = (udpy + ppn)x )
To solve for the measured element concentration,
pFA%M“(%)”ﬂi(%T) (11.15)
where
Ap=p; — ;>0 (11.16)

Ap,, = pty — ) >0

The second term in Eq. 11.15 expresses the contribution from the solvent matrix. Because the transmissions are measured
relative to an empty sample container, the transmission of the sample container does not influence Eq. 11.15. Note the
similarity of Eq. 11.15 to the single-line case (Eq. 11.3), with y’s replaced by Au’s.

Because the matrix term in Eq. 11.15 is independent of SNM concentration and sample cell geometry, it can be applied to
any absorption-edge densitometry measurement for which the solution transmissions are measured relative to an empty
sample container. Ideally, if E; = E; = Eg, then Ay, = 0, and the measurement is completely insensitive to any effects from
the matrix. However, in practice, the two measurement energies differ by a finite amount, so some residual matrix correction
may be necessary. In cases where the matrix contribution can be significant, it can be determined empirically by assaying a
solution that contains only the matrix material, or its effect can be deduced analytically. For further discussion of matrix
corrections for absorption-edge densitometry, see Sect. 11.4.4.

The ratio of the two transmissions at the two measurement energies (R = T;/Ty) is the measured quantity, and Ay and x are
constants that can be evaluated from transmission measurements with calibrated standards of well-defined concentrations.
With judiciously chosen photon energies, this technique will provide very reliable, nearly matrix-independent assays of
specific elements whose absorption edges lie between the transmission source energies.

11.4.2 Measurement Precision

Differentiation of Eq. 11.15 gives the relative precision of a densitometry measurement:

- ()] )]

The fractional error in R is determined by the counting statistics of the transmission measurements. In analogy with the
discussion of Eq. 11.4, the choice of measurement parameters can be guided by reference to a characteristic concentration,
p. = 1/ Aux. When p > p,, the measurement is in the favorable precision regime, where o(p)/p < o(R)/R. But if the SNM
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Table 11.2 Characteristic concentrations for uranium and plutonium

Characteristic concentration ‘ Uranium (g/L) | Plutonium (g/L)
po(K) 1270 1294
peLam) ‘ 13 | 19
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Fig. 11.5 Calculated relative statistical uncertainty in plutonium concentration (g/L) by K-edge densitometry as a function of sample cell thickness
(transmission path length). The empty cell transmission counts below the K-edge (I,;) were taken to be 2 x 10% in the 121.1 keV photopeak

concentration is too far above p,, the excessive absorption deteriorates the measurement precision, primarily because of the
enhanced absorption of the transmission gamma rays above the absorption edge. The statistical fluctuations of the very small,
transmitted intensity at E;, is then overpowered by the statistical fluctuations of the background in that energy region.

Table 11.2 shows the values of these characteristic concentrations for a 1 cm transmission path length (x = 1 cm). The table
implies, for example, that for a 1 cm sample cell thickness, K-edge assays of plutonium concentrations greater than 300 g/L
would be in the favorable precision regime. For assays of 30 g/L solutions, the sample-cell thickness should be greater than
0.5 cm for Lj-edge assays and greater than 9 cm for K-edge assays.

A more analytical approach can be used to optimize measurement parameters. Figure 11.5 shows the calculated statistical
measurement precision (Eq. 11.17) as a function of transmission path length (x) for a variety of SNM concentrations. The
figure shows, for example, that a densitometer designed for 30 g/L. SNM solution assays should have a sample cell thickness
of 7-10 cm.

The final test in evaluating the design of a densitometer is empirical determination of the assay precision. Figure 11.6
shows the precision of a series of measurements on a K-edge densitometer (KED) designed for low- to medium-concentration
plutonium solution assays with a 7 cm thick sample cell [5]. Figure 11.6 agrees well with the theoretical curve shown in
Fig. 11.5.

Calculations of measurement precision are helpful in determining design parameters for optimum instrument perfor-
mance. Figure 11.7 shows the results of such calculations for both K- and Ly-edge densitometers [6]. The ranges of
plutonium concentrations over which the relative measurement precision is better than 1% are shown for different sample
thicknesses (x).

11.4.3 Measurement Sensitivity
A useful parameter in the specification of an NDA instrument is its “minimum detectable limit,” which is that quantity of

nuclear material that produces an assay signal significantly above background in a reasonable count time [7, 8]. For nuclear
waste measurements where the minimum detectable limit is an important instrument specification, an assay signal that is three



11 Densitometry 245

=== 20 Minute Assay
=40 Minute Assay

=
<
< 10° +
S
—
—— ®
0 20 40 60 80 100

Plutonium Concentration p(g/¢)

Fig. 11.6 Relative statistical precision achieved in a plutonium concentration measurement by K-edge densitometry using *°mCi of °Se and
25 mCi of *’Co as a function of sample concentration for a sample cell thickness of 7 cm. At 200 g/L, the precision increased to 5% for a 40 min
count time. Curves are shown for two count times [5]
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Fig. 11.7 Indications of sample transmission thicknesses (x) over which plutonium concentration assays can be performed by absorption-edge
densitometry to better than 1% statistical precision. Shaded regions for the K- and L;-edge techniques show plutonium concentration ranges over
which this precision is achievable

standard deviations (99% confidence level; [9]) above background is considered to be significant. This limit can also be
regarded as a measurement sensitivity because it characterizes a lower limit of SNM than can be detected with some level of
confidence.

Because absorption-edge densitometers are usually built for specific assay applications in well-defined SNM solution
concentration ranges, the minimum detectable limit is not particularly important. However, the measurement sensitivity can
serve as a convenient quantity for comparing design approaches and other factors that influence instrument performance.

To obtain an expression for the measurement sensitivity of an absorption-edge densitometer, the assay background must be
defined so that the minimum detectable assay signal can be determined. The statistical uncertainty in the measured density is
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given in Eq. 11.17. The ratio (R) of the two transmissions above and below the absorption edge is composed of raw gamma-
ray (or X-ray) photon intensities that vary according to the usual statistical prescriptions. When the SNM concentration is zero,
the solution is entirely matrix material (typically acid) and

Ty=TL=T= exp(— pppX)- (11.18)

When the SNM concentration is zero, R = 1. Starting from Eq. 11.15, assuming that the solvent concentration p,,, does not
fluctuate and recognizing that Ty, = I; /Iy, Ty = Iy/lpy, and Ty, = Ty = T, it can be shown that the uncertainty in the
concentration of SNM is calculated as follows:

SR B N B B (11.19)
P)= B \Tow " Tor " Tloy * Tlot) ’

Equation 11.19 expresses the uncertainty in the background. The 3¢ criterion provides an expression for the minimum
detectable limit (or sensitivity, s) for an absorption-edge densitometer:

1

-l )

where the units of Aux are cm’/g.
Equation 11.20 shows that the measurement sensitivity is affected by several measurement parameters:

* The sensitivity suffers in low-transmission samples.

* Long counts of the unattenuated photon intensities (Iy) improve measurement sensitivity.

* L-edge measurements, with their larger Ay, are more sensitive than K-edge measurements (if all other measurement
parameters remain the same).

* An increase in sample cell thickness may improve the measurement sensitivity, but the accompanying decrease in T will
compete with that improvement.

11.4.4 Matrix Effects

The absorption-edge technique is insensitive to the effects of matrix materials if both transmissions are measured at the
absorption edge. However, with a finite energy separation of the transmission gamma rays, the matrix contribution is nonzero
and is represented by the second term in Eq. 11.15. This term can become significant for low SNM concentrations, p, or when
the spacing between the assay energies, E; and E, becomes large; either condition threatens the validity of the inequality,

Appy < Dupy, (11.21)

The natural width of the absorption edge (less than 130 eV) and the energy resolution of the detection system (typically
500 eV or more) are intrinsic limitations to the design of an instrument that attempts to minimize the effects of matrix
attenuation by using closely spaced assay energies. The limited availability of useful, naturally occurring radioisotopes also
leads to compromises in the choice of transmission sources. One very useful technique for reducing the matrix effect is an
extrapolation procedure applied to the measured transmission data [2, 5]. The procedure attempts to extrapolate the measured
transmissions to the energy of the absorption edge. This extrapolation is possible because the energy dependence of the mass
attenuation coefficients over narrow energy ranges is known to be a power law:

log p(E) =k log E + B. (11.22)
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Table 11.3 Slopes (k) and intercepts (B) for the linear dependence of log u(E) versus log (E) for various
materials of interest in the 100-150 keV energy region (log to base 10) [10]

Solution Component k B
Plutonium (above K-edge) —2.48 5.83
(below K-edge) —2.56 542
Uranium (above K-edge) —2.49 5.82
(below K-edge) —-2.71 5.65
Tungsten —2.50 5.65
Tin —2.45 5.12
Iron —1.57 2.70
Aluminum —0.500 0.227
Water —0.306 —0.153
Nitric acid —0.314 —0.171

The slope parameter (k) is essentially the same for elements with Z > 50, with an average value of approximately —2.55 near
the uranium and plutonium K-edges [2]. Table 11.3 gives the extracted values for the slopes and intercepts of several
substances of interest to SNM assay [10].

As an example of a general assay case, consider a solution of SNM in a low-Z solvent with possible additional heavy-
element (Z > 50) matrix contaminants. Equation 11.15 generalizes to

(LY (I Apy Apy
py= <A,ux> ln(TU> +'0M<A/4) +pm<A,u . (11.23)

The subscript M refers to the high-Z matrix contaminant, and the subscript m represents the low-Z matrix (solvent); and in
analogy with Eq. 11.16,

Ay = pip — Pag- (11.24)

(See Fig. 11.4.) The measured transmissions are then extrapolated to the SNM K-edge using the energy dependence of
u(E) for the heavy elements. Because the slope parameters (k) for Z > 50 are all essentially the same, the SNM and high-Z
matrix absorption coefficients can be transformed with the same k (for example, the average value, —2.55). As a result, the
transformed Ay, vanishes, and the assay result becomes

1 T{ cunp
= In| =L Lmbm ) 11.25
Ps (AMX) n(T?) - (Aui (11.25)

where Ay (which equals u] — u”; see Fig. 11.4) is now defined across the absorption edge (in this case, the K-edge) rather
than between the energies E; and E.
The constants a, b, and ¢ are defined as

a=(Ex/EL)
b=(Ex/ Ek”)k, e (11.26)
_(Ex)  _(Ex)
“T\E, Ey ’
where k = —2.55 and k’ = —0.33 (the average value of k for elements with atomic numbers less than 10). This procedure

renders the assay essentially independent of the heavy-element matrix but still leaves a residual correction for the light-
element matrix. It is not possible to remove the effects of both the light- and heavy-element matrix materials because k # k’.
The transmissions must be corrected for the acid matrix contributions because the transmissions are measured relative to an
empty sample cell. If the reference spectra (the I, intensities) were taken with the cell full of a representative acid solution, no
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acid matrix correction would be necessary. However, any fluctuation in acid molarity would bias the measurement of an actual
sample. The density of nitric acid (p,,) and the acid molarity (M) are related [11] by

pm=1+0.03 M. (11.27)

For plutonium K-edge assays in which the K-edge is closely bracketed by >’Co and °Se gamma rays (see Sect. 11.4.6), this
low-Z matrix correction is small but may be important at low plutonium concentrations. For example, the correction term in
Eq. 11.23 for 3 M nitric acid is equivalent to approximately 0.87 g plutonium/L [5]. Equation 11.25 shows that fluctuations in
acid molarity cause fluctuations in the acid matrix correction that are only 3% as large, so careful control of the acid molarity is
important only at very low SNM concentrations.

For uranium K-edge assays with a 19Yb transmission source (E;, = 109.8 keV, Ey = 130.5 keV), the extrapolation
procedure greatly improves the quality of the assay results. This effect is demonstrated graphically in Ref. [2], where assays of
uranium solutions with varying tin concentrations were shown to be matrix-independent with the extrapolation correction.
Several other matrix effects studies are described in Ref. [12].

11.4.5 Choice of Measurement Technique

Because of differences in the Ay values at the K-edge versus the L;;~edge, the measurement sensitivity (defined in Eq. 11.20)
is more than an order of magnitude larger at the L;~edge than at the K-edge, other parameters being equal (see also
Table 11.1). However, because of the higher penetrability of photons at the K-edge energies, thicker samples can be used for
the K-edge measurements, thereby enhancing K-edge sensitivity.

If significant quantities of lower-Z elements (such as yttrium and zirconium) are present in a sample, the K-edges of these
elements cause discrete interferences that bias the L;; assays of uranium and plutonium [12]. Furthermore, detector resolution
at L;; energies limits the ability to perform L;;-edge assays in the presence of significant amounts of neighboring elements
(uranium with protactinium or neptunium; plutonium with neptunium or americium). The K-edge measurements are not
subject to such interferences. In addition, the higher photon energies required for the K-edge transmission measurements
permit the use of thicker or higher-Z materials for sample cell windows, an important practical consideration for in-plant
operation. Finally, more flexibility exists in the availability of discrete gamma-ray transmission sources for K-edge
measurements.

11.4.6 Transmission Sources

The most versatile transmission source is the bremsstrahlung continuum produced by an X-ray generator. The intensity of this
source can be varied to optimize the count rate for a variety of sample geometries, concentrations, and thicknesses.

The X-ray generator voltage, which determines the assay energy range, can be adjusted and the spectrum tailored
appropriately for the assay of specific elements. Furthermore, matrix effects can be minimized by extrapolation of the
measured transmissions to the absorption edge. Commercial units are available with power supplies that are highly stable
and X-ray tubes that are long-lived for long-term reliable operation in either the K- or the L;;~edge energy regions.

The use of discrete gamma-ray lines that bracket the absorption edge—the alternative to the continuum transmission
sources—has been demonstrated successfully in several instruments. This technique is appropriate for K-edge assays.
Discrete gamma rays are not available as primary emissions in the L;;-edge energy region. This approach depends on the
availability of relatively slowly decaying radioisotopes that emit gamma rays of appropriate energies and sufficient intensities.
For example, a convenient combination for the K-edge assay of plutonium (Ex = 121.8 keV) is the 121.1 keV gamma ray
from 7°Se (half-life = 120 days) and the 122.1 keV gamma ray from >’Co (half-life = 270 days). The proximity of both
energies to the plutonium absorption edge minimizes the effects of the matrix and enhances the sensitivity of the assay
[1]. Because of the different half-lives, accurate decay corrections or frequent measurements of the unattenuated intensities
(Ip) are required. The use of '®”Yb (half-life = 32 days) for uranium assay at the K-edge [2, 3] has the advantage of requiring
no decay correction because both gamma rays come from the same source. However, the larger energy separation
(E, = 109.8 keV, Ex = 115.6 keV, Ey;, = 130.5 keV) introduces a larger matrix sensitivity (larger Ay,,) and a smaller
assay sensitivity (smaller Ay). Furthermore, whether using ">Se or '°*Yb, to maintain acceptable counting statistics, the source
must be replaced frequently because both sources have short half-lives. The extrapolation technique discussed in Sect. 11.4.4
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is especially effective in reducing the matrix sensitivity. A detailed discussion of convenient radioisotopic sources for
absorption-edge densitometry appears in Ref. [1]. Several variations on these two basic transmission source configurations
are discussed in Ref. [12].

11.5 Single-Line Densitometers

The measurement of photon transmission at a single energy has been applied using low-resolution detectors for assay of SNM
in solution and in reactor fuel elements. These instruments use low-energy gamma-ray transmission sources to minimize the
ratio po/u (see Eq. 11.3) and thus reduce the sensitivity to variations in the low-Z matrix.

One instrument uses an >*' Am transmission source mounted in the center of an annular cell that contains SNM solution
[13, 14]. The cell is surrounded by a 4z plastic scintillator. The instrument separates the transmitted 60 keV gamma ray from
the background sample radiation by modulating the source with a rotating, slotted, tungsten shield. Designed to assay high
concentrations (>200 g/L) of SNM, the instrument is sensitive to 1% changes in SNM concentration at the 95% confidence
level.

A single-line densitometer has been used to determine the density of SNM in pelleted and compacted ceramic fuel elements
[15]. The 67 and 76 keV gamma rays of '’'Tm and the 84 keV gamma ray of '"*Tm are detected by a 1 in. diameter Nal
(T1) detector. The gross detector signals are counted in the multichannel scaling mode as the fuel elements are scanned to give
the SNM density profile. The sensitivity of the instrument to SNM is 0.2 g/cm?® at the 95% confidence level.

11.6 Dual-Line Densitometers

Dual-line densitometry has application to solids (fuel elements) and to solutions. Low- and high-resolution gamma
spectrometers have been used to assay a low- and a high-Z component as well as to assay two high-Z components.

A dual-line densitometer has been used to determine the densities of the low-Z (silicon and carbon) and high-Z (thorium
and uranium) components in high-temperature, gas-cooled reactor fuel pellets [16, 17]. The transmission source provides two
widely differing gamma-ray energies (122 keV from >’Co and 1173 and 1332 keV from ®°Co) so that the sensitivity to the two
components is based on the different slopes of i versus E at low and high Zs. Equation 11.12 applies in this case. Fuel pellet
cakes that contain 92-95% thorium and 5-8% ***U with a low-Z-to-heavy-Z weight ratio of 1.6-2.4 were assayed in 2 min
measurement periods. The sensitivity to changes in the weight of either component was 3% or better at the 95% confidence
level.

Dual-line solution densitometry has also been applied to the assay of two SNM components by measuring transmissions at
two low gamma-ray energies [18, 19]. The transmission energies were chosen to bracket the L-absorption edges of the higher-
Z component (element 2) in such a way that in Eq. 11.11, u} =3 and p! > 3. Thus, Eq. 11.11 can be solved to give the
concentration of element 1, independent of element 2:

A T

where Ay, = p3 — ul. The measured T, and p; are then used to obtain the concentration of element 2:

Py = (I"(T2)> i (11.29)

1 1

Dual-line densitometry has been applied to thorium and uranium assay using secondary sources of niobium and iodine K,
X-rays (at 16.6 and 28.5 keV, respectively) fluoresced by a 100 mCi **' Am source. These X-rays bracket the L-edges of
uranium; however, 16.6 keV is just above the L;; absorption edge of thorium (at 16.3 keV). Measurements were performed
using low-resolution [18] and high-resolution [19] gamma-ray spectroscopy. The high-resolution experiments used
reference solutions containing mixtures of thorium and uranium with total SNM concentrations between 35 and 70 g/L.
In the range of 0.25 < p/py < 4.0, the precision of the thorium and uranium concentration assay was 1% or better for
4000 s count periods.



250 R. Venkataraman et al.
11.7 Absorption-Edge Densitometers

Assay of uranium and plutonium solutions by the absorption-edge densitometry technique has been demonstrated in field tests
of several instruments that perform K-edge or L;;-edge measurements. The instruments were designed for solution scrap
recovery or reprocessing applications. Each instrument uses a high-resolution gamma-ray spectrometer (typically high-purity
germanium [HPGe] for K-edge assays and Si(Li) for L;-edge assays) and a computer-based multichannel analyzer. The
measurement precision achieved in each case approaches the statistical prediction, which is typically 0.5% or better for short
(30 min) count periods.

The transmission sources used by the K-edge instruments are discrete gamma-ray sources or bremsstrahlung continuum
(X-ray) sources. The 109.8 and 130.5 keV gamma rays of '**Yb are used for discrete K-edge assays of uranium, and the 121.1
and 122.1 keV gamma rays of "°Se and >’Co are used for discrete K-edge assays of plutonium. Only X-ray generators have
been used in the L;;-edge instruments.

The absorption-edge assay relies on Eq. 11.15. The assay precision (Eq. 11.17) depends on several variables, including Ay,
X, solution concentration, count time, and incident beam intensity. It is therefore convenient in comparing various instruments
to use the characteristic concentration parameter [p. = (1/Aux)] for each instrument. The instrument relative precision is
defined as the precision measured at the optimum concentration for a fixed count period. This optimum concentration is that
for which the relative precision [o(p)/p] is a minimum (see Figs. 11.5 and 11.6).

Tables 11.4 and 11.5 list the K-edge and L;;-edge densitometers that have undergone field testing. The characteristic
concentration (p.) and the empirically determined optimum concentration (shown in parentheses beneath p.) are given for
each instrument. The tables specify the solutions used to obtain the data and to quote the measured precisions at the optimum
concentrations in specified count periods. Detailed discussions of the instruments listed in Tables 11.4 and 11.5 are given in
Sects. 11.10 and 11.11.

11.7.1 K-Absorption-Edge Densitometers

Several KEDs have been tested and evaluated under actual or simulated in-plant environments. Table 11.4 summarizes the
performance data for the instruments.

Table 11.4 K-absorption-edge densitometers

Pe
p optimum Precision Live

Instrument test location (g/L) SNM | Solution type 1o (%) time (s) References
Los Alamos National Laboratory 135 U HEU® SR® 0.5 1000 [12, 20, 21]
Los Alamos, New Mexico (USA) (300) miscellaneous
Oak Ridge National Laboratory 55 U HEU® SR® 0.5 600 [22, 23]
Y-12, Oak Ridge, Tennessee (USA) (100) miscellaneous
Allied General Nuclear Services 80 Pu Prepared (fresh, 0.2 1200 [12, 24, 25]
Barnwell, South Carolina (USA) (200) aged)
Power Reactor and Nuclear Fuel Development 150 Pu RP° product (fresh, |0.2 2000 [12, 26-28]
Corporation, Tokai (Japan) (300) aged)
Savannah River Plant® 40 Pu RP* product (fresh) | 0.2 2000 [5, 12, 29]
Aiken, South Carolina (USA) (60)
International Atomic Energy Agency Seibersdorf 150 Pu Prepared 0.3 500 [30]
(Austria) (portable) (300)
Kernforschungszentrum Karlsruhe (KfK)® 150 U Prepared RP¢ 0.2 1000 [12, 31, 32]
Karlsruhe (Germany) (continuum source) (300) Pu product 0.2 1000 [33]

U |: ”RPfeed" :| 0.2 1000

(+Pu) . Y 1.0

U

*HEU highly enriched uranium

PSR scrap recovery

°RP reprocessing plant

9dPresent-day Savannah River Site

“Present-day Karlsruhe Institute of Technology
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Table 11.5 L;;-absorption-edge densitometers

Pe
p optimum Precision lo
Instrument test location (g/L) SNM Solution type (%) Live time (s) | References
Savannah River Laboratory® 16 UorPu |RP® product 0.3 1000 [12,21, 34]
Aiken, South Carolina (USA) (50) U RP product 0.2
(+Pu) U:Pu::2:1 1.0
Pu
(+U)
Argonne National Laboratory 15 U or Pu | Prepared 0.3 1000 [35]
New Brunswick Laboratory® (50) U Prepared 0.2 2000
Chicago, Illinois (USA) (+Pu) U:Pu::2:1 0.9 2000
Pu
(+U)
Allied General Nuclear Services | 19 U U, natural enrichment 0.7 250 [36]
Barnwell, South Carolina (USA) | (35) (flowing)
Los Alamos National Laboratory | 16 U U, natural enrichment 0.2 1000 [37]
Los Alamos, New Mexico (USA) | (60)
(Compact)

“*Present-day Savannah River Site
°RP reprocessing plant
“Present-day NBL Program Office

11.8 The Hybrid K-Edge Densitometry/X-Ray Fluorescence System

Based on the principles of continuous source K-edge absorption densitometry and XRF, a combined system was developed
and tested by Herbert Ottmar and Heinrich Eberle at KfK in Karlsruhe, Germany, in the late 1970s and 1980s. Compared with
destructive analysis, the hybrid K-edge densitometry/X-ray fluorescence (HKED) method is rapid. The HKED method
requires minimal sample preparation and handling and generates a minimal amount of radioactive waste. Since its develop-
ment, the HKED method has become an important tool for fuel fabrication, process control, quality control, material control
and accountancy, and safeguards in nuclear fuel reprocessing plants.

Figure 11.8 is a schematic diagram of an HKED system that uses separate containers for K-edge densitometry and XRF.

The bremsstrahlung continuum source served both as a transmission source for K-edge assay of uranium and as a
fluorescing source for XRF assay of the plutonium/uranium concentration ratio. The intensity of the continuum source allows
the highly restrictive sample collimation required for K-edge and XRF assays while greatly reducing the passive count rate
from the samples, which contain high levels of fission products. The concentration of the major element is determined by
measuring the transmission of the incident X-ray beam across the characteristic K-edge energy of the element. Simulta-
neously, the intensities of prominent K, X-rays fluoresced by the incident X-ray beam are used to determine the element ratios
of actinides present in the sample. The minor element concentration is calculated from the product of the densitometry value
for the major element concentration and the elemental ratio of the actinides from the XRF measurement.

HKED instruments can be operated in three different modes: KED only, where uranium or plutonium (or both) are
measured in the 50-400 g/L concentration range; hybrid mode, where the concentration of uranium is determined using KED
and the U:Pu ratio (100:1 typically) ratio is determined using XRF measurements; and stand-alone XRF for low uranium and
plutonium concentrations (0.2—-50 g/L). The KED and XRF measurements are performed using HPGe detectors—capable of
detecting low energies—coupled to digital signal processors. Three replicate measurements of 1000 s live time each are
performed. The instrument is capable of assaying actinide concentrations in solutions to yield a precision of +0.3% or better
for the major element (the actinide element present in high concentrations, typically 50400 g/L) and a precision of +1% for
the minor element (concentration of 1 g/L). The major and minor actinide elements are typically uranium and plutonium,
respectively. The random and systematic uncertainties from KED and HKED can be found in Ref. [38] (Table 4a for uranium
element concentration measurements and Table 4b for plutonium element concentration measurements).

The KED measurement depends on the effective path length of the X-ray beam through the solution. For meeting the
international target values, this geometrical parameter must be carefully controlled because its fractional uncertainty
propagates directly into the fractional uncertainty of the uranium or plutonium concentration measurement. The uncertainty
on the path length in this case must be small compared with other sources of uncertainty (0.01% typically). The preferred type
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Fig. 11.8 Hybrid KED/XRF system that uses separate sample containers for K-edge and XRF

of sample vials is spectroscopy cells, whose thickness is known to a precision less than 0.01%. The HKED instrument may use
a single cylindrical vial for both the KED and XRF measurements or separate sample containers for KED and XRF. For
systems that use separate sample containers, a rectangular cuvette of well-known dimensions is used for KED, and a
cylindrical vial is used for XRF measurement.

11.8.1 Determination of Elemental Concentration Using KED Branch of HKED Instrument

A typical KED spectrum from a uranium sample is shown in Fig. 11.9. X-ray and gamma-ray peaks from the decay of a '*°Cd
source are used for energy calibration and to gain stabilization of the electronics. The 22.1 and 25.0 keV Ag X-ray peaks and
the 88.03 keV gamma-ray peak are used for energy calibration. The 22.1 keV Ag X-ray and the 88.03 keV gamma ray are
used for gain stabilization. Tungsten X-rays evident in the spectrum originate from the X-ray tube and from the tungsten used
for collimation and shielding.

The shape and intensity of the low-energy region of the bremsstrahlung spectrum is tailored using beam filters (typically
1 mm thick cadmium and 20 mm thick iron). However, the count rate on the low-energy side does not drop to zero because a
significant fraction of the photons that reach the HPGe undergo inelastic scattering, thus leaving a partial energy deposition in
the detector. This deposition then accumulates on the low-energy side of the spectrum. As the photon energy increases, the
mass attenuation coefficient decreases, and the count rate registered in the pulse-height spectrum increases with increasing
channel number. At the characteristic K-edge energy of the high-Z element, the mass attenuation coefficient increases
abruptly, and the count rate drops. The drop or jump in the count rate is proportional to the concentration of the high-Z
element in the sample.

The abbreviated mathematical approach is described in this section. See Ref. [39] for a detailed description.

The current implementation of KED analysis uses an approach based on region of interest (ROI) to determine the ratio of
transmission across the K-edge and therefore determine the elemental concentration. A physics-based fitting approach has
been developed by McElroy et al. [40] that has improved the precision by a factor of 2. The physics-based fitting approach is
discussed in Sect. 11.9.

The transmitted counts in the channels in the ROI below and above the K-edge are fit as a function of energy.
Conventionally, a linear fit of a natural log-log function is used.
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Fig. 11.9 Typical K-edge spectrum from uranium sample with regions of interest indicated. [39]

In [m(%)} —a—bIn(E) (11.30)

In Eq. 11.28, T is the transmission at energy E, and a and b are fitting coefficients specific to each ROI. Following the
discussion given in Ref. [39], the uranium or plutonium concentration, p, in the sample at the limits of the ROI windows below
and above the K-edge can be written as follows:

p= 1“(TE—A)/; gl(TEJr) (11.31)

where

E— = upper-energy boundary of the ROI below the K-edge

E+ = lower-energy boundary of the ROI above the K-edge

Ap = difference in mass attenuation coefficients at energies E— and E+
d = length of the sample vial.

With the accurately known value of the sample path length and by determining the transmission values at energies E— and E+
using calibration standards of known concentrations (p), one can experimentally determine the quantity (Ap). The Ap value at
the K-edge energy can also be determined by extrapolating the fitting functions used below and above the K-edge to the
K-edge energy. Therefore, the parameter (Ap) is the calibration parameter for a given HKED system. If the system has been
configured and calibrated accurately, the experimentally determined value of Ap must agree with the theoretical value
(to within an uncertainty of 1c) derived using mass attenuation coefficients from a reliable database, such as the National
Institute of Standards and Technology (NIST) XCOM database [41].
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Table 11.6 Summary of uncertainties for K-edge densitometry measurement for a two-sample container system (rectangular cuvette for KED and
cylindrical vial for XRF)

Uncertainty component Magnitude of uncertainty (%) | Comment
Counting precision (3 times 1000 s live time) | 0.15% Concentration range: 150-300 g/L
Cell length 0.01% For individual cuvette
<0.1% Variation for a production batch of cuvettes
Cell positioning <0.1% Determined by dimensional tolerances for sample holder
Sample matrix <0.2% Can be considered in calibration
Uranium isotopic composition 0.013% Per percent change of ***U enrichment
Sample temperature 0.05% Per degree centigrade of sample temperature
Calibration 0.2% Uncertainty in reference concentration from chemical analysis
Nonlinearity <0.2% Concentration range: 150-300 g/L
Instrument variability <0.3% Monitored from control charts
Total 0.5% Summed in quadrature

When an unknown sample is measured, the concentration (p) can be derived from the calibration parameter (Ap) and the
path length (d) in Eq. 11.29.
The uncertainty components for a KED measurement are given in Table 11.6.

11.8.2 Determination of Ratio of Major to Minor Element Concentrations Using XRF Branch of HKED

The fluoresced X-rays from the heavy elements in the sample are measured using a second HPGe detector optimized for low
energy that is also coupled to a multichannel analyzer. The net peak areas of the K,; and K, peaks from the major and minor
actinide elements are quantified, and the ratio of major/minor element concentrations is determined. In HKED measurements,
the major element is typically uranium, and the minor element is plutonium. In the current implementation of the hybrid
analysis, the X-ray peak areas are determined using an ROI approach. As mentioned in Sect. 11.8.2, McElroy et al. [42] have
developed a physics-based method that also fits the XRF spectra.

Figure 11.10 shows an XRF spectrum from the bremsstrahlung irradiation of a dissolver solution sample with uranium and
plutonium concentrations of 276 and 1.85 g/L, respectively [39]). The K, and Ky X-ray peaks are evident, as are the tungsten
X-rays. The passive spectrum taken with the bremsstrahlung source turned off is also shown in the figure. The fission-product
gamma-ray peaks are evident in the passive spectrum.

In the schematic drawing of the HKED geometry shown in Fig. 11.8, the HPGe detector measuring the XRF is configured
at an approximate angle of 150° because, for a maximum incident photon energy of 150 keV, the energy of the inelastically
scattered photons is less than 100 keV for scattering angles >150°. Therefore, configuring the HKED system geometry such
that the XRF detector is at an angle close to 150° relegates the inelastically scattered photons from energy regions where the
characteristic K X-rays from uranium and plutonium occur. The signal-to-continuum ratio of the spectrum at these X-ray
energies is drastically improved as a result, thus improving the precision of the results and the sensitivity of the system.
Figure 11.11 illustrates the energy of inelastically scattered photons as a function of the scattering angle. The incident photon
energy is 150 keV.

The XRF measurement and analysis in the hybrid mode entails the determination of the uranium-to-plutonium concentra-
tion ratios. The U/Pu ratio is determined by calculating the ratios of the K,; X-ray peaks from uranium and plutonium,
determining the relative efficiency curve in the energy range of interest, and factoring in the excitation probabilities for the
X-ray emission and the atomic weights of uranium and plutonium. This estimate includes the intrinsic efficiency of the
detector as well as attenuation through the sample, the container wall, and any absorber between the sample vial and the
detector. Usually, the geometrical factors are held constant between calibration and assay so that the efficiency ratio is based
solely on the solution concentration. The governing equation is

U _AU) UKa e(PuKa) 1

Pu— A(Pu) PuKys €(UKu) R (11.32)

'\:lQ
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Fig. 11.10 Example of an X-ray fluorescent spectrum from a uranium-plutonium dissolver solution sample. The spectrum with the bremsstrahlung
source turned off is shown

In Eq. 11.29,

A = atomic weight of element

UK, = net peak area ratio of the UK,; X-ray peak

PuK,; = net peak area ratio of the PuK,; X-ray peak

e(Pu Kqy)/e(U Ky;) = ratio of overall relative efficiency for K,; X-rays.

The factor Ryyp, is the ratio of the excitation probabilities for the emission of uranium K,; and plutonium K; X-rays. Ry/p,
depends on the spectral distribution of the incident photon beam used for fluorescence. Because the spectral distribution is
modified by the attenuation properties of the sample, the factor Ryp, is a weak function of sample composition. It is the
calibration factor for the XRF portion of the system. The calibration factor is determined over the applicable range of uranium
and plutonium concentrations and U/Pu ratios (100:1 typically), where the HKED technique is in common use.

The uncertainty components for the U/Pu ratio determined using HKED XRF measurements are shown in Table 11.7.

11.8.3 Stand-Alone XRF for Measuring Low Concentrations of U and Pu
In the stand-alone XRF-only mode, the normalized full-energy peak rates of the K,; line of uranium and plutonium are

measured and related to a concentration (p) through a fitting function. A separate function is used for uranium and plutonium.
The typical functional form is given by Eq. 11.33:
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Table 11.7 Summary of uncertainties for U/Pu ratio measurement for a two-sample container
system (rectangular cuvette for KED and cylindrical vial for XRF)

Uncertainty component Uncertainty magnitude
Counting statistics (1 h assay) 0.5%

Self-irradiation 0.3%

Atomic weights <0.1%

Calibration 0.15%

Instrument variability <0.3%

Total 0.7%

p=ay-C-e@C), (11.33)

In Eq. 11.33, ag and a, are fitting coefficients, and C is the net peak count rate of the K,; X-ray peak.

The stand-alone XRF mode of HKED is used for uranium or plutonium samples with concentrations up to 50 g/L typically.
At higher concentrations, the self-attenuation of the fluoresced X-rays is significant enough such that the net peak count rate of
the K,; X-ray is not proportional to the uranium or plutonium sample concentration.

11.9 Physics-Based Fitting Approach to KED Analysis

In the KED analysis approach described in Sect. 11.8.1, the ultimate uncertainty in the KED results for uranium or plutonium
concentration is dependent on the accuracy of the calibration standards that were prepared and used. To lower the uncertainties
in KED results and therefore enhance safeguards verification, a physics-based fitting approach was developed by McElroy
et al. [40]. The approach is described in detail in the following sections.

The spectral fitting methodology takes full advantage of the information content of the transmission spectra, allowing
determination of the major actinide and matrix concentration for the sample solution. The K-edge transmission measurement
is effectively a first-principles measurement and should therefore require no calibration other than the energy calibration of the
HPGe detector. However, the KED spectrum is remarkably complex due to scattering and electronic effects. To reduce the
complexity of the analysis, we limit the fitting function to encompass the energy range that spans the '°°Cd peak at 88 keV to
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Table 11.8 Fit parameters for the KED transmission measurement

Sample parameters
U concentration
Np concentration
Pu concentration
Am concentration
Cm concentration

Detector parameters
Energy offset
Energy slope
Gaussian width
Fast tail decay

Fast tail intensity

X-ray generator parameters
Endpoint energy

X-ray intensity

Shape parameter [4, 5]
Small-angle scatter fraction
Detector backscatter intensity

Matrix concentration Slow tail decay

Slow tail intensity

just below the X-ray generator endpoint energy (i.e., 85-147.5 keV). Even with this limitation, the list of potential free
parameters is rather lengthy, as illustrated in Fig. 11.12 and summarized in Table 11.8.

The KED response function uses Shaltout’s representation [43] of the X-ray source term modified by the assembly of
attenuating layers (e.g., beam filters, sample vial, detector housing), the sample contents (i.e., the actinides and sample
matrix), and detector response function. Examination of experimental KED spectra supplemented by Monte Carlo N-Particle
[44] modeling showed that the transmitted spectrum includes a substantial contribution from small-angle scattering within the
long, narrow tungsten collimator (120 x 0.8 mm) as well as a small backscatter peak from the detector’s copper cold finger
assembly.

In the representation of the KED response function, the mass attenuation data from the NIST XCOM Photon Cross
Sections Database [41] was incorporated and assumed for the present that these values have no uncertainty. These cross-
section tables provide a delta function step at the K-edge transition, whereas others assume that the K-edge transition is
Lorentzian broadened [45]. It was discovered that a mixture of the two assumptions provides the best empirical representation
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Fig. 11.13 K-edge spectrum obtained from a solution containing approximately 322 g uranium per liter. The plot shows the fit to the measured
spectrum after correction for background and random coincidence summing. The relative residuals were all within 3 standard deviations, which
illustrates the fidelity of the K-edge fitting process

for the KED response function; that is, for energies below the K-edge transition, a Voigt broadening of the mass attenuation
function is required, but above the K-edge, a simple Gaussian broadening provides the best representation. The shape of high-
energy response is potentially explained as an artifact of the fine structure in the mass attenuation function above the edge that
is smoothed out by the instrumental response; however, more detailed cross-section data will be needed to verify this
conjecture. The resulting response function provides an excellent representation of the observed data, as illustrated in
Fig. 11.13. Many components are used to calculate the response function to fit the measured data. These components of
the response function, described in detail in Ref. [39], include the X-ray source term, attenuation due to system hardware,
sample attenuation, small-angle scattering, fission-product background, the detector response, and calculation of mass
attenuation coefficients. The detector response includes Gaussian broadening, exponential tailing, stepped background,
detection efficiency, germanium escape peaks, backscatter, and random coincidence summing.

11.10 Examples of K-Edge Densitometers XRF and Hybrid K-Edge Systems

This section contains information about KEDs and hybrid K-edge systems previously and currently in use throughout the
world.

1. Los Alamos National Laboratory [12, 20, 21].
The Los Alamos uranium solution assay system (USAS) was a hybrid assay instrument used offline at the Los Alamos
HEU scrap recovery facility. The USAS measurement head is shown in Fig. 11.14.
The USAS applied three distinct gamma-ray methods to assay uranium concentration in 20 or 50 mL uranium solution
samples (in disposable plastic sample vials) in three concentration ranges. Waste solutions with uranium concentrations in
the range of 0.001-0.5 g/L were counted for 2000 s with no transmission correction. Process solutions with concentrations
in the range of 1-50 g/L. were measured using a '*Yb transmission source. The highest range, 50400 g/L, which
corresponded to product solutions, was assayed by the K-edge method using a '**Yb transmission source. Accuracies of
0.7-1.5% were achieved in measurement times of 400-2000 s.
The assay results were used for process control and nuclear material accounting. The instrument was in routine use in the
scrap recovery facility from January 1976 until August 1984, when the facility was closed.
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Fig. 11.14 Scale line drawing of the uranium solution assay system measurement head. The solution thickness in the transmission path is 2 cm

2. Oak Ridge Y-12 Plant [22, 23]
The HEU scrap recovery facility at the Y-12 Plant uses a solution assay system (SAS) that is analogous to the USAS. The
K-edge method is used to assay 50 mL uranium solution samples in the concentration range of 50-200 g/L. The samples
include the product, and the SAS uses a '®’Yb transmission source and disposable plastic sample vials. The system was put
into routine use at Y-12 in October 1981 for process control and materials accounting.

3. Allied General Nuclear Services [12, 24, 25]
A discrete-source KED was evaluated for plutonium assay at the Allied General Nuclear Services facility in Barnwell,
South Carolina, during 1977-78. The hybrid instrument performed passive and K-edge measurements on prepared 10 mL
solution samples of typical light-water-reactor plutonium in a fixed quartz sample cell. The transmission source was a
combination of °Se and 3’Co. The results were reported for cells of different transmission path lengths.

4. Power Reactor and Nuclear Fuel Development Corporation [12, 26—28]
A discrete-source KED operated in the Tokai-Mura Reprocessing Plant analytical laboratory of the Power Reactor and
Nuclear Fuel Development Corporation in Japan. Freshly separated and aged plutonium solution samples of the products
of boiling-water-reactor and pressurized-water-reactor fuel reprocessing were assayed by the K-edge method in a
two-cycle assay (first with a ">Se transmission source, then with °’Co). Figure 11.15 shows the location of the
measurement station under the glove box at the Tokai-Mura plant laboratory. Figure 11.16 is a scale line drawing of the
measurement head, which included a well that extends down from the glove-box floor. The instrument performed an
isotopics assay on the fresh solutions in a third cycle. The solution samples were assayed in a well that was an extension of
a glove box. The gamma-ray detector and the transmission sources were external to the glove box. The sample cells were
disposable plastic vials that required approximately 10 mL of solution.
The Tokai instrument was installed in November 1979 and was operated through 1980 in an evaluation mode. The
instrument was in routine use in the facility starting in early 1981. Figure 11.17 is a plot of the percent difference between
K-edge assay results and the reference values (from destructive analysis) obtained throughout 1981 during routine facility
use of the instrument [28]. The densitometer was available for facility use by International Atomic Energy Agency
inspectors from 1982.
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Fig. 11.16 Scale line drawing of the Tokai KED measurement head. The solution thickness in the transmission path is 2 cm
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Fig. 11.17 Percent difference between 600 s K-edge and destructive assays/or plutonium concentration, plotted as a function of sample
identification number. The solid line is the average relative result of —0.36%. This apparent bias is the result of calibration (in 1979) using only
a small number of reference samples [27]

5. Savannah River Plant [5, 12, 29]
A discrete-source K-edge plutonium solution densitometer was designed for inline testing at the Savannah River Plant
(present-day Savannah River Site). A flow-through stainless steel sample cell was plumbed into a bypass loop on process
solution storage tanks and resided in a protrusion of the process containment cabinet. The detector and transmission
sources were located outside the containment cabinet on either side of the protrusion for measurement of the gamma-ray
transmissions through the solution-filled cell. The measurements were performed on approximately 100 mL of static
solution, after circulation of the tank solution through the bypass loop. (The freshly separated plutonium in the solutions is
produced during reprocessing of low-burnup fuel.) The K-edge transmission measurements were performed in two cycles,
as with the Tokai instrument, and a third cycle determined the plutonium isotopic composition. The instrument was also
used to investigate the measurement of plutonium concentration in the presence of uranium admixtures. The extrapolation
procedure described in Sect. 11.4.4 was used on solutions with uranium-to-plutonium ratios greater than 2:1 [5]. The
offline testing of the instrument took place at the plant from April 1980 until December 1981. Figure 11.6 (see Sect. 11.4.2)
is a plot of the measurement precision versus concentration (over the range of 5-200 g/L) obtained in this testing phase
[5]. The inline testing began in December 1982 and ended in June 1983.

6. International Atomic Energy Agency Safeguards Analytical Laboratory [30]
A portable KED has been designed for testing as an inspection tool to authenticate the concentrations of plutonium samples
inside glove boxes. The densitometer consists of hardware to hold and shield the detector and transmission sources and a
portable multichannel analyzer equipped with electronics for the analog signal processing. The hardware slides inside the
glove of the glove box so that a plutonium solution sample in a disposable plastic vial can be mounted and clamped in a
holder between the detector and transmission source for the two-cycle K-edge assay. Figure 11.18 shows the measurement
head of the portable K-edge instrument inserted in a glove-box glove.

7. Kernforschungszentrum Karlsruhe [12, 31-33]
A continuum-source KED has been tested at KfK in Karlsruhe, Federal Republic of Germany, since 1978. The detector and
X-ray head reside outside of a glove box, and the samples and collimators are located inside the glove box. The instrument
has been used to assay reprocessing product solutions and fast-breeder-reactor reprocessing feed solutions for
concentrations of both uranium and plutonium. A hybrid version of this instrument was used for assaying light-water-
reactor feed solutions in which the plutonium content was approximately 1% of the uranium content. The continuum
source served both as a transmission source for K-edge assay of uranium and as a fluorescing source for XRF assay of the
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Fig. 11.18 Scale line drawing of the measurement head of the portable KED inserted into a glove-box glove. The sample cell thickness in the
transmission path is 2 cm

plutonium/uranium concentration ratio. The intensity of the continuum source allows the highly restrictive sample
collimation required for K-edge and XRF assays while greatly reducing the passive count rate from the samples, which
contain high levels of fission products. Figure 11.19 is a line drawing of the measurement head for the hybrid instrument.
8. Oak Ridge National Laboratory HKED System

Recent changes in safeguards objectives and the evolution of the nuclear fuel cycle have resulted in an expansion of the list
of actinides of interest and a need for algorithm enhancements for the HKED analysis. New material-processing regimes
and evolving fuel cycles have made it necessary to accommodate much higher levels of plutonium in the solutions in which
the relative concentrations can be on the order of one to one (i.e., U:Pu = 1:1). These new processes will result in higher
concentrations of the minor actinides, such as americium and neptunium. Recent increased emphasis on the tracking of
americium and neptunium and the increase in the ratio of plutonium relative to uranium in proposed processing solutions
has necessitated validation of the HKED software for these applications. To support these development activities, a
commercial HKED system has been installed at the Oak Ridge National Laboratory (ORNL) Radiological Engineering
Development Center, a multipurpose, Category II, radiochemical processing facility that provides the capability to
fabricate a broad range of mixed actinide solution standards for testing and future developments of the HKED technique.
The ORNL HKED system, shown in Fig. 11.20, is a single cylindrical sample-vial measurement system. In other words,
the KED and XRF measurements are both performed on the solution sample contained in a single cylindrical vial.

11.11 Examples of L,,-Absorption-Edge Densitometers

This section contains descriptions of several L;;-edge densitometers that have been tested and evaluated under actual or
simulated in-plant environments. The first three L;;;~edge densitometers described were designed to be equivalent, mechani-
cally and electronically. Figure 11.21 is line drawing of the measurement head for the Allied General Nuclear Services
instrument and represents all three instruments. Table 11.5 summarizes the performance data for the instruments.
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Fig. 11.20 HKED system installed at the Oak Ridge National Laboratory Radiological Engineering Development Center
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Fig. 11.21 Scale line drawing of the Lj-edge densitometer measurement head for the Savannah River Laboratory, New Brunswick Laboratory,
and Allied General Nuclear Services instruments. The flow-through sample cell is shown cut off at the inlet and outlet tubes. The darkened area
indicates the solution in the cell (1 cm transmission path length). The materials for secondary containment, shielding, frame, sample cell, and
collimator are polycarbonate (Lexan), stainless steel, aluminum, stainless steel (with Kel-F windows), and brass, respectively

1. Savannah River Laboratory [12, 21, 34].
The L;;-edge densitometer at the Savannah River Laboratory (present-day Savannah River Site) was tested in conjunction
with a solution coprocessing demonstration facility. The stainless-steel, flow-through, solution sample cell (fitted with
plastic windows) was plumbed into the glove box that housed the coprocessing setup so that solution from various points in
the process could be introduced into the cell for L;;~edge assay of either uranium or plutonium or both. The instrument
measured 15 mL static solutions in the cell; before each assay, the instrument was flushed several times with the solution.
The assay precisions obtained for pure uranium or plutonium solutions are plotted versus concentration in Fig. 11.22. The
instrument operated at Savannah River from 1978 until 1980.

2. New Brunswick Laboratory [35].
The L;;-edge densitometer at the U.S. Department of Energy New Brunswick Laboratory (NBL) at Argonne was designed
to reproduce the measurement geometry and assay method of the Savannah River Laboratory instrument. Prepared
reference solutions of uranium, plutonium, and mixed solutions were used in a carefully controlled evaluation of the
precision and accuracy of this instrument. The NBL assay results are compared with reference values for pure uranium
solutions in Fig. 11.23. The sensitivity to matrix contaminants with low-, intermediate-, and high-Z elements was
examined for contamination levels up to 10% (of SNM) by weight. This evaluation took place during 1980-1981.

3. Allied General Nuclear Services [36].
An L;;-edge densitometer designed to perform continuous assays of uranium concentration in flowing process streams was
tested in 1981 at the Allied General Nuclear Services Barnwell facility. The stainless-steel flow-through cell was plumbed
into a line that continuously sampled the product stream of a solvent extraction column. The instrument operated for 7 days
without interruption, providing uranium concentration results every 5 min, analyzing flowing solutions from startup
(essentially zero uranium concentration) to steady-state levels of approximately 40 g/L.. The instrument provided a hard
copy of the near-real-time results automatically to a materials control and accounting computer programmed to draw near-
real-time material balances using readouts from process-monitoring equipment.

4. Los Alamos National Laboratory [37].
A compact L;-edge densitometer was tested in 1984 at Los Alamos National Laboratory. This instrument used a
commercial X-ray generator designed for portable applications. Figure 11.24 shows the measurement head. Although a
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Fig. 11.23 Comparison of single 1000 s L;;-edge assays and destructive analysis of solution samples introduced into the sample cell of the New
Brunswick Laboratory instrument. Groups of three destructive assay data points plotted horzontally represent repeated assays of the same sample.
These data were used to establish the calibration of the New Brunswick Laboratory instrument

standard rack of electronics was employed for analog-signal processing and for data acquisition and analysis, the portable
multichannel analyzer used in the compact KED at Seibersdorf (see Sect. 11.10) could have been employed in the L-edge
densitometer at Los Alamos National Laboratory, allowing portable applications to be considered for L;;-edge
measurements. The performance of the compact densitometer with prepared reference solutions of uranium was equal to
that of the L;;-edge instruments tested previously.

5. Combined Procedure for Uranium Concentration and Enrichment Assay (COMPUCEA) [46—48].
COMPUCEA is a transportable system for accurate onsite analytical measurements of uranium elemental assay and
enrichment during the physical inventory verification in European low-enriched uranium fuel fabrication plants.
COMPUCEA makes use of X-ray absorption edge spectrometry (K- and L-edge) for the uranium element analysis and
high-resolution gamma spectrometry for the *>U abundance determination, in addition to involving careful analytical
procedures, such as quantitative sample dissolution, solution density measurements, and quantitative aliquoting.
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Fig. 11.24 Scale line drawings of the compact L;;-edge densitometer measurement head at Los Alamos National Laboratory: (a) view from above
in the horizontal plane of the X-ray transmission path; (b) side view. The solution thickness in the transmission path is 1 cm

COMPUCEA uses a combination of chemistry and spectrometry measurements to determine uranium content; equipment

for the uranium concentration measurements is based on the following hardware components:

* A compact X-ray generator with maximum ratings of 30 kV and 100 pA (model Eclipse-II/IIl from AMPTEK Inc.) with
a Ag target transmission tube and associated controller as a radiation source.

« A Peltier-cooled, 10 mm? x 0.5 mm Si Drift Detector system with associated preamplifier/amplifier and power supply
(model AXAS-SSD10 from KETEK GmbH) for high pulse rates, offering an energy resolution of 142 eV at 5.9 keV ata
pulse shaping time constant of 0.5 ps Gaussian equivalent.

+ A digital signal processor (Canberra, model DSA 1000).

* A shielding/collimation assembly with exchangeable sample adapters for L-edge densitometry and optional XRF
measurements; for the L-edge measurements, a fixed flow-through cell with a path length of 2 mm is used, which is
rinsed and dried between measurements. In this configuration, the path length of the photon beam through the sample
cell remains constant, minimizing error sources.

Figure 11.25 shows the schematic setup of the L-edge densitometer, together with an L-edge absorption spectrum obtained
from a uranium solution. For energy calibration and instrument control, part of the X-ray beam is directed onto a Ti/Ge target;
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Fig. 11.25 Schematic of the COMPUCEA L-edge densitometer (left) and L-edge spectrum of a uranium solution (right). The K X-ray peaks of Ti
and Ge are used for energy calibration

the characteristic K X-rays of Ti and Ge can be seen in the spectrum. These reference lines were chosen because they are in an
energy range where they do not interfere with the uranium L-edge spectrum.

The total weight of the COMPUCEA system, including the shielding for the X-ray tube, is approximately 6 kg (without
laptop computer), which meets the design goal of true portability.
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12.1 Introduction

The potential use of X-rays for qualitative and quantitative elemental assay was appreciated soon after X-rays were
discovered. The early applications used Geiger-Mueller tubes and elaborate absorber arrays or crystal diffraction gratings
to measure X-rays. Later, advances in semiconductor detectors and associated electronics opened up the field of energy-
dispersive X-ray fluorescence (XRF) analysis for general elemental assay.

XRF analysis is based on the fact that the X-rays emitted from an ionized atom have energies that are characteristic of the
element involved. The X-ray intensity is proportional to both the elemental concentration and the strength of the ionizing
source. Photon ionization, which is achieved using either an X-ray tube or radionuclide, is most directly applicable to the
nondestructive assay (NDA) of nuclear material. Other methods of ionization (e.g., via electron or heavy ion beam) are
generally prohibitive because of the physical size and complexity of the ionization source and the physical form of the
material.

XRF analysis is a complementary technique to densitometry (Chap. 11). Densitometry measures photons that are
transmitted through the sample without interaction, whereas XRF measures the radiation produced by photons that interact
within the sample. As indicated by Fig. 12.1, densitometry is usually better suited for measuring samples with high
concentrations of the element of interest, whereas XRF is the more useful technique for measuring samples with lower
concentrations.

The literature on XRF analysis includes several general Refs. [1-5] that provide a thorough discussion of the method, with
extensive bibliographies and information on attenuation correction procedures and both energy- and wavelength-
dispersive XRF.

12.2 Theory
12.2.1 X-Ray Production

Section 2.3 in Chap. 2 contains a brief discussion of X-ray production. X-rays originate from atomic electron transitions and
are element-specific. In the stable atom, electrons occupy discrete energy levels that are designated (in order of decreasing
binding energy) K, Ly, L, L3, My, ..., Ms, Ny, ..., N7, and so forth. The binding energy is the energy that must be expended
to remove an electron from a given orbit. The vacancy thus created is filled by an electron from an outer orbit. The resultant
loss in potential energy may appear as an X-ray whose energy is equal to the difference in the binding energies of the two
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Fig. 12.1 Solution assay precision versus uranium concentration for typical XRF measurements (blue circles) and absorption-edge densitometry
measurements (red squares)

electron states. For example, if a uranium K electron is removed from the atom and an electron from the L3 level falls into its
place, the energy of the emitted X-ray is 98.428 keV (115.591 keV minus 17.163 keV). The X-ray produced by this transition
is designated K,;. The K-series X-rays are produced by outer electrons that fill a K-shell vacancy.

Each X-ray transition has a specific probability or intensity for a given shell. Comparison of intensities between shells (e.g.,
between lines originating from Lz vs. L, vacancies) must consider the excitation conditions that generate the distribution of
vacancies and is not generalizable. The spectral distribution of the X-ray generator or source, the geometry and density of the
item being measured, and the different excitation cross section versus energy for each shell all factor into the ratio of vacancies
and the observed outer shell line intensities. As a result, the observed inter-shell L-line intensities are different when generated
as a result of filling a K-shell vacancy versus excited directly by a low-energy X-ray generator. In the K-series, the K-to-Lj
transition is the most probable, and other intensities are usually expressed relative to K ;.

Figure 12.2 depicts the transitions involved in the production of the most prominent K and L X-rays. Table 12.1 presents
the major K and L lines of uranium and plutonium, along with their relative intensities normalized to each subshell.
Figures 12.3 and 12.4 show the K and L X-ray spectra of uranium. References [6] and [7] provide detailed emission line
and level energies referenced to multiple sources for all elements. Reference [6] also provides a more detailed discussion on
the origin and physics of X-ray production.

12.2.2 Fluorescence Yield

All ionizations do not result in X-ray emission. The Auger effect is a competing mechanism of atomic relaxation. In this
process, the atom regains energy stability by transferring energy directly to an outer-shell electron, which is then emitted with
this energy less its binding energy. The ratio of the number of emitted X-rays to the total number of ionizations is called the
fluorescence yield (»;), where i designates the shell involved. Fluorescence yield increases with atomic number and is greater
than 95% for K X-rays of elements with Z > 78 (see Fig. 12.5). For a given element, the fluorescence yield decreases from the
K series to the L and M series. The fluorescence yield can be approximated by Ref. [1],

Z4
A+ ZY

(]

(12.1)

where A; is approximately 10° for the K shell and 10® for the L shell.
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Fig. 12.2 Diagram of energy levels showing the atomic transitions that produce the major K and X-rays (C.K. Coster Kronig)

Table 12.1 Energies and relative intensities of the major K and L X-rays of uranium and plutonium

Transition

Line (Final-Initial)
K K-L;
Koo K-L,

K, K-M;
Kgs K-M,
Kpo K—N, ;3
Lo LM
Lo L3-My
Lpo L;—Ns

L, Ly-M,
Lp L,-My
Ly L,—Ny
L4 L,-M,
Lgs L;—M;

“Energies from Ref. [6]

®Intensities relative to either Kai, Lai, and Lgy in percent, calculated from Ref. [6]

Energies in keV*
Uranium

(%)"

98.44 (100)
94.65 (62.5)
111.30 (22.6)
110.42 (11.5)
114.33, 114.56 (8.7)
13.62 (100)°
13.44 (11.4)
16.43 (21)

11.62 (16.7)
17.22 (100)°
20.17 (22.6)
16.58 (100)°
17.45 (87)

Plutonium
(%)°

103.74 (100)
99.52 (63.2)
117.23 (22.8)
116.24 (11.6)
120.44, 120.70 (8.9)
14.28 (100)°
14.08 (11.4)
17.26 (21.3)
12.12 (7.2)
18.29 (100)°
21.42 (23)
17.56 (100)°
18.54 (82)

“Note for L lines, vacancies in L1, L2, L3 are not necessarily proportional. Different intensity ratios between shells will
be observed depending on excitation conditions
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12.2.3 Photon Transmission

For a photon to eject an electron, the photon energy must be greater than or equal to the electron binding energy. For example,
to ionize K electrons of plutonium, the energy of the excitation photon must be at least 121.82 keV.
The fraction of photons (F) that interact with the atomic electrons of a particular material is given by

F=1—e 7 (12.2)
where
[ = mass attenuation coefficient

p = density of sample
x = thickness of sample.



12 X-Ray Fluorescence 275

1.0
o
0s{
:\ .
S
o .
2 0.6
8
5
2 0.4
5
o
L
0.2 -
o
00 1 1 1 1

0 20 40 60 80 100
Atomic Number Z

Fig. 12.5 Fluorescence yield for K, L, and M X-rays as a function of atomic number

— 103

o0 .
v = Uranium
i ] == Plutonium
< 102 4

+ ]

c

(]

S

=

8 101 m

O

c

.o

)

B ]

S 100 -

ﬁ 3]

<

7]

(3]

= 10!

10! 10°
Photon Energy (keV)

Fig. 12.6 Mass attenuation coefficient versus energy for uranium and plutonium

If one plots the mass attenuation coefficient versus photon energy for a given element, sharp discontinuities (known as
absorption edges) are observed. Figure 12.6 shows the mass attenuation coefficient for uranium and plutonium. The edges
indicate the sudden decrease in the photoelectric cross section for incident photon energies just below the binding energy of
that electron state. The photoelectric interaction is the dominant process involved in photon-excited X-ray excitation.

Attenuation limits the sample size that can be analyzed by X-ray transmission techniques. Figure 12.7 shows the mean free
path of 20, 100, and 400 keV photons in water and in a 50 g/ uranium solution. In general, transmission techniques are
applicable for samples whose transmission path lengths are less than four or five mean free paths.

Equation 12.2 is useful when comparing K XRF and L XRF. For L XRF, p is larger, and more of the excitation flux
interacts with the sample. For K XRF, p is smaller, and both the excitation photons and X-rays are attenuated less (relative to L
XRF). This attenuation difference implies that L XRF is more sensitive (more X-rays produced per unit excitation flux and
cross-sectional area) than K XRF. Conversely, K XRF allows greater flexibility regarding the choice of sample container and
intervening absorbers.
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Fig. 12.7 Mean free path of 20, 100, and 400 keV photons in water (p = 1 g/cm®) and in a 50 g/L uranium solution

12.2.4 Measurement Geometry

The choice of geometry is very important in an XRF system. Although photoelectric interactions of the excitation photons
with analyte atoms are of primary interest, other intentions—particularly Compton backscatter interactions—must be
considered. The energy of a Compton-scattered gamma ray is

511

/_
E= (l—cosd)—i—%)’

(12.3)

where

E’, E = scattered, incident photon energy in keV
¢ = angle between incident and scattered photons.

(See Chap. 3, Sect. 3.3.2, and Ref. [8].)

The energy E’ is a minimum when ¢ = 180°, and photons that have scattered at or near this angle can produce a backscatter
peak in the measured spectrum. For 122 keV photons from *’Co (a suitable source for K XRF of uranium or plutonium), the
backscatter peak is at 82.6 keV. If the scattering angle ¢ is 90°, E’ is 98.5 keV, which is in the middle of the K X-ray spectrum
from uranium and plutonium. If >’Co is used as an excitation source, the measurement geometry should be arranged such that
¢ is close to 180° for most of the scattered gamma rays that reach the detector. This arrangement puts the backscatter peak and
the Compton continuum of scattered photons below the characteristic X-rays and minimizes the background under the X-ray
photopeaks (see Fig. 12.3). The annular source described later in the chapter provides this favorable geometry. For L X-rays,
the geometry is not as critical because E’(180°) is 20.3 keV for 22 keV silver X-rays from '%Cd (a good L XRF source for
uranium), and the backscatter peak is above the X-ray region of interest. Scattering materials near the detector must be
carefully controlled to minimize the magnitude of the backscatter peak. Some investigators [9] use excitation sources that have
energies much higher than the binding energy of interest, thereby minimizing the scattering effects in the spectral region of the
induced X-rays. This approach requires higher--intensity excitation sources (by an order of magnitude or more) to produce
sufficient X-ray activity due to diminishing ionization probability at energies far away from the absorption edge.

The detector must be shielded from the excitation source and other background radiation to reduce dead time and pileup
losses. Detector collimation is usually necessary to limit the interference from unwanted sources. To stabilize the X-ray
response, the relative positions of the source, sample, and detector must be fixed; often these components are physically
connected. Figure 12.8 shows a possible geometry for a transmission-corrected XRF analysis.



12 X-Ray Fluorescence 277

l_ Sample Solution

Ll Removable U Foil
(for transmission correction)

Detector — F

"M

Detector Collar —f L

(To maintain rigid geometry) Annular Excitation ¥Co Source
Aluminum
Lead

Fig. 12.8 Cross-sectional view of geometry for a transmission-corrected assay using an annular excitation source

12.3 Types of Sources

Two types of sources are commonly used: discrete gamma-ray or X-ray sources and continuous sources, such as X-ray
generators. Each type has advantages and disadvantages. The selection of a suitable source involves consideration of type,
energy, and strength. It is most efficient to choose a source whose energy is above but as close as possible to the absorption
edge of interest. As shown by the graph of p versus photon energy in Fig. 12.6, the value of the mass attenuation coefficient is
greatest just above an absorption edge.

Cobalt-57 emits a gamma ray at 122 keV, an efficient energy for K-shell ionization of either uranium or plutonium. X-ray
generators are available for K XRF of uranium and plutonium, but they are too bulky for portable applications. A good
discrete source for L XRF of uranium and plutonium is '®’Cd, which emits silver K X-rays (K, energy = 22 keV). X-ray
generators are available that are small enough for portable applications that require photons in the 25 keV energy range.

Discrete line sources are small, extremely stable, and operationally simple, making them attractive for many XRF
applications. Their major disadvantage is that they decay with time and require periodic replacement. (Two commonly
used sources, °'Co and '%°Cd, have half-lives of 272 days and 453 days, respectively.) Another disadvantage is that discrete
sources cannot be turned off, causing transportation and handling difficulties. Because the source strength is often 1 mCi or
greater, both personnel and detector must be carefully shielded. Table 12.2 lists some radionuclides that can be used for XRF
analysis of uranium and plutonium. The geometry of the annular source shown in Fig. 12.9 is commonly used because it
shields the detector from the excitation source and minimizes backscatter interference.

X-ray generators produce bremsstrahlung by thermionic emission of electrons from a filament. The electrons are
accelerated through a high-voltage potential into a target of high atomic number. The maximum X-ray energy emitted by
the generator is a function of the accelerating voltage, whereas the intensity is a function of the beam power (accelerating
voltage % beam current). Because they require a high-voltage supply and a means of dissipating the heat produced in the
target, X-ray generators can be bulky, especially for higher operating potentials. Small generators that operate below 70 keV
and portable generators—with power ratings up to 50 W—are available that do not require elaborate cooling systems. For a
given power rating, higher maximum operating voltage is achieved at the expense of lower available current.
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Table 12.2 Excitation sources suitable for uranium and plutonium assay

Useful emissions
Radionuclide Half-life Decay mode Type Energy (keV)
>'Co 270d Electron capture Gamma rays 122
1%9¢d 453 d Electron capture Ag K X-rays 22
Se 120d Electron capture Gamma rays 121
144Ce 285d Beta decay Pr K X-rays 36
1251 60 d Electron capture Te K X-rays 27
147pm-Al 2.6 yr Beta decay Continuum 12-45%

“End point of the bremsstrahlung spectrum

Sample

-—Al

Detector

Pb

Fig. 12.9 Annular excitation source

The spectrum from an X-ray generator spans the energy range from the accelerating potential of the generator to the
transmission cutoff of the X-ray window. The shape I(E) and total intensity (I) of this distribution is given by [5]),

I(E) x iZ(V —E)E (12.4)
[ x iZV?, ’

where

i = tube current
V = operating voltage
Z = atomic number of target.

Figure 12.10 shows the output spectrum from an X-ray generator. In addition to the continuous spectrum, the characteristic
X-rays of the target material are produced. These X-rays may cause an interference, which can be removed with filters. The
filter chosen should have an absorption edge just below the energy to be attenuated. A more comprehensive discussion of
X-ray generator spectrum shape and features may be found in Ref. [10].

X-ray generators can be switched on and off, and their energy distribution and intensity can be varied as desired. They
typically provide a more intense source of photons than radionuclide sources (~10'% photons/s or greater); however, their
flexibility is possible only at the expense of simplicity and compactness. Because an X-ray generator is an electrical device,
system failures and maintenance problems are possible concerns. The assay precision is dictated by the stability of the X-ray
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Fig. 12.10 Typical X-ray generator spectrum. The generator target is tungsten, and the operating potential is 20.4 kV
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Fig. 12.11 Portable X-ray generators. (left) Mini-X2 from AMPTEK, up to 70 kV accelerating voltage with silver anode suitable for U/Pu L
excitation [11]. (right) SPX range of portable X-ray generators from Spellman HV, up to 300 kV accelerating voltage for U/Pu K excitation
[12]. Note the size and complexity scaling with energy range

tube. Modern generators exhibit less than 0.1% fluctuation for short-term stability and 0.2-0.3% for long-term stability.
Figure 12.11 shows two different classes of portable X-ray generators suitable for actinide L-shell and K-shell excitation.

These standalone X-ray generators may be incorporated into commercial all-in-one XRF systems that integrate an X-ray
detector and analysis software. Portable XRF systems are widely available from major manufacturers (Fig. 12.12) and are
routinely used in the field, as well as the laboratory, for a wide range of material composition analysis. These units lack
sufficient power and accuracy for high-precision assay of nuclear material concentration, but they are useful in situations that
require triage or pre-screening of samples for more careful analysis with more precise instrumentation.

Other sources may be used for XRF. A secondary fluorescent source uses a primary photon source to excite the
characteristic X-rays of a target, and the target X-rays are used to excite the sample to be analyzed. The primary excitation
source can be discrete or continuous. Depending on the target material, this scheme can produce a great variety of
monoenergetic excitation photons. The major drawback is the need for a high-intensity primary source. If the primary source
is a radionuclide, radiation safety may be an important concern. It is possible to make a bremsstrahlung source using a
radionuclide rather than an X-ray generator. Such a source consists of a beta-decaying isotope mixed with a target material (for
example, 147pm-Al, with aluminum being the target material).
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Fig. 12.12 Portable integrated XRF measurement systems with integrated X-ray generator. (left) Bruker TRACER 5G [13]. (right) Thermo
Scientific Niton XL5 [14]

12.4 Correction for Sample Attenuation
12.4.1 Effects of Sample Attenuation

As in passive gamma-ray assays, sample attenuation is a fundamental limitation to the accuracy of XRF analysis. Attenuation
corrections are required for the X-rays leaving the sample and for the gamma rays or X-rays from the excitation source. XRF
analysis is unsuitable for large, solid samples because the attenuation is too large to be accurately treated with any correction
procedure. For example, the mean free path of 122 keV gamma rays in uranium metal is approximately 0.013 cm. The low
penetrability of this radiation means that XRF can be accurately used to assay solids only if the sample is smooth and
homogenous. This limitation is even more true for L XRF using 22 keV photons. XRF can be used to accurately assay dilute
uranium solutions because the mean free path of photons in water is approximately 6.4 cm at 122 keV and 1.7 cm at 22 keV.
Because the excitation source energy is above the absorption edge and the energies of the characteristic X-rays are just below
the absorption edge, the attenuation of the excitation radiation is higher and determines the range of sample thickness that can
be accurately assayed. Figure 12.13 plots the mean free path of 122 keV gamma rays as a function of uranium concentration
(uranyl nitrate in 4-M nitric acid).

Attenuation considerations also affect the choice of sample containers. Because the K X-rays of uranium and plutonium are
in the 100 keV range, low- to medium-atomic-number metal containers such as aluminum and steel can be tolerated, and K
XRF can be applied to inline measurements. However, L X-rays are severely attenuated by even thin metal containers and can
be measured only in low-Z containers, such as plastic or glass.

12.5 General Assay Equation

For quantitative analysis, the X-ray emission rate must be related to the element concentration and corrected for rate losses.
The desired relation, as presented in Chap. 7, Sect. 7.5, is

p= RRxCF rateloss CF atten

e , (12.5)

where

p = element concentration
RR = raw rate of X-ray detection
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Fig. 12.13 The 122 keV photon mean free path versus uranium concentration (uranyl nitrate in 4-M nitric acid)

CF..te10ss = correction factor for rate-related losses
CF,en = correction factor for attenuation
K = calibration constant.

CF 1055 can be determined using either pulser or radionuclide normalization (Chap. 7, Sect. 7.5). The attenuation correction
has two parts: one for excitation radiation and one for fluoresced X-rays.

Consider a far-field measurement geometry where the sample is approximated by a slab and the excitation source is
monoenergetic (Fig. 12.14). The flux (F,) of excitation photons at a depth (x) in the sample is given by

F,=1I, exp(—u’ X/ cos ). (12.6)
The variables in Egs. 12.6, 12.7, 12.8, 12.9 and 12.10 are defined in Table 12.3; note that 4 here denotes linear attenuation

coefficient rather than mass attenuation coefficient, as shown in Fig. 12.6. The number of excitation photons that interact in the
volume dx and create a K,; X-ray is

dx
F.dx=F, tpwB cosd’ (12.7)
The fluoresced X-rays are attenuated in the sample according to
_ —n X
F.(out)=F, exp( 050 ) (12.8)

Note that as the fluoresced X-ray energies are strictly less than the energy of the corresponding absorption edge (e.g., K X-rays
lie below the K absorption edge), they are in a local minimum of the material attenuation coefficient, and they have a relatively
long path length compared with X-rays farther away from the edge (either higher or lower in energy). As a result, the path
length of the excitation photons that enter the sample may differ significantly from that of the fluoresced X-rays. Combining
and integrating Eqgs. 12.6, 12.7, 12.8, 12.9 and 12.8 yield the following expression or the X-ray rate at the detector surface:
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- Fluorescence Site

Fig. 12.14 General XRF slab geometry

Table 12.3 Variables in Egs. 12.6, 12.7, 12.8, 12.9 and 12.10

Iy Excitation flux at sample surface

T Photoelectric cross section, K shell, energy

p Concentration of given element

9 K fluorescence yield

B Branching ratio for K,

Q Detector solid angle

w=> ulp; Linear attenuation coefficient, y energy, element i
w= > ulp; Linear attenuation coefficient, x energy, element i
¢ Incident angle of excitation

0 Exiting angle of X-ray

L Slab thickness

. I, tpwBS2 ul e
Ix— 47[[(cos¢9y/cos¢)/ﬂ +ﬂx] {1 — eXp{— <C05¢+ COSQ)L:| } (129)

The factor (/4n) cosd/cosO has been added for normalization. If an X-ray generator is used as the excitation source, Eq. 12.9
must be integrated from the absorption edge to the maximum energy of the generator.
When the sample is infinitely thick for the radiation of interest, Eq. 12.9 becomes

I, tpwBS2
4z[(cos O/ cos p)ur + u¥]’

L= (12.10)

This equation is similar to that of the enrichment meter (see Chap. 8, Sect. 8.3). The result is very important for XRF analysis
because it implies that the X-ray rate is directly proportional to the concentration of the fluoresced element.

In plutonium and highly enriched uranium materials, the self-excitation of X-rays by the passive gamma rays can
complicate the assay. For mixed U/Pu materials, the dominant signals are passive X-rays from the alpha decay of plutonium.
When the excitation source can fluoresce both plutonium and uranium (as can 57Co and 109Cd), additional uranium
fluorescence is caused by the plutonium X-rays. A separate passive count is usually required to correct for this interference.
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12.5.1 Attenuation Correction Methods

The most effective XRF methods account for sample attenuation. The simplest approach uses calibration curves derived from
chemically similar standards. The method is effective only if the standards are well characterized, match the samples
chemically, and span the concentration range to be assayed in sufficient numbers to define the calibration curve. Changes
in matrix composition may require recalibration with new standards.

A procedure that is less sensitive to matrix variation is the transmission-corrected assay [15—17] in which a transmission
measurement is made for each sample to correct for attenuation. Consider the attenuation correction factor for the situation
shown in Fig. 12.15 (assume that 8 = 0). The expression for CF,., has the functional form for a slab that was discussed in
Chap. 6:

—In(a)
l-a

a= exp{— (CZ;¢+HX>L}

A measurement of the transmissions of the excitation and the fluoresced X-rays can be used to determine «. For this method, a
foil of the element being measured is placed behind the sample and the induced X-ray signal is measured with and without the
sample. An additional measurement (see Fig. 12.15) is made with the sample only (no foil), and a is computed from

CFatten: 5 (1211)

where

Solution + Foil Detector | | <

) |

X

Solution Only
(Is)

N

Foil Only
()

Fig. 12.15 Explanation of the three measurements required to determine the transmission for XRF assay of uranium solutions
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a= (IT_IS>, (12.12)
Iy

where

It = fluoresced X-ray intensity with foil plus sample
Is = fluoresced X-ray intensity with sample only
Ip = fluoresced X-ray intensity with foil only.

This measurement includes the attenuation of the excitation source and of the induced X-ray signal. Although there are
advantages to using the same element in the transmission foil as that being assayed, other elements can be used if their
characteristic X-rays are sufficiently close to those of the assay element. For example, thorium metal has been used
successfully for the measurement of uranium solutions.

A suitable number of standards is needed to evaluate the calibration constant (K) in Eq. 10.5. Egs. 12.11 and 12.12 are
exact only for a far-field geometry, and most XRF measurements are made in a near-field geometry; therefore, even with rate
and sample attenuation corrections, it is important to use several standards to evaluate the calibration constant K.

12.6 Applications and Instrumentation

Instrumentation used in XRF analysis is similar to that of other gamma-ray assay systems: detector, associated electronics,
multichannel analyzer, and excitation source. This instrumentation is discussed in detail in Chap. 5.

XRF analysis has been used in analytical chemistry laboratories for many years. In most cases, an X-ray generator is used
as an excitation source rather than a radionuclide. Low- to intermediate-Z elements are measured, and sample preparation is a
key factor in the analysis. Many techniques require that the sample be homogenized and pressed before analysis. When the
sample can be modified to optimize the assay, XRF analysis is very sensitive. Short count times (<1000 s) can yield accurate
and precise data, with sensitivities in the nanogram range [1]. Complete XRF systems are available commercially.

Several XRF measurement techniques are used for materials that contain uranium or plutonium. John et al. [18] used a >’Co
source to excite uranium X-rays in solutions and simultaneously observed the 185.7 keV gamma ray from **°U as a measure
of enrichment. The ratio of the fluoresced X-ray emission to the 185.7 keV gamma-ray intensity was found to be independent
of uranium concentration in the 820 g/L range for enrichments of 0.4%—4.5% **>U. Accuracies of better than 1% were
reported.

Rowson and Hontzeas [19] proposed a Compton-scattering-based correction for sample attenuation to measure uranium
ores. An annular 50 mCi **' Am source was used to excite characteristic X-rays from a molybdenum foil (~17.4 keV), which
can excite only the L;; subshell in uranium, thereby considerably simplifying the L X-ray spectrum. Matrix corrections were
determined from the ratio of the molybdenum K, backscatter to the uranium L, X-rays. Canada and Hsue [20] give a good
theoretical description of this method and suggest an improvement that involves additional ratios using the Kg or Lg lines to
further minimize matrix effects.

Baba and Muto [21] used an X-ray generator to excite the L X-ray spectrum of uranium- and plutonium-bearing solutions.
An internal standard was used to determine the matrix attenuation correction. A known and constant amount of lead nitrate
was added to all solutions, and the uranium or plutonium L, X-ray activity was normalized to the rate of the lead L, X-ray. A
linear calibration (to within 1% for uranium and 2% for plutonium) was obtained for 200 s measurements. The solution
concentration range was 0.1-200 g/L of uranium and up to 50 g/L of plutonium. Mixed U/Pu solutions were also measured.

Karamanova [22] investigated the use of beta-particle-induced XRF in addition to gamma-ray excitation for K XRF
analysis of uranium and mixed U/Th oxides. A °’Co source was used for gamma-ray excitation, and a *°Sr *°Y source was
used for beta-particle-induced fluorescence. Because the attenuation cross sections of the matrix and the heavy element are
similar for beta-particle excitation, the volume of sample is essentially constant, and the net X-ray signal is proportional to the
concentration of the element being assayed. Samples with uranium concentrations of 0.5%—88% were measured with
precisions of 0.1%.

Several investigators have measured reprocessing plant solutions. These solutions can contain fission products and have
high U/Pu ratios, making them very difficult to assay by passive techniques. They require either extensive chemical
separations or a sensitive technique, such as XRF; Pickles and Cate [23] employed XRF using X-ray generator. Samples
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Fig. 12.16 Schematic drawing of system used by Pickles and Cate [23]

with U/Pu ratios of up to 400 and fission product activities of 2 Ci/g were analyzed with a precision of 1% and an accuracy of
2% in the mass range of 1-58 pg using a 10 min count. The samples were evaporated onto a thin polycarbonate film to
minimize sample attenuation. Figure 12.16 shows the instrumental configuration. The sample chamber contained titanium
sheets on either side of the sample mount. X-rays from the titanium provided a rate-loss correction. A magnetic beta-particle
trap and a lead collimator were employed to reduce the passive signal at the detector.

Camp et al. [24, 25] use a >’Co excitation source to fluoresce K X-rays from uranium and plutonium in product streams at
reprocessing plants. Total heavy element concentrations of 1-200 g/L are assayed using a nonlinear polynomial calibration.
The self-attenuation correction uses the incoherently scattered 122 keV gamma rays from >’Co [24] or an actual transmission
measurement using the 122 keV gamma ray [25]. In samples that contain both uranium and plutonium, a passive count is
made to correct for passive X-ray emission.

Andrew et al. [26] investigated the feasibility of measuring uranium and U/Th solutions with uranium concentrations of
10-540 g/L. For solutions that contain both uranium and thorium, errors in the U/Th ratio were 0.4%. Uncertainties in
concentration measurements were 0.5% for single-element solutions and 1% for mixed solutions. This work was extended to
U/Pu solutions from reprocessing plants [27, 28]. Uranium and plutonium solutions in the range of 1-10 g/L with a fission
product activity of 100 pCi/mL were measured by tube-excited K XRF. The data analysis was similar to that used for U/Th
solutions, and the authors suggested combining K XRF and K-edge densitometry to obtain absolute element concentrations.

Ottmar et al. [29, 30] investigated the combination of K XRF and K-edge densitometry using an X-ray generator. The two
techniques are complementary and produce a measurement system with a wide dynamic range. Light-water-reactor dissolver
solutions with activities of ~100 Ci/L and U/Pu ratios of ~100 have been accurately measured with this system. The major
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Fig. 12.17 Schematic drawing of hybrid K-edge/K XRF system (Ref. [29]; courtesy of H. Ottmar)

component, uranium (~200 g/L), is determined using absorption-edge densitometry, whereas the U/Pu ratio is determined by
XRF. Precisions of 0.25% for the uranium concentration and 1% for the U/Pu ratio are obtained in 1000 s count times. Two
sample cells are employed: a 2 cm glass cuvette (whose dimensions are known to +2 pum) for the densitometry measurement
and a 1 cm diameter polyethylene vial for the XRF measurement. The XRF measurement is made at a back angle of ~157° to
maximize the signal-to-background ratio. Figure 12.17 shows this hybrid system.

Lambert et al. [31] employed secondary-excitation L XRF to measure the U/Pu ratio in mixed-oxide fuel pellets. A pellet
with 25% PuO, and 75% UQO, gave a precision of ~0.5% in a 3 min count time. The desired X-rays were excited using
selectable secondary target foils (thodium). The method requires good sample homogeneity because the portion of sample
analyzed (~30 pm depth of analysis) is relatively small. Misra et al. [32] have studied XRF methods for U/Th mixed-oxide
solids using both tube and radionuclide X-ray sources, demonstrating that—although radionuclide sources may give around
2X higher precision than tube sources due to reduced background (0.8% versus 2% precision)—tube sources are preferred for
routine material analysis because of much shorter measurement times owing to higher source brightness.

With the development of the silicon drift detector (SDD), investigators have developed L XRF that uses SDDs to take
advantage of their high-throughput capabilities at low energies compared with Si(Li) detectors. Park et al. [33] have
commissioned a hybrid L-edge densitometer/L. XRF instrument with SDDs for nuclear material assay with the capability to
measure materials from 0.05 to >0.2 g/cm® within international target value limits in 10 min count times.
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XRF methods are also suitable for assay of trace actinides in waste streams, often in the presence of conflicting
contaminants and deployed in the field. Matsuyama et al. [34] developed methods using a portable total reflection X-ray
fluorescence (TXRF) spectrometer from OURSTEX Corporation to characterize trace uranium and thorium contaminants in
contaminated effluent from the Fukushima Daiichi nuclear power plant disaster. This portable unit uses a tungsten target with
a maximum tube voltage and current of 40 kV and 0.2 mA, respectively, yielding a power of 8 W. These energies and powers
are well matched to analysis of actinide L lines between 10 and 20 keV. An SDD with 7 mm? active area enabled reasonable
measurements in 180 s acquisition time. This portable system was benchmarked against a more complex benchtop TXRF
instrument (NANOHUNTER-II from Rigaku Co.), which uses a monochromator to select a narrow excitation energy to
decrease the reflected background. This instrument has a molybdenum target and uses the molybdenum K, line at 17.17 keV
for efficient excitation of the uranium L lines. Matsuyama et al. achieved a minimum detection limit (MDL) for uranium of
0.22-0.25 ppm with the portable TXRF and 1.4 ppb with the benchtop TXRF, demonstrating efficacy for rapid uranium
concentration measurements in effluent without the need to evaporate solutions and assay using alpha spectroscopy.

The International Atomic Energy Agency is also invested in the development of XRF for safeguards NDA. Examples
include recent work by Docenko et al. [35] to implement online uranium ore assay using a commercial XRF analyzer and
Balaji Rao et al. [36], who developed an online process stream XRF system for concentration measurements. Using the Bruker
P2 Con-X XRF with a Si SDD, Docenko et al. achieved a MDL of 60-200 ppm in a 5 min measurement time in solid ore
samples—with a dynamic range up to 80% concentration uranium. This result is sensitive to typical uranium and thorium
concentrations of order 100 ppm found in rutile sands, as well as 0.1-4% typical uranium concentrations in ores. The methods
developed by Balaji Rao et al. targeted concentrations of 0.1-10 g/L uranium using uranium L lines—with a demonstrated
residual of 1-5%. This work used a portable XRF (ALPHA-4000 from Innov-X systems) with a Ta anode and a maximum
operating range of 40 kV and 80 pA voltage and current, detected with a silicon PiN diode detector. Both of these studies
illustrate the range of applications of XRF to analysis of nuclear fuel cycle process products, yielding accurate and timely
concentration measurements for process verification.
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13.1 Introduction

The nuclear materials that are accounted for in the nuclear fuel cycle emit neutrons as well as gamma rays. For most isotopes,
the neutron emission rate is very low compared with the gamma-ray emission rate. For other isotopes, the neutron emission
rate is high enough to provide an easily measurable signal. If the sample of interest is too dense to permit the escape of gamma
rays from its interior, then assay by passive neutron detection may be the preferred technique.

Neutrons are emitted from nuclear materials with a wide spectrum of energies. As neutrons travel through matter, they
interact and change their energy in a complex manner (see Chap. 14). However, neutron detectors (see Chap. 15) do not
usually preserve information about the energy of the detected neutrons. Consequently, neutron assay consists of counting the
number of emitted neutrons without knowing their specific energy. (This result is in sharp contrast with gamma-ray assay,
where gamma rays of discrete energy are emitted by specific radioactive isotopes.) How then can the assayist obtain a neutron
signal that is proportional to the quantity of the isotope to be measured?

This chapter describes the production of neutrons by spontaneous fission, by neutron-induced fission, and by reactions with
alpha particles or photons. In many cases, these processes yield neutrons with unusually low or high emission rates, distinctive
time distributions, or markedly different energy spectra. This information can be used to obtain quantitative assays of a
particular isotope if the sample’s isotopic composition is known and only a few isotopes are present.

The discussion of neutron radiation in this chapter emphasizes features that can be exploited by the assayist. Chapter 16
focus on Singles-neutron-counting techniques that exploit high emission rates or unusual energy spectra, Chap. 17 on
coincidence counting techniques, and Chap. 18 on multiplicity counting. Chapters 19 and 20 highlight passive and active
neutron instrumentation and analysis techniques.

13.2 Spontaneous and Induced Nuclear Fission

The spontaneous fission of uranium, plutonium, or other heavy elements is an important source of neutrons. An understanding
of this complex process can be aided by visualizing the nucleus as a liquid drop (Fig. 13.1). The strong, short-range nuclear
forces act like a surface tension to hold the drop together against the electrostatic repulsion of the protons. In the heaviest
elements, the repulsive forces are so strong that the liquid drop is barely held together. A small but finite probability exists that
the drop will deform into two droplets connected by a narrow neck (saddle point). The two droplets may spontaneously
separate (scission) into two fragments. Within 10~'? s of scission, each of the two fragments emits multiple prompt neutrons
and gamma rays. The fragments are usually unequal in size, with mass distributions centered near atomic numbers 100 and
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Fig. 13.1 Spontaneous fission of a nucleus represented as the breakup of a liquid drop

140 (see Fig. 21.1 in Chap. 21). These fission fragments carry away the majority of the energy released in fission (typically
170 MeV) in the form of kinetic energy. Also, within milliseconds or seconds, many of the fragments decay by beta-particle
emission into other isotopes that may emit delayed neutrons or gamma rays.

Spontaneous fission is a quantum mechanical process that involves penetration of a potential barrier. The height of the
barrier, and therefore the fission rate, is a very sensitive function of atomic number Z and atomic mass A. The fission yields of
some heavy isotopes are summarized in Table 13.1 [1-8]. For thorium, uranium, and plutonium, the fission rate is low
compared with the rate of decay by alpha-particle emission, which dominates the total half-life. For californium and even
heavier elements, the fission rate can approach the alpha decay rate. The fission yield of **°Pu—1020 n/s — g [4, 5]—is the
most important single yield for passive neutron assay of plutonium because **°Pu is usually the major neutron-emitting
plutonium isotope present.
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Table 13.1 Spontaneous fission neutron yields

Spontaneous fission | Induced thermal

Number of | Number of Spontaneous Spontaneous multiplicity fission multiplicity

protons neutrons Total half-life fission half-life fission yield 2,7, 8] [7]
Isotope |Z N [1] [6] (year) [2] (n/s — g) v v
2Th |90 142 1.40 x 10" year | 1.2 x 10%! 1.01 x 1077 2.13 1.9
By |92 140 68.9 year >6.8 x 10" 143 x 1072 1.71 3.13
By |92 141 1.59 x 10° year | >2.7 x 10" 3.70 x 1074 1.76 2.4
Biu |92 142 245 % 10° year | 1.5 x 10'° 6.82x 1073 1.81 24
By |92 143 7.04 x 108 year |1 x 10" 1.05 x 107> 1.86 241
By |92 144 2.34 x 10" year |2.5 x 10'° 424 x 1072 1.89 2.2
By |92 146 4.47 x 10° year |8.20 x 10'° 1.34 x 1072 1.98 23
Z'Np |93 144 2.14 x 10° year | >1.0x 10"8 1.14 x 107* 2.05 2.70
238py | 94 144 87.74 year 475 x 10'° 2.56 x 10° 2.19 2.9
2%y |94 145 241 x 10* year |8 x 10" 1.49 x 1072 2.16 2.88
240py |94 146 6.56 x 10* year | 1.14 x 10" 1.04 x 10* 2.154° 2.8
#py |94 147 14.4 year <6 x 10'° 2.06 x 1072 225 2.8
2py |94 148 375 x 10° year | 6.77 x 10'° 1.74 x 10° 2.149 2.81
Am |95 146 432.7 year 1.2 x 10" 1.14 25 3.09
2Cm |96 146 163 days 7 % 10° 1.98 x 10’ 2.54 3.44
24cm |96 148 18.1 year 1.32 x 10’ 1.11 x 10’ 271 3.46
9Bk |97 152 320 days 1.8 x 10° 1.0 x 10° 3.40 3.7
220t |98 154 2.645 year 85.5 229 x 102 3.757 4.06

“References [4] and [5]

The strong dependence of spontaneous fission rates on the number of protons and neutrons is important for assay
considerations. The fission rate for odd-even isotopes is typically 10° lower than the rate for even-even isotopes, and the
fission rate for odd-odd isotopes is typically 10° lower. These large differences are due to nuclear spin effects [9]. As the
fissioning nucleus begins to deform, the total ground-state nuclear spin must be conserved; however, the quantized angular
momentum orbits of the individual neutrons or protons have different energies with increasing deformation. The lowest
energy orbit of the undeformed nucleus may not be the lowest energy orbit in the deformed nucleus. In the case of heavy even-
even nuclei whose total ground-state spin is zero, the outermost pairs of neutrons and protons can simultaneously couple their
spins to zero while shifting to the lowest energy orbits. In the case of odd nuclei, a single neutron or proton must occupy the
orbit that conserves total nuclear spin even though extra energy is required [10, 11]. This effect raises the fission barrier and
makes odd-even and odd-odd isotopes more rigid against spontaneous fission than even-even isotopes.

Among the even-even isotopes with high spontaneous fission yields are ***U, **Pu, *°Pu, ***Pu, ***Cm, ***Cm, and
Z52Cf. Isotopes with odd neutron numbers or odd proton numbers do not have high spontaneous fission yields as described
above. However, isotopes with odd neutron numbers can easily be induced to fission if bombarded with low-energy neutrons;
absorption of an extra neutron yields an unbounded neutron pair whose pairing energy is now available to excite the
compound nucleus to an energy near the fission barrier. Among the even-odd isotopes that can be fissioned by neutrons of
zero energy but have low spontaneous fission yields are ***U, *°U, and ***Pu. These isotopes are called fissile. Even-even
isotopes, such as >**Pu and **°Pu, that are not easily fissioned by low-energy neutrons are called fertile. This term comes from
reactor theory and refers to the fact that through neutron capture, these isotopes are fertile sources of fissile isotopes. Examples
of induced fission cross sections for fertile and fissile isotopes are given in Chap. 14.

13.3 Neutrons and Gamma Rays from Fission

Prompt neutrons and gamma rays emitted at the time of scission are the most useful for passive assay because of their intensity
and penetrability. Many passive assay instruments, such as coincidence counters, are designed to detect prompt fission
neutrons and are often also sensitive to gamma rays. For this reason, this section describes both neutron and gamma-ray
emissions.

Figure 13.2 shows an energy spectrum of the neutrons emitted during the spontaneous fission of *>2Cf [12, 13]. The mean
energy is 2.14 MeV. The spectrum depends on many variables, such as fission-fragment excitation energy and average total
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Fig. 13.2 Prompt neutron energy spectrum from the spontaneous fission of *>Cf, as calculated from a Maxwellian distribution with “temperature”
T = 1.43 MeV

Table 13.2 Measured prompt fission multiplicity distributions

238p, 239p, 240p,, 242p, 292¢f 244G
233U induced | spontaneous induced spontaneous spontaneous spontaneous spontaneous

Probability fission fission fission fission fission fission fission

distribution [17] [8] [17] [8] [8] [8] [8]

P(0) 0.033 0.056 0.011 0.063 0.068 0.002 0.015

P() 0.174 0.210 0.101 0.231 0.229 0.026 0.115

PQ2) 0.335 0.380 0.275 0.333 0.334 0.125 0.300

P@3) 0.303 0.222 0.324 0.253 0.248 0.274 0.334

P(4) 0.123 0.105 0.199 0.099 0.0997 0.305 0.182

P(5) 0.028 0.026 0.083 0.018 0.0182 0.185 0.044

P(6) 0.003 0.008 0.002 0.0031 0.066 0.0085

P(7) 0.014 0.0004

P(8) 0.0018 0.00002

P9) 0.0001

P(10) 5 E-08

U 2.406 2.19 2.875 2.154 2.149 3.757 2.71

v(v—1) 4.626 3.874 6.75 3.79 3.809 11.95 5.941

v(v—1)(v—2) |6.862 5.417 12.81 5.21 5.35 31.67 10.112

fission energy release but can be approximated by a Maxwellian distribution N(E), where N(E) varies as v/E exp (f % MeV) .
This spectrum is proportional to \/E at low energies; it then falls exponentially at high energies. The neutron spectra for
spontaneous fission of *°Pu and thermal-neutron induced fission of **°U, ***U, and **°Pu can also be approximated by
Maxwellian distributions, with spectrum parameters 1.32, 1.31, 1.29, and 1.33 MeV, respectively [14, 15].

The number of neutrons emitted in spontaneous or induced fission is called the neutron multiplicity. Average neutron
multiplicities 7 are included in the last two columns of Table 13.1. For neutron-induced fission, the multiplicity increases
slowly and linearly with the energy of the incoming neutron [16]. The multiplicities given in the last column of Table 13.1 are
approximately correct for thermal- or low-energy incident neutrons.

From one fission to another, the neutron multiplicity may vary from O to 6 or more depending on the distribution of
excitation energy among the fission fragments. Table 13.2 [17-19] lists the measured prompt neutron multiplicity
distributions P(v) of some important isotopes for spontaneous or thermal neutron-induced fission. Uncertainties on the
individual probabilities vary 1-5% near the maxima to 30-50% near the end points.
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Fig. 13.3 Prompt gamma-ray spectrum that accompanies spontaneous fission of °Cf, as recorded by a Nal detector [22]

Terrell [20] has shown that the multiplicity distributions for both spontaneous and thermal-neutron-induced fission can be
approximated by a Gaussian distribution centered at 7, the mean multiplicity:

1 22 /252
P(v) = —(v-9)/20°, 13.1
W= Ve © (13.1)

A distribution width & of 1.08 can be used as an approximation for all isotopes except >>>Cf, where 1.21 should be used.

Information about the neutron multiplicity distribution in fission is used in the analysis of coincidence counting and
neutron multiplicity counting (see Chaps. 17 and 18). One question that has arisen in this regard is whether the neutron
multiplicity and the mean neutron energy are correlated. In other words, if the number of neutrons emitted in a fission is above
average, will the mean neutron energy be below average? The available experimental evidence indicates that the mean neutron
emission energy is approximately constant and that the number of neutrons emitted increases with the amount of available
energy [21]. Thus, the mean energy may be approximately independent of the multiplicity.

After a nucleus undergoes fission, prompt neutrons are evaporated from the fission fragments until the remaining excitation
energy is less than the neutron binding energy. At this point, prompt gamma rays carry away the remaining energy and angular
momentum. On the average, 7-10 prompt gamma rays are emitted, with a total energy of 7-9 MeV [9]. Figure 13.3 shows the
prompt gamma-ray spectrum that accompanies spontaneous fission of >>2Cf, as recorded by a Nal detector [22]. A spectrum
obtained with a high-resolution detector might reveal many discrete transitions, although the transitions would be Doppler-
broadened by the recoil of the fission fragments. Prompt gamma rays from fission are of much lower intensity than the gamma
rays that follow alpha decay (see Chap. 2). Therefore, they are not useful for passive assay despite their relatively high energy;
however, prompt gamma rays from fission are useful for coincidence counting, where their high multiplicity can lead to a
strong signal.

This section includes brief descriptions of the delayed neutrons and gamma rays emitted after fission. In passive assay
systems, the delayed neutrons and gamma rays are usually masked by the stronger prompt emissions; however, the time delay
is often used by active assay systems to discriminate between the interrogation source and the induced fission signal. For
additional details on these delayed signals, see Ref. [23].

Delayed neutrons originate from some of the isotopes produced during beta decay of fission fragments. They are emitted by
highly excited isotopes as soon as the isotopes are created by the beta decay of their precursors; therefore, delayed neutrons
appear with half-lives characteristic of their precursors. Although there are many such isotopes, delayed neutrons can be
categorized into six groups, with decay half-lives ranging from 200 ms to 55 s [24]. The neutron yield of each group is
different for each uranium or plutonium isotope. In principle, active assay systems can use this variation as an indication of the
isotopic composition of the irradiated sample [23], but in practice, this use is difficult to implement. Delayed neutron energy
spectra are highly structured in comparison to the smooth Maxwellian distributions of prompt neutrons. Also, the average
energy of delayed neutrons is only 300-600 keV as opposed to the 2 MeV average of prompt neutrons. Most importantly, the
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number of delayed neutrons is typically only 1% of the number of prompt neutrons, so delayed neutrons contribute to passive
neutron measurements, but their effect is not large.

Delayed gamma rays from fission have a higher intensity and slower emission rate than delayed neutrons. Their average
multiplicity and energy is comparable to that of prompt gamma rays: 6—8 gamma rays, each with an average energy close to
1 MeV. There is no clear-cut distinction between the emission time of prompt and delayed gamma rays like there is for prompt
and delayed neutrons. Gozani [23] has used a time of 10~ s after fission as a convenient demarcation. The delayed gamma
rays so defined are then emitted over times of several seconds or minutes. The intensity of these gamma rays is two orders of
magnitude above the intensity of delayed neutrons.

13.4 Neutrons from (o,n) Reactions

Nuclei can decay spontaneously by alpha- or beta-ray emission as well as by fission. Alpha particles are helium nuclei with
two protons and two neutrons, and beta particles are energetic free electrons. In principle, all nuclei of atomic mass greater
than 150 are unstable toward alpha decay; however, alpha decay is a quantum mechanical barrier penetration process like
spontaneous fission, and the Coulomb barrier is high enough to make alpha decay unlikely for all but the heaviest elements.
Table 13.3 [1, 2, 25-27] lists the alpha decay rates of some heavy elements. The total half-lives of the isotopes listed in the
table are almost the same as the alpha decay half-lives except for *'Pu and 2*’Bk, where beta decay dominates, and *>*Cf,
where the spontaneous fission rate is ~3% of the alpha decay rate.

The alpha decay process leads to the emission of gamma rays from unstable daughters (see Chap. 2). Also, the alpha
particles can produce neutrons through (a,n) reactions with certain elements. This source of neutrons can be comparable in
intensity to spontaneous fission if isotopes with high alpha decay rates, such as >*°U, ?**U, #*®Pu, or **' Am, are present. This
section describes the production of neutrons by (a,n) reactions and provides some guidelines for calculating the expected
neutron yield.

Following are two examples of (a,n) reactions that occur in many nuclear fuel cycle materials:

a+ 20> Ne+n
a+"F>2Na+n

The alpha particle is emitted from uranium or plutonium with energies in the range of 4-6 MeV. Because ***U is the dominant
alpha emitter in enriched uranium, the average energy for alpha particles emitted from uranium is 4.7 MeV (see Table 13.3).

For plutonium, an average energy of 5.2 MeV is typical. In air, the range of alpha particles from uranium is 3.2 cm, and the
range of alpha particles from plutonium is 3.7 cm. The range in other materials can be estimated from the Bragg-Kleeman
rule [28].

VA

X range in air, (13.2)

where A is the atomic weight of the material. The range in uranium and plutonium oxide is roughly 0.006 and 0.007 cm,
respectively; therefore, the alpha particles lose energy very rapidly when traveling through matter. In many cases, this short
range means that the alpha particle can never reach nearby materials in which (a,n) reactions could take place. However, if
elements such as oxygen or fluorine are intimately mixed with the alpha-emitting nuclear material, an (a,n) reaction may take
place because the alpha particle can reach these elements before it loses all of its energy.

When the alpha particle arrives at another nucleus, the probability of a reaction depends on the Q-value, the threshold
energy, and the height of the Coulomb barrier. The Q-value is the difference in binding energies between the two initial nuclei
and the two final reaction products. A positive Q-value means that the reaction will release energy. A negative Q-value means
that the alpha particle must have at least that much energy in the center-of-mass reference frame before the reaction can
proceed. If this minimum energy requirement is transformed to the laboratory reference frame, it is called the threshold
energy:
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Table 13.3 (a,n) reaction neutron yields

295

Alpha yield Average alpha energy (a,n) yield in oxide (a,n) yield in UFg
Total half-life Alpha decay half-life | [1] [1] 2] [25, 26]/PuF4 [27]
Isotope [1 [1] (a/s — g) MeV) (n/s — g) (n/s — g)
232Th 1.40 x 10" year | 1.40 x 10'° year 4 x10° 4.00 22%x107°
#2y 68.9 year 68.9 year 8.0 x 10" 5.30 1.49 x 10* 2.6 x 10°
33y 1.59 x 10° year 1.59 x 10° year 3.57 x 10° 4.82 4.8 7.0 x 10
B4y 245 x 10° year | 2.45 x 10° year 2.3 % 10 476 3.0 5.8 x 10
By 7.04 x 108 year 7.04 x 108 year 8.0 x 10* 4.40 7.1 x 107 0.122
oy 2.34 x 107 year 2.34 x 107 year 24 x 10° 4.48 24 %1072 3.96
28y 4.47 x 10° year 4.47 x 10° year 1.2 x 10* 4.19 8.3 %1077 0.014
ZNp 2.14 x 10° year | 2.14 x 10° year 2.6 x 107 477 3.4 %107
238py 87.74 year 87.74 year 6.3 x 10" 5.49 1.34 x 10* 2.2 % 10°
%y 241 x 10* year | 2.41 x 10* year 2.3 x 10° 5.15 3.81 x 10’ 5.6 x 10°
240py 6.56 x 10° year 6.56 x 10® year 8.4 x 10° 5.15 1.41 x 10? 2.1 x 10*
241py 14.329 year 5.90 x 10° year 9.3 x 107 4.89 13 1.7 x 107
242py 3.75 x 10° year 3.76 x 10° year 1.5 x 10® 4.90 2.0 2.7 % 10°
2TAm | 4327 year 432.7 year 1.3 x 10" 5.48 2.69 x 10° 4.4 x 10°
42Cm 163 days 163 days 12 x10" 6.10 3.76 x 10°
24Cm 18.1 year 18.1 year 3.0 x 10" 5.80 7.73 x 10*
2498k 330 days 6.1 x 10* year 8.8 x 10 5.40 1.8 x 10"
B2t 2.645 year 2.731 year 1.9 x 10" 6.11 6.0 x 10°
Considerable uncertainty
Threshold energy= — Q (1 + i) if Q is negative
A (13.3)

Threshold energy =0 if Q is positive.

The Coulomb barrier is the strength of the electrostatic repulsion that the alpha particle must overcome to enter the target
nucleus and react.

VAVAL

Coulomb barrier (MeV) = —————
ro(A} +43)

, (13.4)

whereZ, =2, A, =4, e =144 MeV — fm, 1o = 1.2 fm, and Z, and A, refer to the target nucleus [29]. Thus, an (a,n) reaction
is energetically allowed only if the alpha particle has enough energy to (1) overcome or penetrate the Coulomb barrier and
(2) exceed the threshold energy. (Note that the two energy requirements are not additive.) Table 13.4 [28, 30] summarizes
these properties for a series of low-mass isotopes.

Table 13.4 shows that (ot,n) reactions with 5.2 MeV alpha particles are possible in 11 low-Z elements. In all elements with
atomic number greater than that of chlorine, the reaction is energetically not allowed. The observed yield of neutrons from (c,
n) reactions is given in Table 13.5 [31-35] for thick targets. A thick target is a material that is much thicker than the range of
the alpha particle and one in which the alpha particles lose energy only in the target element. From Eq. 13.2, the range of alpha
particles in solids is on the order of 0.01 cm.

(Alpha,n) reactions can occur in compounds of uranium or plutonium (such as oxides or fluorides) and in elements (such as
magnesium or beryllium) that could be present as impurities. The neutron yield per gram of source nuclide in pure oxides and
fluorides is given in the last two columns of Table 13.3. In other materials, the yield will depend very sensitively on the alpha
activity of the nuclear isotopes, the alpha-particle energy, the reaction Q-values, the impurity concentrations, and the degree of
mixing (because of the short range of the alpha particle).

The thick target yield depends on the incident energy, which is why the (a,n) yields shown in Table 13.3 are different for
each nuclide shown. The thick target yields for commonly encountered low-Z elements are shown in Table 13.5. This yield is
the number of neutrons emitted per 10° alpha particles and is given both at 4.7 MeV (average alpha energy for uranium) and
5.2 MeV (average alpha energy for plutonium).
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Table 13.4 (Alpha,n) Q-values, threshold energies, and Coulomb barriers

Natural abundance Q-value Threshold energy Coulomb barrier Maximum neutron energy

Nucleus (%) [30] (MeV) [30] (MeV) (MeV) for 5.2 MeV alpha [28]
“He 100 —18.99 38.0 1.5

°Li 75 —3.70 6.32 2.1

Li 92.5 -2.79 438 2.1 1.2
°Be 100 +5.70 0 26 10.8
1og 19.8 +1.06 0 32 5.9
"B 80.2 +0.16 0 32 5.0
2c 98.9 —8.51 11.34 3.7

3¢ 1.11 +2.22 0 3.7 7.2
N 99.6 —4.73 6.09 42

BN 0.4 —6.42 8.13 4.1

150 99.8 —12.14 15.2 4.7

70 0.04 +0.59 0 4.6 5.5
80 0.2 —0.70 0.85 4.6 42
1°F 100 -1.95 2.36 5.1 29
2Ne 90.9 —7.22 8.66 5.6

2INe 0.3 +2.55 0 5.5 7.6
Ne 8.8 —0.48 0.57 5.5 45
»Na 100 —2.96 3.49 6.0 1.8
Mg 79.0 —-7.19 8.39 6.4

Mg 10.0 +2.65 0 6.4 7.7
Mg 11.0 +0.03 0 6.3 5.0
ZTAl 100 —2.64 3.03 6.8 22
2si 47 —1.53 1.74 7.2 3.4
30si 3.1 —3.49 3.96 7.2 1.4
311 24.2 —3.87 4.29 8.3 1.0
Table 13.5 Thick-target yields from (a,n) reactions (error bars estimated from scatter between references)

Neutron yield per 10° alphas | Neutron yield per 10° alphas Avg neutron energy (MeV)

Element (natural isotopic composition) | of energy 4.7 MeV (234U) of energy 5.2 MeV (avg Pu) | References |for 5.2 MeV alphas [31]
Li 0.16 + 0.04 1.13 £ 0.25 [30] 0.3
Be 44 + 4 65+5 [31] 42
B 124 + 0.6 175+ 04 [29, 30, 33] | 2.9
C 0.051 + 0.002 0.078 + 0.004 [29-31] 44
0 0.040 + 0.001 0.059 + 0.002 [29-31] 1.9

F 3.1+03 5.9+ 06 [29, 30, 33] | 1.2
Na 0.5+0.5 1.1 +05 (32]

Mg 0.42 + 0.03 0.89 + 0.02 [29-31] 2.7
Al 0.13 + 0.01 0.41 +0.01 [29-31] 1.0
Si 0.028 + 0.002 0.076 + 0.003 [29-31] 1.2
cl 0.01 +0.01 0.07 + 0.04 [32]

The (a,n) yields in Table 13.5 are accurate to 5—10% for the best-measured elements. The oxide (a,n) yields in Table 13.3
are known to 10% or better. Thus, the neutron yield calculations are accurate to 10% at best, even with perfect mixing.

The thick target yield is different from the yield observed in a mixture or compound because the energy deposited by the
alpha particles is split between the constituents. The (a,n) yield from compounds and mixtures (assuming perfect mixing) can
be calculated from the general equation given in Ref. [36].
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Table 13.6 Mass stopping forces for commonly encountered elements [37]*

Mass stopping force (C;) Stopping force relative to Mass stopping force (C;) Stopping force relative to
Element | @4.7 MeV (U) MeV/(g.cmfz) oxygen for U (C;;) @5.2 MeV (Pu) MeV/(g.cmfz) oxygen for Pu (Cj;)
Li 824 1.062 768 1.059
Be 774 0.997 725 1.000
B 808 1.041 750 1.034
C 846 1.090 788 1.087
N 815 1.050 760 1.048
(0} 776 1.000 725 1.000
F 723 0.932 675 0.931
Na 674 0.869 627 0.865
Mg 672 0.866 628 0.866
Al 627 0.808 589 0.812
U 227 0.293 216 0.298
Pu” 227 0.293 210 0.290

“The nuclear component is negligible and is ignored here
PExtrapolated using the ratio of U/Th values

¥ = Zﬂ/A/CﬂY./, (13.5)
> 4AICh

where a; is the number of atoms of type j of atomic weight A; in the mixture. C;; is the mass stopping power (force) of element

j relative to element 1. Yj is the thick target yield of element j. This equation weights the yield of each element by the amount

of alpha energy deposited in that element. Table 13.6 gives the stopping forces for 4.7 MeV alphas (average alpha energy for

uranium) and for 5.2 MeV alphas (average energy for plutonium) and the values relative to oxygen (Cj;). Note that the product

a;A; is proportional to the mass, m;, of element j in the material, and so Eq. 13.5 can be written as

Y mixture = M P (136)
> miCj
which makes Eq. 13.6 easier to apply in the case of mixtures. Note that we have also changed to the actual mass stopping force
(power) of each element rather than the value relative to that of oxygen.
In the special case of a two-component mixture where only one element has an (a,n) yield (such as PuO,), Eq. 13.6
simplifies to

Y ivture = ﬂ% or Y mixwre =K Y1, (137)
where K is a “reduction factor.” In the case of PuO,, a; =2,A, = 16,a, = 1, A, = 239, and C,; = 0.29, giving a value of K of
0.316. Thus the (o,n) emission of PuO, is reduced by this factor compared with the thick target yield
(0.059 x 0.316 = 0.0186).

The actual (a,n) emission from an item can be calculated in multiple ways. For PuO, or PuF, (and UO, and UFg), for
example, the specific (a,n) production rates can be used from Table 13.3 and summed for all isotopes.

Yoxide:Z[mi Y, (138)

where m; is the mass in grams of the ith isotope and Y is the neutron yield per gram of each alpha-emitting nuclide as given in
Table 13.3. The summation over i should include **' Am, which is a strong alpha emitter.

Secondly, for PuO,, the “alpha” value of the material can be calculated as described in Chap. 17 of this book by using
Eq. 17.62. This equation uses the values from Tables 13.1 and 13.3 to calculate the ratio of (a,n) neutron emission to
spontaneous fission neutron production for PuO,. The (a,n) emission of a PuO, item can then be calculated by multiplying the
alpha value by the spontaneous fission rate. The alpha value can be calculated for other materials by multiplying by an “alpha
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weight” value, which is equal to the (a,n) yield of the material relative to that of PuO,. For plutonium metal, the alpha weight
is 0.0. For other materials, the alpha weight can be calculated using the general method as follows.

For any material, Eq. 13.7 or Eq. 13.8 can be used directly and then multiplied by the alpha-particle production rate of the
item (using the o emission rates given in Table 13.3). This equation is simple to apply for typical uranium and plutonium
isotopes but needs additional corrections for alpha emitters with different alpha energies. One approximate way to deal with
this issue is to approximate the thick target yield in a particular light element (e.g., F) from a new isotope' (e.g., ***Cm) by
taking the thick target yield in fluorine from plutonium (from Table 13.5) and multiplying by the ratio of the yield in oxide
from ***Cm to the yield in oxide from plutonium (from Table 13.3). This formula works because, over a limited range of
energy, the (a,n) thick target yields vary in roughly the same way with energy. With this method, approximate results can be
obtained from all of the nuclides listed in Table 13.3 and all of the light elements listed in Table 13.5. Example: The thick
target yield of fluorine from ***Cm is approximately given by

n .
( — oxlde)
a 242Cm

2 oxid
(o),
3.76E6

Yrancm=0014x L2E14 —0.026 n/10°

2.3E9

Youcm = Ypu X

(13.9)

where the values are from Tables 13.3 and 13.5. We have used the values for >**Pu as a convenient measure for the average
for Pu.
When N materials are in a mixture with I a-emitters and J light elements (N = I + J), the total (a,n) contribution is

J
_miC;Yj;
NQZZI. miSaiZijl =17 , (13.10)
= 2j=1miCj

where S,; is the specific o emission of material i (a/s/g), and Y}; is thick target yield of light element j from a-emitter i (obtained
using the above approximation, where appropriate).

The stopping-force results obtained with SRIM (Stopping Range of Ions in Matter computer code; Ref. [37]) have been
extrapolated to larger Z values by fitting a power function to the results from Z = 50 to 92 (see Fig. 13.4). The results are given
in Table 13.7.

A more accurate method of calculating (o,n) reaction rates (and spectra) is to use the code SOURCES4c [38], which uses
libraries of alpha particle spectra, stopping powers, and (a,n) cross sections to calculate the (a,n) emission for multiple
different geometries.

The energy of the neutron emitted in an (a,n) reaction depends on the energy that the alpha particle has at the time of the
reaction and on the Q-value of the reaction in the isotope. Average thick-target neutron energies are given in Table 13.5.
Maximum neutron energies are given in the last column of Table 13.4. AmBe and AmLi spectra are given in Figs. 13.5
and 13.6.

Another important characteristic of neutrons from (a,n) reactions is that only one neutron is emitted in each reaction. These
events constitute a neutron source that is random in time with a multiplicity of 1. This characteristic is exploited by neutron
coincidence counters (Chaps. 17 and 18), which can distinguish between spontaneous fission neutrons and neutrons from (c,
n) reactions.

Note that both (a,n) and (o,p) reactions may leave the nucleus in an excited state from which the nucleus decays to the
ground state by emitting one or more gamma rays. For example:

"This method also gives improved results for unusual plutonium isotopic compositions, such as mainly 238py.
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Fig. 13.4 Stopping force as a function of atomic number

Table 13.7 Stopping force for selected elements with extrapolation by power fit aZ® (a = 4188.7,

b = —0.654)

Element V4 SRIM 5.2 MeV/(g/cm’z) Power fit
Li 3 768

Be 4 725

B 5 750

C 6 788

N 7 760

O 8 725

F 9 675

Na 11 627

Mg 12 628

Al 13 589

Si 14 595.3

Ge 32 394.3

Sn 50 320.6 323.7
Pb 82 231.1 234.2
Eu 63 283.6 278.3
Th 90 222.4 220.3
U 92 216 217.2
Np 93 215.7
Pu (extrap) 94 214.2
Am (extrap) 95 212.7
Cm (extrap) 96 211.2
Bk (extrap) 97 209.8
Cf (extrap) 98 208.4

B (1275keV)
—_—

2 -
YF(a,n)*Na* ¥ Na—— 2Ne* !

2
F(a, p)*Ne* ¥ " Ne*

2.6yr
v(1275keV)
EE—— 22Ne.

22Ne

Here, the asterisk refers to a nucleus in an excited state. Because many of the gamma rays from these reactions are of high
energy and are often emitted nearly simultaneously with the neutron, they can affect the response of total neutron counters or
neutron coincidence counters that contain detectors that are sensitive to gamma rays.
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Fig. 13.5 Typical neutron spectrum of an AmBe source
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Fig. 13.6 Typical neutron energy spectrum of an AmLi source

13.5 Neutrons from Other Nuclear Reactions

Spontaneous fission, induced fission, and (a,n) reactions are the primary sources of neutrons observed in passive
measurements; however, other reactions, such as (y,n), (n,n’), and (n,2n), may take place in the sample or detector assembly
and contribute slightly to the observed count rate. This section describes these reactions briefly; examples are given in
Table 13.8. These reactions are more important in active nondestructive assay measurements; details can be found in
Ref. [23].

The (y,n) reaction can produce neutrons in any element if the gamma-ray energy is high enough. The typical minimum
threshold energy (~8 MeV) is much higher than the energies of gamma rays emitted from radioactive nuclides; however, the
(v,n) threshold energies for beryllium (1.66 MeV) and deuterium (2.22 MeV) are anomalously low. Therefore, it is possible to
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Table 13.8 Other nuclear reactions that may affect passive neutron counting

Threshold energy
(MeV) Outgoing energy
Radiation source [30] Target material Reaction Outgoing radiation [30]
Gamma 1.665 Beryllium (y,n) Neutron 8(Ey — 1.665)/9 MeV
Gamma 2.224 Deuterium (y,n) Neutron (Ey — 2.224)/2 MeV
Neutron 0 Hydrogen (n,y) Gamma 2.224 MeV
Proton 1.880 Lithium-7 (p,n) Neutron >30 keV
Proton 1.019 Tritium (p,n) Neutron >0 keV
Neutron 0.1-1.0 Lead (n,n’) Neutron
Neutron 0.1-1.0 Tungsten (n,n’) Neutron
Neutron 0.1-1.0 Uranium (n,n’) Neutron
Neutron 1.851 Beryllium (n,2n) Neutrons
Neutron 3.338 Deuterium (n,2n) Neutrons
Neutron 5.340 Tungsten (n,2n) Neutrons

create a photoneutron source by surrounding relatively intense, long-lived, high-energy gamma-ray sources (such as '2*Sb or
22°Ra) with a mantle of beryllium or D,O. A detailed list of photoneutron sources is given in Table 4.3 of Ref. [23]. For
passive assay applications, it is necessary to keep in mind that prompt fission gamma rays or gamma rays from some (ot,n)
reactions can produce extra neutrons only if the detector assembly contains beryllium or deuterium. Or conversely, neutrons
can be captured in hydrogen to produce deuterium and 2.22 MeV gamma rays. These possibilities are included in Table 13.8.

Inelastic neutron scattering (n,n") can occur in heavy nuclei with neutron energies of roughly 0.1-1.0 MeV or higher. This
reaction is possible if the target nucleus has energy levels low enough to be excited by the neutron. The probability of this
reaction is not high, and the number of neutrons present is not altered; however, the average energy of neutrons in the material
will decline somewhat faster than would be expected from elastic scattering alone.

The (n,2n) reaction can increase the number of neutrons present, but the threshold energy in most elements is in the range
of 10 MeV. The thresholds are lower for deuterium, beryllium, and tungsten, but the number of extra neutrons produced is
likely to be small. The possibility of (n,2n) reactions should be considered only when the neutrons are known to have high
energy; when deuterium, beryllium, or tungsten are present; and when the coincidence count rates to be measured are very
low. In such cases, the observed response may be enhanced.

13.6 Neutrons from Cosmic Rays

High-energy cosmic rays that enter the atmosphere create showers of secondary particles that can give rise to counts in neutron
detectors. These secondary particles affect neutron-counting instruments by interactions with the material of the neutron
detector or the item being counted. These interactions can create events with extremely high multiplicities, resulting in larger
contributions to the higher moments (Doubles, Triples, etc.; see Chap. 17) than to the Singles. The flux of secondary particles,
and thus the rate of occurrence of these events, decreases strongly with altitude. The doubles rate from cosmic rays at 2200 m
is roughly 10 times that at sea level. The number of interactions for a given secondary flux also depends strongly on the atomic
number (Z) of the material concerned. For example, the number of interactions in an item composed primarily of uranium will
be much higher than in an item of the same mass that is composed mainly of iron. This background from cosmic ray
interactions is normally a concern only for the measurement of small amounts of material because the average counting rate
from cosmic rays is small; however, in these cases it is difficult to determine the magnitude of the cosmic background
contribution for a couple of reasons. Firstly, the background depends on the item being measured. For example, when
determining the amount of uranium contamination on large pieces (tons) of metal process equipment, the background
counting rate will be different before and after the equipment is placed in the instrument. Secondly, because these are
relatively rare events, it is difficult to make measurements with reliable uncertainties. One approach to reducing the
contribution of cosmic background events has been to divide the measurement time into many small intervals and reject
data from any interval that has anomalously high counting rates. A discussion on cosmic ray effects can be found in Ref. [39].
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13.7 Isotopic Neutron Sources

Compact, portable neutron sources are useful for laboratory work, for verifying the proper operation of assay instruments, and
for irradiating samples to obtain other induced signals. For accountability or safety purposes, it is often important to have
sources that contain little or no plutonium or uranium. Such sources can be manufactured by using other isotopes that emit
neutrons by spontaneous fission or by taking advantage of (a,n) reactions between strong alpha-particle-emitting isotopes and
low-Z materials.

Californium-252 is the most commonly used spontaneous fission neutron source; it can be fabricated in very small sizes
and still provide a strong source for a practical period of time. Table 13.9 summarizes some of the properties of *>*Cf;
Figs. 13.2 and 13.3 give the prompt neutron and gamma-ray spectra. For some applications, it is important to remember that
252Cf neutrons are emitted with an average multiplicity of 3.757; therefore, they are strongly correlated in time and will
generate coincidence events.

Sources that emit random, uncorrelated neutrons can be manufactured by mixing alpha emitters, such as >**Pu or **' Am,
with beryllium, lithium, fluorine, or other elements in which (a,n) reactions are possible. Table 13.10 [1, 28, 40] summarizes
the characteristics of some common (a,n) sources. One important feature for practical applications is the half-life of the heavy
element that emits the alpha particles. All of the sources listed in Table 13.10 have long half-lives with the exception of
219poBe. Another important feature is the neutron energy spectrum obtained from the source. In some cases, it is important to
have a high-energy, highly penetrating neutron source. In other cases, it might be important to avoid neutron energies high
enough to fission plutonium or uranium isotopes (that is, the source must provide subthreshold interrogation) or high enough
to excite (n,2n) reactions.

Two common (a,n) sources in use today are **' AmBe and **' AmLi. Typical neutron energy spectra for these two sources
are given in Figs. 13.5 and 13.6. The energy spectra can vary somewhat because of impurity elements or imperfect mixing.
(Also, (a,n) spectra can change their shape somewhat in time depending on the source construction and the particular isotopes
involved.) Note that AmLi sources are usually fabricated by mixing **' AmO, with lithium oxide and that (o,n) reactions in the
oxide contribute a high-energy tail to the spectrum.

The **' AmBe sources are compact and relatively inexpensive and do not require much gamma-ray shielding; however, the
high-energy spectrum allows (n,2n) reactions that will produce coincidence counts. The **' AmLi sources are less compact and
more expensive and require tungsten shields. Because of their low-energy neutron spectra, they are the most widely used
sources for subthreshold interrogation in active assay and for random-neutron check sources in passive coincidence counting.
For the latter application, one should be aware of the possibility of plutonium contamination in the americium, which can yield
spurious coincidence counts from spontaneous fission.

(Alpha,n) sources also emit gamma and beta radiation, and in many cases, the dose observed outside the container is
dominated by gamma radiation. (For comparison, the dose from 10° n/s is about 1 mrem/h at 1 m.) The neutron yield of an («,
n) source relative to its total radiation output in curies may thus be an important selection criterion. This ratio is given in the

Table 13.9 Characteristics of 2>2Cf

Total half-life 2.646 year

Alpha half-life 2.731 year
Spontaneous fission half-life 85.5 year

Neutron yield 234%x 10 n/s — g
Gamma-ray yield 1.3 x 10" /s — g
Alpha-particle yield 19102 afs — g
Average neutron energy 2.14 MeV

Average gamma-ray energy 1 MeV

Average alpha-particle energy 6.11 MeV

Neutron activity 4.4 x10° n/s — Ci
Neutron dose rate 2300 rem/h — g at 1 m
Gamma dose rate 140 rem/h — gat 1 m
Conversion 558 Ci/g

Decay heat 38.5 W/g

Avg spontaneous fission neutron multiplicity 3.757

Avg spontaneous fission gamma multiplicity 8
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Table 13.10 Characteristics of some isotopic (o,n) sources

303

Half- Gamma dose in

life Average alpha Average neutron Maximum neutron | mrem/h

(year) |energy energy energy at 1 m/(10° n/s) Curies per Yield in 10° n/s —
Source [1] (MeV) [1] MeV) [1] (MeV) [28] [40] gram® Ci€ [40]
21%poBe | 0.38 53 42 10.9 0.01 4490 2-3
22°RaBe | 1600 |4.8 43 10.4 60 1 0-17
238pyBe | 87.74 |5.49 45 11.0 0.006 17 2-4
28pyLi | 87.74 |5.49 0.7 1.5 ~1 17 0.07
28pyF, |87.74 |5.49 1.3 3.2 ~ 17 0.4
28pu0, 8774 |5.49 2.0 5.8 ~ 17 0.003
Z%PuBe 24,120 |5.15 4.5 10.7 6 0.06 1-2
2°PuF, 24,120 |5.15 1.4 2.8 ~1 0.06 0.2
*TAmBe |433.6 |5.48 5.0 11.0 6 3.5 2-3
2TAmLi | 433.6  |5.48 0.3 15 25 3.5 0.06
2TAmB | 433.6 |5.48 2.8 5.0 3.5
2IAmF | 433.6 |5.48 13 25 3.5

3(Alpha yield/s — g)/(3.7 x 10'* dps/Ci)

Table 13.1