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Preface

The subject of the passage of neutral and charged particles through matter has
been studied for a century. After decades of much early experimental work and
nonquantum mechanical calculation, the basic physics of the passage of photons,
electrons, protons, and heavier charged particles through matter was worked out
theoretically in the decades following the completion of quantum mechanics,
largely in the 1930’s, and neutron diffusion shortly thereafter. There is excellent
summary documentation, from the 1950’s and later. The early, basic theoretical
treatments, now textbook material, were compared with data available at the
time. Today, one has available large data libraries with cross sections compiled
from decades of measurements and sophisticated calculations.

The accuracy of data in current libraries, based on modern computations
and continually accumulating experimental measurements, far surpasses that
of the early, relatively elementary, calculations. As one example, below 100
keV the standard, original Bethe mean stopping power formula for electrons
is less than 85% of the actual stopping power, and below 10 keV may be less
than 60% of the correct value in some materials. At still lower energies it is
effectively inapplicable. Today’s computing capabilities have allowed accur-
ate calculations (although electron stopping power below a few keV is still
somewhat problematical).

Given the long history of work on the passage of energetic particles
through matter, there is little new that can be said of a fundamental nature.
And almost all the data collected here are available elsewhere, often on the
Web, or in journal articles. However, workers in need of certain parameters
(cross sections, stopping powers, etc.) may not be aware of the availability of
the needed data, which can be well-known to other disciplines. While nuclear
physicists may be very familiar with the cross section compilation in the
evaluated nuclear data files (ENDF), solid-state physicists and electronic
engineers studying the effects of cosmic rays on satellites or micro-electronics
may be less so. It is not widely known that photo-atomic and electro-atomic
cross sections are also tabulated in ENDF, or that models for electron multiple
scattering are available on the Web. Knowing where to access those and other
data, extracting a needed subset from all that is available, knowing how to
interpret the format in which it is presented, can be time-consuming tasks.
That has often been the experience of the author and, according to a short,
informal survey, the author’s colleagues as well. Graphs of parameters as a
function of the relevant independent variable (cross sections vs. energy or vs.
scattering angle, etc.) are sometimes what is wanted, and occasionally are
sufficient for the purpose at hand.



It seemed worthwhile to try to collect in one place as much of these often
needed data as possible, together with enough background physics so the
reader can feel comfortable applying them, having some understanding of
where they come from and why they have the order of magnitude they have.
The idea is to make up-to-date data available and understandable to non-
specialists. The book and its accompanying data CD and contour plots are
intended to be a working reference for scientists and engineers in industry,
educational institutions, and laboratories, providing ready access to useful
data. We have also tried to digest the data in the form of useful graphs,
showing dependencies over a wide range of the independent variable(s),
allowing quick approximations of a quantity. And it was decided to include
much of the numerical data on a CD-ROM included with the book. Through-
out, we include references to where the data came from, and where updates to
them, and related information, can be found. While there are many articles
and treatises on individual projectiles, there are fewer if any introductions
providing an overview of the entire subject for photons, electrons, ions, and
neutrons; we attempt to provide such an introduction here. It will be useful to
practitioners of radiation physics, but the level of analysis is not intended to
satisfy the expert. It is intermediate between a text book and usual reference.
It is not intended to be a comprehensive treatise on the subject; that would be
too vast a task. References that together may be taken to constitute such a
treatise are given throughout. And the book may serve as an introduction to
the massive, invaluable ENDF data library.

In addition, certain features of particles interacting with matter are not so
well known, and worth bringing to a wider audience. It is widely appreciated,
for example, that when a photon Compton scatters from a free electron, its
angular distribution peaks in the forward direction. But it is less widely
recognized that when a photon Compton scatters from an atom, its angular
distribution vanishes in the forward direction.

For electrons, it is common knowledge that the Coulomb cross section for
scattering from an isolated charge (nucleus) diverges. Screening of atomic
electrons makes the electron-atom elastic scattering cross section finite. But
its sharp forward peaking, even on a screened atom, is remarkable. The elastic
differential cross section in exactly the forward direction (8 = 0) increases in
proportion to the square of the incident electron energy, while the total elastic
cross section saturates to a constant as energy increases. On Fe, the forward
differential cross section rises to a value of 10'* barn/sr at 100 MeV. At an
angle of only 1° it has fallen 9 orders of magnitude to 10* b /sr. At that energy
99% of the scattering occurs at angles less than 0.1°, in a solid angle of only
10® of a sphere.

Any cross section, say the photon-atom Compton cross section o(E), is a
function of incident photon energy E for each target material. It is therefore
clear that the cross section on all elements, o(Z,E), is a function of atomic
number Z and E, and so forms a surface over the Z-E plane. That surface can



be represented by a contour plot in the Z-F plane. One thereby displays an
interaction for all elements over all energies of interest on a single graph.
Numerical values of cross sections and/or stopping powers can be read
quickly, often to quite useful accuracy, from such a graph, especially from
the large, color 11”x 17" plots. These plots are considered an integral part of
this book. They are included as high resolution Portable Document Format
(pdf) files on the accompanying CD-ROM, appropriate for printing on
11"x 17" paper.

Such a contour plot assists in understanding the overall process, enables
global trends to be discerned, and helps one choose a material with desired
characteristics. In addition, there is satisfaction in knowing more than just the
immediate number one needs; one develops more confidence in each number
when it is viewed along side its neighbors.*

For a photon cross section such a plot brings to light the difference
between the atomic cross section o(barn/atom) as a function of Z and E,
and the bulk matter cross section (r(cm2 /gram) as a function of Z and E. In the
conversion between the two the atomic weight A(Z) of elements in their
natural isotopic composition enters the conversion factor. Since A(Z) has
irregular behavior as a function of Z, contours of o(cm®/gm) exhibit an
irregular pattern that does not occur in the smooth o(barn/atom). Similar
graphs can be constructed for any cross section or for stopping powers or
ranges of charged particles.

Cross section or stopping power contour plots are more than of academic
interest. Not only does one see the full span of physics on a single page for,
say, the total photon cross section, as the dominant process passes from photo-
electric absorption to Compton scattering to pair production as energy in-
creases, but in addition one can read the numerical value of the cross section
often to better than a few percent. The author uses them routinely. It seems
worthwhile to bring these and other features to the attention of a wider
audience, and to provide comments clarifying and emphasizing important
points.

Further, some published data are based on quite sophisticated calculations
(for example self-consistent relativistic Dirac-Hartree-Fock models) that gen-
erally give a very believable result for cross sections, but may produce other
unrealistic features. The self-consistent DHF model of elastic photon-atom
scattering produces detailed form factors, but can be inaccurate for absorption
edges. Such published data are most meaningful to other specialists in the
field. The general user may wonder why a seemingly elementary quantity like

*We may appeal to a phrase by Oppenheimer, “Every part of the theory may be understood from
more than one point of view; to see it always and only from one point of view, even if that be the
most general, is to understand it only partially”, taken, rather out of context, from his review of
Dirac’s new book The Principles of Quantum Mechanics; Phys. Rev. 31:97 (1931). The same may
be said of data.



the photo-ionization edge in Fe, which is given as 7.9024 eV in most
tabulations, is given as 7.530 eV in LLNL’s Evaluated Photon Data Library
(EPDL) data base, and appears as 3.60 eV in calculations of elastic form
factors [C.T. Chantler J. Phys. Chem. Ref. Data 24:71 (1995)]. Likewise the
separation of edges, such as Ly to Ly, may not be calculated accurately. The
reason is that detailed models accurate for their intended purpose (calculation
of scattering cross sections) are not necessarily accurate for bound energies;
they tend to break down at the 3-5 eV level. The resulting photo-ionization
edge may be off by more than 1 eV. In particular, Livermore’s EPDL
photo-atomic library was constructed together with its EEDL electro-atomic
counterpart for the purpose of having a consistent set of cross sections for
electron-photon transport calculations. Here consistency between data sets is
more important than absolute accuracy. The library documentation makes that
purpose clear, and cautions against using the cross sections for other purposes
without checking other sources. Merely bringing these and other related facts
to the attention of a wider audience seemed sensible.

Fortunately for the author the U.S. Air Force Office of Scientific Research
agreed that this was a worthwhile undertaking, it hopefully being helpful to
those unfamiliar with the data and saving workers much time. AFOSR has
funded its writing for some time. The author is grateful for that support; there
is no way the book could have been written without it.

Sources for data and their updates are given as Web addresses. Unfortu-
nately, internet URLs change over time. We have found no simple way
around this dilemma except to note that each address is usually associated
with a particular organization which survives longer than the specific address
for the data in question. Creative hunting for the new address within that
organization may be necessary. The address for photo-nuclear cross sections
at the International Atomic Energy Agency may change, but the IAEA will
still be there.

Time and support limitations have resulted in photons and electrons being
discussed more thoroughly than ions and neutrons. The former are important
in their wide occurrence, are more penetrating than ions, and are a common
source of effects. There are already a number of good reviews of heavy ion
transport, and excellent, readily available calculational tools. Neutron inter-
actions are too varied and numerous to attempt a full compilation. And the
author is more familiar with photon and electron effects.

A broad discussion is given of the effects of multiple scattering on
electron trajectories. We include a derivation and discussion of the conversion
of a photon flux to an electron flux, via photoelectric, Compton, and pair-
production interactions (the “1% Rule”), relevant, for example, to noise in
pixellated detectors. Its opposite, the conversion of electrons to photons via
Bremsstrahlung, is also discussed, with emphasis on the photon number flux
in addition to the common energy flux, relevant, for example, to the problem
of electrons penetrating material thicker than their range.



In addition to the cross sections, stopping powers, angular distributions,
etc., presented here, there are, of course, numerous other quantities involving
radiation interacting with matter that are of interest in various applications.
Among them are:

* The photon build-up factor, the increase in photon and electron flux
with depth due to cascade showering as energetic gamma rays penetrate
thick materials. A build-up factor may be defined for essentially any
quantity. The transmission build-up factor is the transmission of all
photons (or, if one wishes to define, all photons and electrons) through
a thick absorber relative to the transmission of only unscattered
photons; the flux build-up factor is the local omni-directional or direc-
ted flux of all photons (or all photons and electrons) relative to the flux
of only unscattered photons; etc. But the concept is usually applied to
the dose build-up factor, the dose of all particles at a given depth
relative to the dose of unscattered photons; when a y-ray Compton
scatters, the scattered photon and the Compton electron now deliver
more dose than the original photon alone.

* Differences between electron and positron cross sections, stopping
powers, and ranges. These are of interest in the spatial distribution of
ionization and dose following pair production by energetic photons, and
in medical applications of positron emission tomography.

¢ Electron (and ion) restricted stopping power, the stopping power due to
individual energy losses less than a specified amount. Or a related
quantity, especially important in radiation effects in electronics, the
radial profile of energy deposited along the trajectory of a primary
electron or ion. This accounts in large measure for the principal differ-
ence between stopping power and Linear Energy Transfer (LET) in
micro-electronic applications.

* The stopping power and ranges in compounds, as well as elements.
Compound semi-conductors and particle detectors, plastics, metal al-
loys, dielectrics, biological tissue and other organic compounds, are
some of the materials of interest. This is especially a problem for heavy
ions; to be precise, unlike electrons, their stopping power is not simply
the sum of the weighted elemental stopping powers. Fortunately, other
readily available tools address this problem for ions.

* Stopping power and range of the mu meson, an important component of
sea-level cosmic rays. Only stable particles are discussed.

* Photo-electron and photo-photon yield; the number of backscattered
electrons and photons created when a photon strikes a solid surface.

* Backscattered and secondary electrons; the number and energy spectra
of back-ejected electrons when an incident electron strikes a solid
surface.



* Ionization caused by secondary nuclear particles following energetic
proton and heavier ion nuclear collisions.

* The small, but not always negligible, non-ionizing energy loss of
electrons and photons.

Time limitations have prevented including these and many other topics of
interest.

The author may be reached by e-mail at ncarron@alum.mit.edu for
comments or to point out errors. Any necessary errata will be available at
the website http: //www.crcpress.com.
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DOI: 10.1201/9781420012378-1

1.1 BACKGROUND

The study of the passage of photons, electrons, protons, a particles, and
neutrons through matter is essentially as old as the discovery of these radiations
themselves. Indeed, it could hardly be otherwise. Original production of ener-
getic photons (x-rays), late in the nineteenth and early in the twentieth centur-
ies, well before the name “photon” was invented, took place in vacuum
chambers, and the radiations had to penetrate the walls of the chamber to
propagate to detectors. Radiation detectors themselves were enclosed in a
housing, and the radiation had also to penetrate its walls or entrance windows.
Radiation names were also drawn from the notion of the passage of particles
through matter. Before their underlying nature was understood, the names
given to three forms of radiation, o, 3, and y, were selected in the order of
the penetrating power of the radiations, with « particles readily stopped by thin
foils, 3 rays more penetrating, and y rays capable of passing through relatively
thick materials. Further, it was immediately realized that in penetrating foils (or
scattering from foils), these radiations provide a probe of the interior matter,
that is, a tool to investigate the atomic nature of matter. Understanding
the energy loss and scattering processes thus became important endeavors.
The historically minded reader may follow the chronology in, for example, the
beautiful account by Pais [Pa86].

Over the decades, many fields of research have emerged in which ener-
getic, neutral, and charged particles play a role. Their number seems to be
increasing with time.

* Naturally trapped particles in the Earth’s inner and outer radiation belts
routinely bathe satellites in beams of energetic electrons and protons,
and internal electronics must be designed to withstand their effects.

* Energetic cosmic rays, and their secondary showers, unavoidably strike
satellites and aircraft (and their passengers).

* Nuclear weapon bursts put out intense y-rays, x-rays, 3’s, and neutrons,
and an entire industry has grown to study their effects and shielding
against them.

* Reactor laboratories need to understand the penetration of neutrons and
v’s, and the secondary particles generated by them.
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* Some laboratories routinely have pulsed or continuous x-ray sources,
neutron guns, y and 3 emitters, and other particle sources to study their
effects on materials.

* The astronomy community is relying more and more on digital cameras
in satellites, using CCDs in place of photographic emulsions. Perform-
ance of these electronic cameras is degraded over time as energetic
particles, such as cosmic rays and trapped radiation, impinge on them,
and needs to be taken into account in the original design.

* The health physics community employs radiation to destroy cancerous
cells and is concerned with the effects of these radiations on biological
tissue.

* The science and art of radiation detection require knowledge of the
interaction of radiation with matter.

* Plasma physicists need to know the ionizing effects of charged particle
beams passing through gases.

* Auroral and upper atmospheric studies require knowledge of the effects
of energetic electrons and protons on atmospheric gases.

All these endeavors require basic cross sections and stopping powers of
particles in matter.

When a particle passes through a material, it changes the matter in a
number of ways. A charged projectile will knock out atomic electrons,
causing ionization (ion pairs in a gas, electron-hole pairs in a semiconductor);
it can electronically excite atoms, which may de-excite by delayed photon
emission (fluorescence); it may collide directly with a nucleus, causing it to
recoil and displace in a solid; or it may produce Bremsstrahlung photons,
which travel some relatively large distance to interact elsewhere in the
material or which escape the material target. An energetic neutron or proton
may cause a nuclear reaction ejecting other nuclear particles. The study of the
effects of a particle or particles on the target material is generally known as
radiation effects.

Likewise, the matter affects the particle by scattering, slowing down, or
absorbing it. The study of the effects of matter on the passage of particles is
generally known as radiation transport. Both aspects of the process, the
particle’s effect on matter and the material’s effect on the particle, are of
interest. Radiation effects are of interest in radiation damage studies, as in
cosmic ray effects in semiconductor electronics or in radiation cancer therapy,
and in particle detection, where the change in the target is used to register the
passage of a particle. Radiation transport is of interest, for example, in
radiation shielding studies, or in particle stopping power such as that needed
to compute the effect of a thin attenuating layer of solid purposely intended to
slow down a proton beam.

As needed for these studies, it would clearly be useful to have at the ready
a collection of the basic data on the relevant parameters concerning the
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passage of energetic particles through matter: A single place where one can
find cross sections and mean free paths (mfps) of photons; stopping powers,
ranges, and scattering of electrons, protons, « particles, and possibly other
ions; kerma and dose; fluence-to-dose conversions, and so on, in the elements.
It need not be a textbook, for most users would already be at least somewhat
familiar with most concepts. However, in addition to data, it should have
enough of a discussion of the physics to convince the users that they under-
stand the data, what is behind them, and how to use them properly. The
present book hopes to provide that source of information, at least partially. It
is intended to complement the more fundamental references and provide a
useful tool for researchers; to help workers use the mass of knowledge and
data on the passage of energetic particles through matter, and to make it
easier for the reader to find needed quantities. Some digital databases, while
thorough, present numerical data in a compressed format, making them
inconvenient to use readily. We have digested the most commonly used
data (cross sections, stopping powers, fluence-to-kerma conversion factors,
etc.), and provided them in straightforward format on an accompanying CD-
ROM. Web sites are cited for updates.

In this well-studied subject, most of the just mentioned parameters are
found scattered in books, articles, or on the Internet in a wide variety of
sources. In particular, the three oft-referenced works have become classics:

Bethe, H.A. and Ashkin, J., Passage of radiations through matter, in
E. Segre, Ed., Experimental Nuclear Physics, Vol. 1, J. Wiley, 1953.

Evans, R.D., The Atomic Nucleus, McGraw-Hill, 1955.

Heitler, W., The Quantum Theory of Radiation, 3rd edn., Oxford Univer-
sity Press, 1954.

The series of reports by the Lawrence Livermore National Laboratory
(LLNL), carrying basic number UCRL-50400, has provided a wide commu-
nity with cross-section data for years. Particularly useful as data sources are
certain web sites of the National Institute of Standards and Technology
(NIST), the Los Alamos National Laboratory (LANL), the National Nuclear
Data Center at Brookhaven National Laboratory (BNL), LLNL, and the ion
transport tools of Ziegler and coworkers, originally at IBM. However, for-
mulas and the discussion of the physics behind them are not so readily
available on the Web, and it is no mean feat to get to the data from a
laboratory’s home page. And often enough, some extension of the raw data
is desired. Having most of this in one place would save time.

Since the advent of powerful computers, and the growing need for particle
transport calculations for shielding and for radiation effects studies, a number
of equally powerful codes have been developed to solve the transport
through matter of photons, neutrons, and charged particles. One of the most
widely used is MCNP (Monte Carlo n Particle, formerly Monte Carlo
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Neutron Photon). Others are COG, TIGER (now ITS), TART, EGS, CASINO,
PENELOPE, MC-SET, GEANT, and so forth. These are all very successful,
and in common use. Many excel at handling complicated three-dimensional
geometries, and are well developed. The December 2000 MCNP Version 4C
manual states that there have been some 450 man-years (person-years, actu-
ally) in its development up to that time, and its conceptual origins date back
to von Neuman and Fermi.

Partially as a result of the availability of these codes and computers, there
is a growing tendency among scientists to run big, existing codes to solve
almost every problem, rather than to ponder first with much effort about the
physics involved. As a result, many studies in the disciplines listed earlier
have been (and are) carried out with the well-established codes. The work
involved in solving a problem then becomes the work involved in setting up
the code input and deciding on useful forms of output from all those available;
for complicated geometries, this is not simple. The trend toward numerical
work is driven by current needs. Calculations involving complicated geom-
etries using well-established codes are absolutely necessary; the geometries in
most real problems are so involved that there is really no other way to get the
right answer.

For the most part, the individuals who make use of the large codes are not
those who wrote them, and often are not intimately familiar with them. For
the uninitiated, the documentation occasionally does not quite achieve the
epitome of ultimate clarity; it is impossible for code developers to write
documentation in a way that anticipates every user’s point of view. To
check one’s work, to make estimates, to scope the problem before setting
up a large code computation, to convince oneself that numerical results are
correct, to understand their meaning, one needs to see the raw data, their
graphs, and perhaps the scaling laws (with particle energy, or with atomic
number) from basic equations and data.

Further, one often wishes to write one’s own (smaller) code rather than
use the standard large ones. It gives one better control over the entire problem
and an assurance of understanding. For this purpose, one needs the actual
cross sections in numerical form.

The present book is intended primarily to present needed parameters, data,
and concepts to satisfy these purposes. It makes good use of the huge ENDF
cross-section database, and may serve as an introduction to that data library.

One might expect most atomic cross sections and particle stopping powers
to be quite well known and well documented by now. While that is true in a
general sense, practical problems remain. Uncorrected errors in published
journal articles, differences among different data compilations, with little
guidance as to which is more reliable, and errors in the documentation for
the use of those compilations still exist. Some of those differences merely
reflect the current state of knowledge of those parameters. Although the
situation seems to be improving with time, it can be a chore to get reliable
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numbers for actual application. In documentations it can be nontrivial for
experts to write in words understandable to the nonexpert, to try to anticipate
questions by those not as familiar with the material as the authors. We provide
here much of the data, together with sufficient discussion to provide the
reader with a guide.

The standard data sources, some mentioned earlier, generally present
neutral particle cross sections and charged particle stopping powers for the
elements. For each element, these quantities are a function of projectile
energy E. If we work with, say, 98 elements, there are then 98 tables and
98 graphs of, say, the total photon cross section as a function of incident
photon energy E.

However, each quantity (a cross section or a stopping power) can be
considered a function of Z and E. As such, it forms a surface over the Z, E
plane. On a single page, this surface can be represented by a contour plot in
the Z, E plane, for all values of Z and all desired values of E. In this way, one
can condense these usual 98 plots of a particular cross section in the elements
into a single graph. For example, the total photon cross section on all
elements over the entire energy range of interest appears on one graph.
Then, at a glance, one can grasp the entire behavior of any photon cross
section over all elements for all energies. Trends are readily discerned. For
instance, when plotted in units of cmz/g, one can readily see that at 1 MeV the
total photon cross section is nearly 0.06cm?/g in all elements; but when
plotted in units of barn/atom, the cross section varies from 0.3 at Z=2 to
more than 30 at Z > 90. Similarly, the electron (or proton or alpha particle)
stopping power at all energies in all elements can be represented by its own
contour plot, and the full span of Z and E can be seen on a single page. Small
versions of these contour plots are presented in later chapters. These contour
plots are provided separately in color as Adobe Acrobat PDF files on the
accompanying CD-ROM, intended to be printed out on 11”7 x 17” paper. The
plots are meant for this large size; in that size, they are much easier to read
and are very useful. For some processes, the graphs can be read by the eye to
better than a few percent accuracy, often sufficient for rough work.

This book is in no way intended to be a comprehensive treatise on the
subject. The topic is too vast. Its primary purpose is to make modern data
readily accessible, and to provide enough discussion of the underlying physics
to make those data understandable. There has been something of a disconnect
between expositions of the fundamental theory and complete presentations of
modern, best, compiled data. This book is intended to fill that gap and to be a
working reference.

Although the book touches on the subject of the effects of energetic
particles on semiconductor electronic devices, it does not dwell on it. Rather,
it presents the basic physical processes underlying all such effects. For a
discussion of effects on semiconductor electronics, the reader is referred to
standard works. Three of them are:
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Holmes-Siedle, A. and Adams, L., Handbook of Radiation Effects, 2nd
edn., Oxford University Press, 2002.

Messenger, G.C. and Ash, M.S., The Effects of Radiation on Electronic
Systems, 2nd edn., Van Nostrand Reinhold, 1992.

van Lint, V.A.J., Flanagan, T.M., Leadon, R.E., Naber, J.A., and Rogers,
V.C., Mechanisms of Radiation Effects in Electronic Materials, Vol. 1,
Wiley, 1980.

Likewise, radiation shielding is a major subject in its own right, and good
texts are available. Among them are:

Goldstein, H., Fundamental Aspects of Reactor Shielding, Addison-
Wesley, 1959.

Profio, A.E., Radiation Shielding and Dosimetry, J. Wiley, 1979.

Shultis, J.K. and Faw, R.E., Radiation Shielding, American Nuclear
Society, 2000.

The high-energy physics community, often requiring energies higher
than those considered here, maintains its own summary of the passage of
particles through matter, in the regularly updated review of particle properties;
for example, Groom and Klein in [PDG04] or http: //pdg.Ibl.gov. The x-ray
physics community maintains a site [http: //xdb.1bl.gov] and a handy reference
booklet [XRDO1].

We first make note of some basic differences among the radiations.

1.2 CHARGED VS. NEUTRAL PARTICLES

It is worth making a quick observation about the difference between a charged
particle passing through matter and a neutral particle. As will be seen, the
cross section for a charged particle (electron, proton, or heavier ion) to
interact with an atom is of the order o ~ 10~'® cm?2, whereas that for a neutral
particle (photon, neutron) is only of the order 1072* cm? to 10~%° cm?. Thus,
in matter of number density N ~ 10> cm™3, the mfp between collisions,
1/No, is only a few Angstroms (1 Angstrom = 1A=10"% cm) for a charged
particle, but is microns to centimeters for a neutral one.

As a result, a neutral particle (photon, neutron) interacts relatively infre-
quently with target atoms, and at each collision is either absorbed or scattered
out of the original beam. The unscattered beam intensity is attenuated by a
factor e in one mfp, 1/No, the quantity which then characterizes its passage,
and the intensity decreases exponentially with the distance traversed. Particles
scattered out of the beam may or may not still be of interest. The mfp of a
1 MeV v ray is approximately 16 g/cm? in most elements (about 6.8 cm in Si,
and about 125 m in STP air).
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However, a charged particle (electron, proton, alpha particle, heavier ion)
interacts with nearly every atom along its path, and loses some energy each
time to atomic excitation or ionization; but it continues on, perhaps scattered
in direction. Heavy ions are scattered in direction only slightly, as are
relativistic electrons; then the loss of particles from the original, unscattered
beam is not of concern. The relevant parameter for a beam of charged
particles is its rate of energy loss. Eventually, it loses all energy and stops
after a fairly well-defined track length. A 1 MeV electron has a track length of
about 0.6 g/cm? in most elements (about 0.25cm in Si and about 4.5m in
STP air). Lower-energy electrons, however, elastically scatter much, and their
mean forward progress is considerably less than their track length.

Thus, beams of photons or neutrons are characterized by their mfps, but
beams of charged particles are characterized by their instantaneous energy
loss rate (the material’s stopping power for that projectile) and a full path
length or range.

Charged particles (electrons, protons, heavier nuclei, and charged mesons)
are referred to as directly ionizing radiation. By their Coulomb collisions with
atoms, they directly eject atomic electrons into the material. Many such
ejected electrons, usually of low energy and small residual range, result
from the passage of a single energetic charged particle.

Uncharged particles (photons, neutrons, and neutral mesons) are referred
to as indirectly ionizing radiation. The basic interaction of a neutral particle
with matter may cause one or more energetic charged particles to emerge
from the interaction (a Compton electron; a photo-electron; a recoil target
nucleus following nonelastic neutron scattering; protons, alpha particles, or
nuclear fragments following nonelastic neutron scattering; etc.). Those ener-
getic charged particles then ionize the matter by direct collisions with atomic
electrons. The original neutral particle ionizes only indirectly via the ioniza-
tion by the energetic particle(s) kicked out by the interaction of the neutral
projectile. Some disciplines use the term ionizing radiation to apply to all
particles, because all particles do, ultimately, produce ionization.

1.3 TERMINOLOGY

Over many decades, each of the disciplines that has had occasion to study or
make use of the passage of energetic particles through matter has historically
developed its own traditional terminology that may be inconsistent with, or at
least confusing to, another. If a nuclear engineer (reactor designer), a basic
nuclear physicist, a cosmic ray specialist, an electrical engineer studying
gamma and neutron effects on electronics, and an infrared physicist were
to enter a discussion to describe particle fluxes, the clash of nomencla-
ture would bring useful information transfer nearly to a halt, even though
all would be talking about the same phenomenon. Even the simple terms field,
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radiation, and flux, have different meanings in different specialties. Here we
try to explain them or at least state unambiguously what we mean by the
terminology we use.

1.3.1 Fiewp, RADIATION, AND FLux

The classical electromagnetic fields E and B are indeed classical fields,
because they are continuously distributed quantities and continuous point
functions of position and time. No particles are involved.

However, and somewhat surprisingly for electromagneticists, the same
word, field, is used, for example, in the neutron measurement community to
mean the collection of all neutrons that may be bouncing around in a room. In
this community, the neutron field is specified by the usual parameters
describing a gas: either the number density of neutrons and their Boltzmann
distribution function to specify their distribution in space and velocity, or,
what is the same thing, their energy spectrum and angular distribution. A
neutron field is the gas of neutrons in the vicinity of the observer, however
one describes it, such as might occur near a reactor.

Once the particle nature of light and therefore of electromagnetic fields
was realized in the 1920s, the term field in the context of electromagnetics has
come to refer both to its original historical meaning of a classical, continuous
point function, or, in the case of extremely high-frequency fields whose
particle nature is important, to the neutron-community-like specification of
the distribution of numbers of photons. A gamma field is the gas of photons in
the vicinity of the observer, also such as might occur near a reactor.

Even the elementary term radiation has evolved to have a dual mean-
ing. Since Maxwell’s era in the latter half of the nineteenth century, in
electromagnetics the term radiation has meant classical electromagnetic
fields, arising from a time-dependent current distribution, which at large
distances r fall off as 1/r. The energy flux in the radiation field then falls
off as 1/r?. However, the discoverers of a rays and { rays applied the term
radiation to the emission of these particles from matter; the only similarity
with the electromagnetic case, it turned out, was that an effect was observed
some distance from a source. Even the distance dependence of their intensity
did not fall off as 1/r? because of the additional exponential attenuation in
passing through air or other materials. Therefore, the term as used had little
quantitative value in common with its electromagnetic origins. Today, the
term radiation has the general meaning of the emission and transport of
classical electromagnetic fields, of photons, o or B particles, neutrons, or
anything else. A radioactive material is one that emits any of these particles.

In most areas of physics, the term flux means the rate at which some
quantity passes through unit area. The number flux of particles is the number
of particles passing per cm? per second. In other disciplines, however, the
term flux is used to mean the rate at which some quantity passes an observer,
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generally through a specified area, but not per unit area. In radiometry the
word is used to mean the rate at which photonic energy passes a specified
area, and is measured in Watts [Wo85]. Under this usage, a number flux
would be the number of particles passing through a specified area per unit
time, particles per second. The number passing through unit area would be
called flux density, the number of particles per cm? per second.* Older
neutron literature (e.g., ICRU Report 13 [ICRU69]) used just such termin-
ology (although the term fluence, rather than fluence density, is used to mean
particles per cm?). Still other communities use the term flux to mean particles
per cm? (which we call fluence).

In this book, we adopt the more common usage. The flux of a quantity is
the amount passing through unit area per unit time. An electron beam of 10
Amperes and cross-sectional area of 5cm? passes 2C/cm? per second.
Its number flux is 2/(1.602 x 107!%) = 1.248 x 10'%electrons/cm? /sec. Its
charge flux is 2 C/cm?/sec = 2 A/cm?, also called its current density. A flux
of f(particles/cm? /sec) passes fA (particles/sec) through an area A. There is
no separate name for the quantity fA.

The fluence of a flux of particles is simply the time integral of flux, the
number of particles passing through a unit area over a specified time, say
particles/cm?. Energy fluence is the energy of those particles that pass through
unit area over a specified time, e.g., MeV/cmz. As discussed presently, it is
further necessary to specify the orientation of the unit area relative to the incident
particles to fully specify the flux. Various definitions of this orientation result in
different kinds of flux, such as planar or omnidirectional.

1.4 DISTRIBUTION FUNCTIONS AND FLUX

Although the focus of this book is on individual particles, one must eventually
consider collections of particles. The dose in matter and the fluence-
to-dose conversion factors make sense only for many particles. Here we
discuss concepts and nomenclature of distribution functions and fluxes of
particles.

From the previous discussion, once one defines flux as particles per unit
area per unit time, the orientation of the unit area relative to the moving
particles remains to be specified. Various orientations result in various defi-
nitions of flux: the omnidirectional flux; the planar, directed (current) flux; or
the scalar directed flux, each useful in certain applications. All these follow
from the Boltzmann distribution function f(7, U, t), which contains more
detailed information. Different disciplines define different distribution func-
tions and fluxes for convenience.

*Magnetic flux (Wb) is the surface integral of the magnetic field B over a given area. B itself is
called the magnetic flux density (Wb/m?). This use of the terms may be the origin of their similar
use in other disciplines.
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1.4.1 DistriBUTION FUNCTION AND FLUX

The basic Boltzmann distribution function, f(7, v, r) particles per cm® per
(cm/sec)’, contains the most detailed description of a field of particles.
f(F, U, t) d*v is the number of particles per cm® with velocity in d*v about
v. The particle number density is n(F, 1) = [f(F, ¥, ) d*v. The energy spec-
trum g is obtained by writing d3v = v?dv d{) and integrating over velocity
angles ) and using E = (1/ 2)mv? (nonrelativistic) as the independent vari-
able instead of v: g(F,E,1) = g(E) = [dQf (F, U, H)v/m, where m is the par-
ticle mass and v’dv = (v/m) dE. g(E) dE is the number of particles per cm?
with energy in dE about E. The number density can also be written
n(r, 1) = [ g(F, E, 1) dE.

fitself is fundamental in kinetic theory, but it is often not the most useful
direct description in applications. Rather, one is often interested not in the
instantaneous velocity distribution, but in the number of particles that pass an
area in a specified time. The quantity

vf (F,0,1) d°v

is the number of particles cm~?sec™! with velocity in d*v about ¥, which cross
a square centimeter with normal parallel to ¥. It contains as much information
as f itself but addresses the commonly needed quantity more directly. Differ-
ent disciplines define different differential fluxes. Seeing their connection to
f and their relation among one another lends some unified understanding
to the subject. Even within a single discipline (notably neutron physics),
nomenclature can differ.

As mentioned, in f the three independent variables v can be
replaced by E and Q, using d*v = (v/m)dEdQ. Then vf(F, v, t)/d*v =
vf (7, E, Q, ) (v/m)dEd() is the number of particles cm~2 sec™! with energy in
dE about E with direction d{) about ) that passes through the unit area
perpendicular to the direction of ). As indicated by their arguments, one

takes f(F, U, t) to have dimensions of, for example, particles/cm?/(cm/ sec)’,
but £(F, E, Q, 1) to be particles/cm? /MeV /sr. Thus, the quantity

J(FE,Q,1) = uf(F,E,Q,1) (particles/cm? /sec/MeV /sr)

is a differential (in energy) flux with as much information as f itself. In
neutron transport theory, it is called the angular flux and is the fundamental
quantity in that theory.

Nuclear reactor theory [Be70, He75] uses the notation N(7, E, Q, 1)
for our f(F, E, Q, t), and there N is called the neutron angular density,
emphasizing its dependence on (2, or the neutron density in phase space. It
is simply the neutron Boltzmann distribution function with independent
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variables £ and () rather than vy, vy, v,. The angular flux J =vf =uN
is denoted by @, E, (),¢) in Bell and Glasstone [Be70].* When integrated
over the neutron velocity angles (), the angular density becomes
IN(F, E, Q, 1)dQ = n(, E, t), which Bell and Glasstone call the neutron
density. Perhaps it should more properly be termed the neutron spectral
density, for it is the number of neutrons per unit volume per unit energy
interval, for example, neutrons/cm?/MeV. The full number of neutrons per
unit volume is [n(F, E, f)dE. The angular flux ® may be integrated over
velocity directions () to obtain what is called the roral flux
o, E, 1) = [OF, E, Q, )dQ (particles/cm?/sec/MeV). This too might
more properly be called the spectral flux, since it is differential in energy,
or even the omnidirectional spectral flux, as it tabulates particles coming
from all directions.

The same quantity J(7, E, (), f) = vf is commonly the quantity specified
in cosmic ray data. In that context, it is called the unidirectional differential
intensity [Sm85].

In problems of radiative transfer (i.e., photon transport), the photons are
characterized by their frequency v and velocity direction 7, rather than their
three-dimensional velocity vector (the magnitude of their velocity is, of course,
always c, and is not a variable). The photon Boltzmann distribution function is
then written fx(F, 7, v, 1) photons cm™ Hz 'sr™!, and fx(F &, v, £)dQdv
photons/cm® is the number density of photons with frequency in dv
about v, moving in direction d{) about #. The photon number flux is
ofr(F, 1, ¥, 1) dQ dv photons cm~2 sec!. The energy flux is often more useful
than the number flux. As each photon has energy /v, the differential energy flux is

I(F, i, v,t) = hvefr(F, B, v, 1) (erg em Zsec 'Hz 'srh)

and is known as the specific intensity [Ch60, Mi78]. It also contains the same
information as f, but is more useful for formulating the equation of radiative
transfer.

1.4.2 FLux AND THREE-DIMENSIONAL GEOMETRY

The distribution function f(7, ¥, ) or the differential flux vf (or J or I)
specifies the most detailed information about a field of particles. Often such
detail is not needed. Reduced fluxes, with less differential information, are
defined for these purposes. They are usually obtained by integrating over
velocity angles and/or magnitude.

In any application involving flux one must still specify the orientation of
the unit area relative to the moving particles. Under various circumstances one

*Note that Weinberg and Wigner [We58] denote our J = vf by f.
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has need for the omnidirectional flux, or the planar, directed (current) flux, or the
scalar flux, according to the following considerations. Unfortunately, some
articles report a particle flux without specifying whether it is omnidirectional
or planar (they can differ by a factor of 2 or 4). Lack of specifying which flux is
intended is often a source of confusion.

Fluxes of interest are broadly classified as (1) those particles crossing a
fixed plane area or (2) omnidirectional. In type (1) the plane area is fixed, but
the particles incident on it need not strike it normally. The particle field itself
may, and usually does, contain particles moving in all directions.

Planar fluxes of type (1) may address particles coming from all directions
but crossing a fixed plane area in only one Cartesian direction, say from —z
toward +z across a unit area with normal parallel to the z axis, counting only
those particles whose z component of velocity is positive. This is the flux of
interest for studying, say, the flux of electrons striking a satellite surface and
leading to spacecraft charging.

Alternatively in a planar flux, one may wish the net number of particles
crossing a fixed area from —z toward +z, counting as negative those crossing
from +z toward —z. This is the current of particles in the 4z direction.* This
current is negative if more particles cross from +z toward —z than the other
way. This flux is needed for electromagnetic applications. It is, for example,
the electromagnetic current of an electron flow that has components flowing
both toward +z and toward —z.

Yet again, one may wish the total number of particles crossing the area in
both directions, the scalar bidirectional flux, to be the absolute sum of those
crossing from —z toward +z and those crossing from +z toward —z. This flux
is needed for the reaction rate in a thin foil immersed in a particle field, and is
always a positive quantity.

1.4.2.1 Planar Fluxes

1.4.2.1.1 Directed Planar Flux

In a gas of particles with Boltzmann distribution function f(¥') and number
density n = [f(@ )d*v particles/ cm’ (suppressing the F, ¢ variables), consider
a plane circular disk of area dA = 1 cm? at the origin, with normal parallel
to z. Gas particles stream through dA. Figure 1.1 shows those coming from
angle 9.

The number of particles per cm? per second that pass through dA from one
side, say from the left hemisphere (z < 0), toward the other side, is the directed,
planar flux F, through dA. As the orientation of dA stays fixed during the
integration over velocity directions, particles coming from angle 9 face the

*Documentation of the code MCNP uses the term current to mean the absolute sum of particles
crossing a surface in either direction, what we call the scalar bidirectional flux. This flux is never
negative. The user may, however, request a tally of particles crossing only in one direction.
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FIGURE 1.1 Particles streaming through fixed area element dA from angle 9.

smaller area dA cos ¥ and contribute less to F, than those at 3 = 0. (The cos ¢
factor can as well be considered as arising from v, = vcos ¥, where v = |¥/]).
As usual, F, can be expressed as

Fy=di- Jf(ﬁ)ﬁd% _ j @, o = mev cos ¥ v

=n( > 0)v.( > 0) (1.1)

with the integral taken over only v, > 0(0 < 77/2).In Equation 1.1, n(> 0) is the
density of particles with v, > 0 (=n/2 in an isotropic gas), and v,(> 0) is
the average v, of all particles with v, > 0. For example, if dA is a fixed, small
hole in the wall of a box containing a gas, F,dA is the rate at which molecules
escape.

1.4.2.1.2 Bidirectional Planar Flux and Current

F, in Equation 1.1 was computed for particles passing from left to
right, F}, = F,(v. > 0). One can as well compute it for those particles
passing from right to left, obtaining F,(v. <0). Their sum,
F;Cial =F,(v: > 0)+ F,(v: <0), is the scalar bidirectional flux, the total
number of particles traversing a unit area per second from both directions.
In a uniform, isotropic gas, F,(v. > 0) = F,(v; < 0), and the scalar bidirec-
tional flux is twice the planar flux in either direction.

The algebraic sum, Fis' = F p(v: > 0) — F,(v. <0), is the net number of
particles crossing a unit area in one direction. It is simply the (net) current
density of particles in the z direction. In an isotropic gas, Fpi' = 0.

Fi$t is, for example, the flux determining the net charge transport across a
surface in an electron gas. An example occurs when a planar beam of
electrons is externally incident on the surface of the solid (z = 0); Fi'(z) is
the current passing through a surface at some fixed depth z=d in the solid.
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Here, F,(z, v. > 0) is the flux of original electrons still moving forward at
z=d, and F,(z, v. < 0) is the flux of electrons that have passed z and been
backscattered through the plane at z=d.

In neutron transport theory, for neutrons of a given energy E, the
algebraic net Fp;' is also called the neutron current and is commonly
denoted [Be70] by J(F, E, f). Using E and () instead of ¥ for the
independent variables,

J.(F,E,t) = Jf(ri E,Q,Hv.dQ = Jf(?, E,Q,Hvcos® dQ = n(FE,Hv. (1.2)

where now the integral is taken over all 9(0 < O < ). n(, E, 1) is the
number density per unit energy interval, and v, is the average z com-
ponent of velocity, over all directions, of neutrons with energy E. The
terminology neutron current is entrenched by usage, but it is actually the
neutron spectral current density, because it is differential in energy (spectral),
and is per unit area (density).* J has units of, for example, particles/MeV/
cm? /sec.

1.4.2.1.3  Planar Flux for an Isotropic Gas
In an isotropic gas, f(v) = f(v), and with v, = vcos, Equation 1.1 for the
directed planar flux F, becomes

F,= J fw.d*v = J fw)cos 9V dvdQ
v.>0

—

dvf J cos 9 dQ)
0

2

NS
N

(1.3)

where
I N 3
v:ZJf(v)vdv (1.4)

is the mean magnitude of the velocity over all particles (of density n), and
n={f (v)d®v is the total number of particles per unit volume. In Equation
1.3, one factor of 1/2 arises because the density of particles with v, > 0 (i.e.,
cos ¥ > 0) is n(> 0) = n/2. The other is because of the factor cos ¥ from v,;
the average v, over all particles with v, > 0is v/2:

*We note that the widely used Monte Carlo transport code MCNP, having its distant origins in
nuclear reactor computations, has adopted the flux and current definitions and terminology of Bell
and Glasstone [Be70].
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1 3 2 1 U
vz(>0):wjdvvf(v)L dqojo,ud,u:§ (1.5)

where u = cos . Loosely stated, on 1cm? of a solid flat surface exposed to
an isotropic gas on only one side, only 1/2 of the particles are directed toward
the surface, and of those the projected area, (1 cm?) - cos 8, reduces the
number that hit the unit area by another factor 1/2.

Reverting to a mathematical element of area dA floating in an isotropic
gas, the net directed flux through dA vanishes. The total scalar, bidirectional
flux is F$* = 2F, = nv/2, which is the total number of particles that pass
through a fixed dA in both directions.

1.4.2.1.4 Planar Flux for a Plane Beam
For a parallel, plane beam of particles of density n, velocity v,, the distribu-
tion function is

f@) = nd(w,)6(v,)8(v; — vp). (1.6)

When inserted in Equation 1.1 for the directed planar flux, this evaluates to
the usual flux nv, (particles/cm?/sec). If the beam has a spread in
v;, f(U) = nd(v,)8(vy)g(v,), then the planar flux is nv..

In a gas of charged particles (usually electrons), the directed planar flux
F, is the relevant flux for the electromagnetic charge transported across a
fixed surface with particles incident from only one side. Hence, its alternate
name current density. F), is, for example, the rate at which a unit surface on
the exterior of a spacecraft is struck by ambient electrons (causing spacecraft
charging). The bidirectional planar flux Fi5! would be needed if particles are
incident from both sides, as for example, would be the case for the charging of
a large, thin solar panel.

1.4.2.2 Omnidirectional Flux

The omnidirectional flux F o, is the number of particles passing through 1 cm?
at the origin when the square cm is always directed toward the incoming
particles. Thus, dA changes direction during the integration always to be
parallel to the instantaneous . It is integrated over all velocity directions
(47 ster). Instead of Figure 1.1 we have Figure 1.2.

The number of particles passing through dA per second is fd3v f@)U - dA.
However, since dA is always parallel to v, ¥ dA = v dA, the number is
dA f F(@)vd>v. Thus, the expression for Fop, is

Fom = J f@wd*v 1.7
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TS

FIGURE 1.2 Particles streaming through area element always normal to velocity
vector.

with the solid angle integral taken over 4. The magnitude of velocity v
occurs in the integrand rather than v, = vcos as in Equation 1.1.

As ¥ and dA sweep through all directions, the rim of dA marks out a
sphere. As indicated in Figure 1.2, the omnidirectional flux is the number of
particles passing into a sphere of unit projected area (77> = 1 cm?).

The omnidirectional flux is important, and is the usually desired quantity
in discussions of neutral particles (photons, neutrons) because it is the flux
that addresses the common question: Suppose you have a small volume of
material containing N atoms/cm? buried in a gas of neutrons (or photons).
How many collisions with N do the neutrons undergo? The answer is NoF o,
collisions per cm?/sec, where o is the collision cross section.

The omnidirectional flux F,, determines the reaction rate of the neutral
particles with the material through which the particles traverse. By default, the
flux computed by the Monte Carlo code MCNP, for example, is the omnidi-
rectional flux. If material geometry blocks some particles from reaching the
volume, the number of collisions will, of course, be less (see Section 1.5).

In neutron physics, the omnidirectional flux is sometimes expressed as a
function of particle energy

Fom(@.E, t) = Jf(?, E,Q,HvdQ) (1.8)

and is the number of particles at (7, f) per unit energy at energy E crossing
a unit area per second. In neutron physics, it is called simply the toral flux
(Bell and Glasstone [Be70], p. 5), even though it is differential in energy;
the total signifying all directions. Nomenclature is not universal, and
the dimensions of some quantities of the same name differ according to
displayed arguments; they may even use the same symbol. Weinberg and
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Wigner [We58], for example, use the term total flux, denoted by them as @,
to mean both ®(F, E, {) = Fou (¥, E,t) and also the energy integral of
Fom(, E, ), (F, 1) = [ Fou(F, E, 1) dE = [ ®(F, E, 1) dE. In this case, the
meaning and units of ® are determined by the displayed arguments.

Words mean different things to different people. In discussions involving
particle flux, current, and so on, it is prudent for writers who wish to be
understood by those not already familiar with the field to specify at once their
terminology for a quantity (e.g., total flux), its dimensions (e.g., particles per
unit energy per unit area per unit time), and whether it is omnidirectional or
planar; if planar, whether it is in only one direction across the plane, or both
directions; if both, whether it is the absolute sum of both directions (called the
bidirectional scalar flux here) or the algebraic sum (called current here).
Failure to spell out these different possibilities has been the source of much
confusion.

1.4.2.2.1  Omnidirectional Flux for an Isotropic Gas
In the case of an isotropic gas, f(¥) = f(v), and Equation 1.7 for the omni-
directional flux becomes

Fom = Jf(f}')v v = Jf'(v)v d’v = nv (1.9)

with U given by Equation 1.4. As stated, it is the total number of particles
passing per second through a unit area always normal to the particle velocity
(i.e., through a sphere of radius r with 7772 = 1 cm?). It is four times the one-
way directed planar flux F,, (Equation 1.3). And F, is twice the bidirectional
scalar planar flux F| ffial.

1.4.2.2.2 Omnidirectional Flux for a Plane Beam

The particle flux in a plane, parallel beam is elementary and hardly needs
discussion; one need never introduce its omnidirectional flux. However, the
omnidirectional flux of such a beam is still a meaningful concept. With the
planar beam distribution function f from Equation 1.6 inserted in Equation
1.7, the integrals are trivial, and one finds that the omnidirectional flux for a
parallel beam is Foy, = nv,, the same as the directed planar flux F), and the
common expression. All the particles/cm? in the beam enter a sphere of
radius 7 with 777> = 1 cm?. The omnidirectional flux of a plane beam is the
same as its ordinary planar flux.

1.5 REACTION RATES IN PLANAR AND
OMNIDIRECTIONAL FLUXES

Without belaboring the issue, we discuss a point that can lead to confusion.
That is the relation between the particle flux and the reaction rate or dose rate
of particles striking a target.
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FIGURE 1.3 Planar flux Fp (particles/cmz/sec) of a parallel beam of particles
impinging on one side of a surface. F,,dA particles/sec pass through area element
dA and volume element dV = 6dA.

If a parallel beam of particles with flux F, (particles/ cm? /sec) is normally
incident on a thick target, the number that strikes area dA is F, dA per second.
Each particle can penetrate at least a small depth 8, and so pass through the small
volume dV = 8dA (Figure 1.3). Such a parallel beam may be a beam of gammas
from a distant point source, or an electron beam impinging on the target.

Let N be the atom number density in the target, and let o be the cross
section for a reaction with the incident particles. The number of reactions per
second per unit volume in the target is R = NoF,, and the number of
reactions per second in the volume is RdV = NoF,0dA.

However, if the particle field surrounding the target is not a parallel
beam directed normally at the surface but is an essentially isotropic gas of
flux Foy (particles/ cm? /sec), then particles strike dA from all directions, as

z
Omnidirectional flux,
\ / Fom (particles/cm?/sec)

dA .

I
.

FIGURE 1.4 Omnidirectional flux Fop, (particles/ sz/ sec) of a gas of particles impin-
ging on one side of a material slab of thickness D. The flux is imagined nonzero in 47
steradians in the space surrounding the slab, but for D thick compared with a particle mean
free path only those incident from above can reach volume element dV = 8dA.
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in Figure 1.4. Such an omnidirectional flux may be that of a neutron field
near a reactor, or environmental background neutrons or photons, or the
flux of gammas in an experimental chamber in which there is much
scattering.

Then, if target thickness D is large compared with the particle mfp or
range, only particles in the upper hemisphere with a downward velocity can
strike dA; their flux is Fypy /2. Field particles below the target are blocked by
the target and cannot reach the surface of interest. The number of reactions
per second in unit volume within dV is No(Fo /2). Particles arriving from 9
off axis see a smaller area dA cos 9, but experience a longer path §/cos ¥ and
so ¥ drops out.

On the other hand, if D is thin compared with an mfp, particles may strike
dV from both hemispheres, and the number of reactions in one second in unit
volume within dV is NoF oy,. Recall that Fy, is defined with a 47 solid angle
integral (Equation 1.7 or Equation 1.8). That is, the nature of the particle field
(parallel or omnidirectional) and the target properties (thickness D relative to
particle mfp or range) introduce a factor of two ambiguity in the relation
between the particle flux and the reaction rate.

It is not uncommon for one to specify a desired reaction rate R, or
a desired total number of reactions RA¢ occurring during a time interval
At and ask for the particle flux or fluence that will produce that number.
If the target is thick relative to the particle mfp, the flux sought is
F, =R/No if the particles are in a parallel beam, but is Fo, = 2R/No
if the particles are in an isotropic gas. The flux or fluence needed to produce
the specified number of reactions will differ by a factor of two according as
the particles are in a parallel beam or an omnidirectional gas.

On the other hand, if the material thickness D is thin compared with an
mfp, all particles in the gas will strike volume element dV, and the flux
needed in either an omnidirectional gas (F,oy) or a parallel beam (Fp) is
Fy = Fom = R/No. In this case, there is no ambiguity.

A common instance of this potential confusion arises when one is given
a specified dose or dose rate and one wishes to realize it with a flux of
particles. The dose (or kerma) deposited by a particle arises from the energy
it deposits per centimeter of track length. On an average, each particle will
deposit some energy w (in, say, MeV) per collision, or energy wNo
(MeV /cm) per unit path length, or W = wNo/p (MeV cm?/g) per unit
mass traversed, where p is material mass density. For a photon or neutron,
w is the mean energy lost per collision; for a charged particle, W is the mean
stopping power. In terms of the collision rate R, RAz/p collisions occur per
unit mass, and a dose ¢ = wRAt/p (MeV/g) is deposited.

Given a dose ¢ what fluence is required to produce it? If one works with a
parallel beam of particles, one seeks their flux F;, and exposure duration Af.
Recall that in F}, the number of reactions/cm?/sec is R = NoF,. Then, the
dose ¢ = wRAt/p = wNoF,At/p, and the required fluence is
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FyAt = gp/wNa = q/W (particles/cm?, parallel beam).

If the available particle field, however, is a gas, one has an omni-
directional flux. Following the arguments given here, the required (assumed
isotropic) fluence is

FomAt =2gp/wNa = 2q/W (particles/cm?, omnidirectional flux, thick target)

if the exposed surface on which the dose desired is accessible to particles only
from the upper hemisphere. If the surface mass element is accessible to all
particles (as would be the case, for example, for neutrons or energetic gammas
on a thin metal slab), the omnidirectional fluence needed to deposit a dose ¢ is

FomAt = gp/wNa = q/W (particles/cm?, omnidirectional flux, thin target)

the same as the planar fluence. If the dose is to be realized by a photon gas
with a distribution of energies, one must distinguish between those photons
that are too soft to penetrate to the dosed surface, and those photons that are
energetic enough to do so.

A common example illustrates the former case, that in which the exposed
mass element is accessible only to particles (assumed isotropic) coming from one
hemisphere. That geometry occurs for a thick body exposed to background
gamma rays, which are supposed to be roughly isotropic. Such a background may
be that in a reactor room, or that of the natural outdoor background. One may
specify that the body surface must receive no more than a certain dose ¢ in a
certain time span (e.g., the human body with radiological health exposure limits,
or an electronic component with a maximum dose before performance failure).
One can ask for the corresponding background photon fluence that delivers the
dose g. Similarly, for laboratory photon sources, one can ask for the fluence of
monoenergetic photons that produce the dose g.

Since there is a spectrum in the natural background, and as w is a function
of photon energy, it is easier to discuss the monoenergetic laboratory photon
source. If that source is a plane parallel beam when it impinges on the target
mass element, the planar fluence required to produce dose ¢ is, as before,
FyAt = gp/wNo. Here, w is the energy deposited per collision of cross
section o. If the source is isotropic, the fluence required to produce dose g
is FomAt = 2gp/wNo.

If one chooses a standard Cs'°’ source (662keV), the dominant collision
with low Z material is Compton scattering, and w ~ 300keV. The Compton
cross section is No/p ~ 0.07cm?/g. A dose of ¢=1rad (= 100erg/
g = 6.24x 107 MeV/g) then requires a normally incident planar fluence of
FpAt = gp/wNo = 3 x10° photons/cm?. However, if the photons were
nearly isotropic when striking the surface, a 47 omnidirectional fluence of

137
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Fom = 6x10° photons/cm? would be needed when photons cannot penetrate
from the back of the body to the mass element in question. The same is true of
the natural background or reactor room photons when weighted with their
energy spectrum. This difference of a factor of two between the required flux
of a parallel beam and that of a nearly isotropic particle field for thick targets
is a common source of confusion. One must specify whether the particles
comprising the fluence are in a parallel beam or a (nearly isotropic) gas, and if
a gas, whether all particles can reach the volume in question.

1.6 ENERGY SPECTRUM AND SPECTRAL FLUENCE

As stated, one is often interested not in the instantaneous velocity distribution, but
in the number of particles that pass an area in a specified time. Therefore, a flux or
fluence differential in energy raises a distinction between the energy spectrum of
particles and the energy spectrum of those that pass through an area in a specified
time. The former is the energy spectrum per se of the field of particles, the latter is
the energy spectrum of the fluence. The two are different, and their difference is
another source of confusion, especially in neutron physics, owing partly to
imprecise language. Some clarifying remarks are in order.

A particle field can be thought of as a gas or a beam of particles, albeit
perhaps with a highly non-Maxwellian energy spectrum. The energy spec-
trum, g(E), of a collection of particles in space is a point function of space
and time, g(E, 7, t). At time ¢ the number of particles in an infinitesimal
volume d*r with energy in interval (E, E + dE) isdn = g(E, F, t) d*r dE. g has
dimensions of, say, particles per cm® per MeV.

Often, however, one is more interested in the energy spectrum G(E) of all
those particles that pass through a small area dA in a specified time, say dt, or
1 sec. This quantity, with dimensions of particles per cm? per MeV, is the
energy spectrum of the fluence.

The number of particles per unit volume in the energy interval (E, E + dE)
is gdE. Of these, the number that pass through an area element dA, chosen
always to be normal to the particle (nonrelativistic) velocity v = /(2E/m), in
time dt is gdE v dt dA. Per unit area, this is

gudE dt (particles/cm?),
a fluence. Per second it is
gv dE (particles/cm? /sec),
a flux. Whereas the simple number of particles at one instant of time at a point

in space in the energy interval (E, E 4 dE) is proportional to g, the flux or
fluence of particles that pass through a unit area is proportional to vg.
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Now, expressing this fluence or flux as per unit energy, as a function of
energy, one has

G = gv dt (particles/cm? /MeV),

with g evaluated at the point where one accumulates the flux to obtain a
fluence. G is a spectral fluence, or a differential (in energy) fluence, and

gv (particles/cm*/MeV /sec),

a spectral flux, or a differential flux. Although the energy spectrum per se is
g(E, 1, ), the energy spectrum of particles that pass through a given area in
time interval Atz is G = vgAt. The energy spectrum of the gas is not the same
as the energy spectrum of the fluence accumulated over a finite time, simply
because in that time, more high-energy particles are collected.

As an illustration of this distinction, chosen to clarify a common point of
confusion, consider the energy spectrum g of a gas of particles, with the
Boltzmann distribution function f (¥, v, t). The particle distribution in velocity
magnitude is proportional to v?f. Then, using E = ;mv* and dE = mv dv, the
particle energy distribution g is proportional to vf or \/Ef.

The Maxwellian distribution is f o exp (— E/T), with temperature T
in energy units. For energies smaller than 7, f is independent of E, and
the low-energy Maxwellian energy spectrum g ~ v/E - f is proportional to
VE. Accordingly, the low-energy spectral fluence G(E) would be propor-
tional to vv/E, which is simply proportional to E.

Unfortunately, nomenclature in common use is not so precise. Once
energetic neutrons have scattered many times through shielding material,
they have been downscattered enough to become largely thermal. Near and
below thermal energies, they are Maxwellian. Figure 1.5 shows a neutron
energy spectrum after moderation and thermalization, computed by MCNP.
On this log—log plot, one sees that below the thermal peak the spectrum is
proportional to E. One may suspect an error, as the spectrum should be
Maxwellian and proportional to v/E. In fact the plotted quantity, referred to
as the energy spectrum, is actually the spectral fluence G. The spectral fluence
is the more useful quantity, and is the one commonly computed. Documents
often present what is called the energy spectrum, but which is in fact the
spectral fluence G = vgAt. The time span Az merely sets the normalization of
G. As G is often separately normalized (say, to unit integral), it is not
necessary to specify Az.
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FIGURE 1.5 Low-energy part of neutron spectrum computed by MCNP at the center

of a 50-kg

mass when energetic (~MeV) neurons are externally incident. Below the

thermal peak at 0.02 eV, the spectrum is more nearly proportional to E than to vVE.
The quantity computed is actually the spectral fluence.
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Circumstances arise in which one has need to study the passage through
matter of photons with wavelength A from as long as hundreds of kilometers
or more (radio waves, photon energies <107 ! eV) to as short as the size of a
nucleus (v rays, energies = 100 MeV). Not surprisingly, over this 19 or more
orders of magnitude in photon energy, the physics of the interactions between
photon and matter varies widely. Somewhat surprisingly, only about four
basic processes control the entire span of energies. At long wavelengths,
photons interact with bulk matter as a whole; a classical description para-
meterizing the matter with a conductivity, dielectric constant, and magnetic
permeability applies. As the wavelength decreases, individual photon—atom
interactions dominate and photoelectric absorption, Compton scattering, and
pair production become successively the dominant processes. Pair production
remains the dominant process for all photon energies above about 100 MeV.

For interactions with matter in bulk, the primary focus of the subject
matter in this book, a first distinction can be made based on the photon
wavelength compared with the size of an atom. All atoms are of the order
one Angstrom (1 A=108 cm) in radius, and the distance d between atomic
planes in (ordered) solids is of the order of a few Angstroms. In the interaction
with condensed matter, this leads to a basic difference between the cases in
which photon wavelength is much less than or much greater than about one
Angstrom. The distinction is important, particularly at long wavelengths,
because most atomic cross-section databases, such as those used to construct
graphs in this book, are the cross sections for photons interacting with free,
isolated atoms at a very low temperature, that is, neglecting thermal effects and
changes in atomic structure due to interaction with neighboring atoms.

2.1 LONG WAVELENGTHS

When A is longer than d (photon energies roughly less than a few keV), the
photon interacts coherently with many atoms and with many atomic planes. In
ordered solids, such as crystals, phase coherence is preserved, and gives rise
to interference, which reflects the lattice structure. However, in liquids or
amorphous solids phase coherence is lost because of the random positions
of the scattering atoms. With wavelengths that are longer than the target
(atom) size, the photon is not fruitfully thought of as a particle, so far as its

25



26 An Introduction to the Passage of Energetic Particles through Matter

interaction with the material target is concerned. Instead, the wave nature
of the photon dominates its behavior, and the long-wavelength photon appears
to be propagating through a continuous medium. Classical electromagnetics
then allows the target medium to be characterized with electromagnetic
parameters different from vacuum (dielectric constant &, magnetic permea-
bility u, and conductivity o). The transmission can be treated by a conven-
tional (complex) index of refraction n = n, + in; as a function of photon
energy E = hv or of wavelength A = ¢/v. The real and imaginary parts of
the index of refraction can vary widely with the wavelength, because of the
resonances arising from atomic or molecular levels which may be comparable
with the photon energy.

In some plasma or astrophysical applications, and when the gas is mono-
atomic rather than molecular, the material density can be far below that of
conventional solids. In such cases, a photon interacts independently with each
atom as it traverses the medium, and individual photon—atom cross sections
are the appropriate parameters for describing the passage of photons through
this gaseous matter.

Likewise, in diatomic or polyatomic gases, a restriction similar to that
applying to condensed matter holds. At a relatively long wavelength (A> a
few Angstroms, E<a few keV), the photon interacts with the molecule as a
whole, not with its individual constituent atoms. The photon—-molecule scat-
tering cross section is not the incoherent sum of free atom cross sections.
Molecular rotational and vibrational modes, and molecular electronic levels,
are completely absent in free atom cross sections, and absorption edges or
ionization potentials are changed in the molecule. For example, the ionization
potential of the H atom is 13.598 eV, and that of atomic O is 13.618 eV, whereas
that of an isolated H,O molecule is only 12.61 eV. For understanding the
propagation of long-wavelength photons through polyatomic gases, one needs
the correct photon—molecule cross sections. Although these can be computed
approximately, they are best obtained from experimental measurements.

The fact that low-energy photons do not interact with solids, liquids, and
polyatomic gases in the same way as they do with free, isolated atoms is no
surprise and is well appreciated. A quantitative comparison to demonstrate
the actual differences as a function of energy is worthwhile. One can see at
what energies the use of free atom cross sections becomes inaccurate. Below
these energies, more accurate photon propagation models or, better yet, actual
data on photon attenuation, must be used.

2.1.1  Limits ofF AppLICABILITY OF FREE ATOM CROSS SECTIONS
IN CONDENSED MEDIA AT LONG WAVELENGTHS

In condensed matter, atoms are closely packed so that their atomic orbitals
and energy states are distorted from their free atom configurations by the
effects of neighboring atoms. In metals, the distortion is so great that the outer
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electrons normally bound in an isolated atom become unbound and free to
move as conduction electrons throughout the solid. In Al, for example, the
three M-shell electrons of the isolated atom become the free conduction
electrons in the solid.

The actual scattering cross section from each atom therefore differs from
that when the atom is isolated. In addition, photons may interact with solids
and be scattered or absorbed by nonatomic processes altogether, such as
phonon excitation or plasmon excitation [Ly85, Mi85]. These facts limit the
applicability of photon—free atom cross sections to condensed media. These
limits can be demonstrated by comparing calculations based on free atom
cross sections with experimental data on the passage of relatively long-
wavelength photons through solids and liquids.

A point of comparison is usefully made via the measured total photon
attenuation through solids or liquids at room temperature. Experimental attenu-
ation is obtained from tabulated indices of refraction. With this, one can compare
the attenuation that would be predicted using photon—free atom scattering.

Experimental real and imaginary parts of the index of refraction, n, and n;
respectively, in many materials as a function of wavelength, are tabulated in
[Pa98]. Energy and wavelength are related, of course, by

E(eV) = hv = he/A = 12398 /A (A)

The attenuation is obtained from the index of refraction as follows.
The electric field of a plane electromagnetic wave of vacuum wavelength
A and wavenumber k = 27/\ behaves as

E = Eoeinkx _ Eoein,.kxefn,vkx (21)

as it propagates through the material with index of refraction n = n, + in;
in the +x direction. Its amplitude decays exponentially with depth x as
exp(—n;kx), and its intensity, proportional to E?, decays as exp(—2n;kx).
These are the amplitude and intensity of the remaining propagating wave.
Its energy has been lost to nonconservative processes, parameterized by n;,
which represents a possible electrical conductivity or imaginary part of the
dielectric constant & = n?.

It is common to introduce the parameter
a =2nk = dmn; A (2.2)

so that the intensity-depth dependence may be written exp(—ax). o has the
dimensions of an inverse length, and is the attenuation coefficient. Its inverse,
1/a, is the attenuation length, the distance at which the intensity drops to 1/e
of its initial value. From experimental data on n;, one constructs a via
Equation 2.2.
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On the other hand, in the free atom picture, we consider a photon flux of
intensity / (say, ergs/cm?/sec) passing through a tenuous material where
photon—free atom cross sections are applicable. Let N be the density of
scattering atoms, and o the total scattering cross section. No (cm™') is the
scattering cross section per unit volume. In a distance dx, the unscattered
intensity of this photon beam, /, is reduced by

dl = —INo dx (2.3)
and so the intensity at depth x is
I(x) = Ip exp(—Nox) 2.4

where [y is the original intensity. Then 1/No is the distance at which the
intensity drops to 1/e of its initial value. This No, where o is the photon-free
atom total cross section, may be compared with the a (Equation 2.2), deter-
mined from the experimental index of refraction. They will agree to the extent
that photon-free atom cross sections are applicable.

We show two examples of this comparison, in aluminum and in water.
First, we consider Al.

2.1.2 LONG-WAVELENGTH PHOTON ATTENUATION
IN METALLIC ALUMINUM

The upper graph in Figure 2.1 shows n; vs. E = hv = hc/A, constructed from
measurements of »; vs. A or the imaginary part of & = n? vs. A presented by
Smith et al. [Sm85]. The Al K edge at 1.56 keV is evident. From n; we
construct o (Equation 2.2), which is shown in the lower graph (solid line).

This « is to be compared with No. ¢ is the photon-free Al atom total cross
section. For it, we use the value tabulated by the Lawrence Livermore National
Laboratory (LLNL) in the Evaluated Photon Data Library (EPDL97) database
(which extends from 1 eV to 100 GeV). The quantity No is plotted as the
dashed line in the same graph. If the photon-free atom cross sections were
applicable to solid aluminum, the two curves should agree. In fact, they agree
only above about 500 eV. Below this energy, and especially below about
50 eV, they differ by up to an order of magnitude. (Cross sections below
100 eV compiled in EPDL97 are not to be believed with great accuracy. See
discussion in Section 2.12. Nevertheless, the point to be made here is clear.)

The free atom Al L edges (L = 119.05eV, L, = 81.2¢eV, L3 = 80.7eV)
are seen in the dashed line. In the data (solid line) they are distorted, and the
lowest L edge has been downshifted about 8 eV to approximately 72.6 eV.
(The Al M; edge is at about 10.16 eV.)

Below about 15 eV, the actual absorption is nearly an order of magnitude
greater than that implied by free atom cross sections. The reason has to do
with Al valence electrons.
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where
Nj = 6.022142 x 10* per mol (2.5)

is Avogadro’s number, and A =26.982 is the atomic weight. Al releases three
valence electrons per atom, which are the free electrons that are responsible
for its electrical conductivity. Thus, the free electron density in metallic Al is
N, = 1.807 x 10 elec/cm®. The plasma frequency of these electrons is
w, = (4me®N, /m)"/? =2.398 x 10'°rad/sec, or f, = w, /27 =3.817 x 10'* Hz.

A collisionless plasma is opaque to electromagnetic radiation of fre-
quency less than the plasma frequency. For Al, the corresponding photon
energy is E = hf, = 15.78 eV. Photons of lesser energy cannot propagate in
metallic Al. The actual attenuation is not infinite because the electrons are not
truly free; they suffer collisions with the background ions, which permit some
propagation of the incident wave. The collisions result in only finite attenu-
ation, as shown in the data, in which the solid line rises from about 10° to
10% cm~! suddenly as E drops below 15.78 eV. No comparable sudden rise is
seen in the free atom cross section calculation, although the photoelectric
cross section rises as E decreases. This attenuation is due to a bulk plasma
effect, which is entirely nonatomic and is completely unaccounted for by
ordinary photon—atom scattering. Similar plasma attenuation is seen in all
metals at their plasma frequencies.

Thus, free atom cross sections reliably account for photon propagation
through metallic Al only for photon energies above about 500 eV.

2.1.3 LONG-WAVELENGTH PHOTON ATTENUATION IN WATER

A similar comparison can be made in a dielectric, such as water. In Figure 2.2,
the solid line shows a for liquid water, constructed as in Equation 2.2 with n;
taken from the data presented by Querry et al. [Qu91]. The dashed line is the
attenuation coefficient calculated from free atom cross sections from
EPDLY97, as N(H)a(H) + N(O)o(O), where N(x) is the density of species x,
and o(x) is the free atom total cross section. These authors present data only
up to 120 eV. Again, agreement is poor below at least 120 eV. As the atomic
cross sections go virtually to zero below the H K edge (13.56 eV), the free
atom cross sections predict essentially no attenuation below that energy,
whereas actual attenuation is substantial. In liquid water, free atom cross
sections reliably account for photon propagation only for photon energies
above a few hundred eV.

Comparisons in other materials could easily be made. Although many
cross-section graphs in this book go down to 10 eV, the reader must
use judgment when applying them to condensed matter below a few
hundred eV. As discussed in Section 2.12, data on the CD-ROM is presented
only above 100 eV.
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FIGURE 2.2 Comparison of water attenuation data [Qu91] with that expected from
free atom cross sections.

In this long-wavelength region, several references are useful:

The treatment by Ward [Wa94] is a good introduction to the theory of
propagation of light through matter (the term “light” is used generic-
ally, and includes IR, visible, UV, etc.).

The three-volume set edited by Palik [Pa98] contains thorough data on
the real and imaginary parts of the index of refraction of many solids for
wavelengths 107 um < A < 1000 pm (1072 eV < hv < 10keV).

The IR Handbook [Wo85] contains theory and data on the transmission
through materials for wavelengths in the IR (roughly 1-100 pm).

The compilation edited by Klocek [KI91] includes IR properties of
other materials than those given in the /R Handbook.

J.H. Weaver, C. Krafka, D.W. Lynch, and E.E. Koch, Physics Data:
Optical Properties of Metals, Volumes I and II, No. 18-1 and 18-2.
Fachinformationzentrum, Karlsruhe, Germany (1981).

S.S. Ballard, J.S. Browder, and J.F. Ebersole, Chapter 6b and Chapter 6¢
in D.E. Gray, Ed., American Institute of Physics Handbook, 3rd Edition,
McGraw-Hill, New York, 1972.
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* A short table of the index of refraction and absorption coefficients of
metals is in the CRC Handbook of Chemistry and Physics, e.g., 75th
Edition (1994) CRC Press, Boca Raton, Florida.

* The two-volume Handbook of Optics, Michael Bass, Ed., 2nd Edition,
McGraw-Hill, New York (1995) contains a wealth of information
concerning theory and data on the transmission of optical wavelengths
through materials.

2.2 SHORT WAVELENGTHS

When wavelengths are comparable with or are lesser than atomic dimensions
(i-e., photon energies greater than a few keV), the particle nature of the photon
dominates in the interaction with each atom (although, of course, when com-
puting the interaction, its wave nature is used in quantum mechanics)* Then
one can think of a particle of light passing through matter, undergoing more or
less independent interactions with atoms on the way. Under these circumstan-
ces, the index of refraction is a less useful concept, because the photon does not
merely elastically scatter, although an index of refraction can always be
defined in terms of the complex scattering amplitude [Ne66].

Rather, each photon in the beam has a certain probability of interacting with
an atom, measured by the cross section. For a given atom density, this translates
into a certain probability per unit path length of interacting with the bulk
material. It can interact with an atom in one of several distinct ways. It may be
absorbed by photoelectric absorption, ejecting an electron. It may also elastically
scatter from the atom, being a coherent scattering from all atomic electrons,
leaving the atom undisturbed in its original state (called coherent scattering, or
Rayleigh scattering). It may Compton scatter from a bound atomic electron,
ejecting the electron and scattering off at longer wavelength. (This may be off
any electron, leaving the atom in different states, and so is called incoherent
scattering). Alternatively, in the electric field of the nucleus or the atomic
electrons, it may disappear in the production of an electron—positron pair.

In any of these four ways (and other minor ways mentioned later), the
original photon is removed from the incident beam. This higher-energy range
is the subject of this book.

Photons of energy greater than some tens of keV are sometimes referred
to as penetrating radiation. This historical term derives from the particle’s

*The concept of a photon (but not the name) as a “quantum of electromagnetic radiation”
was introduced early in the twentieth century. Physicists struggled with its meaning, and it was
only in 1923 when A.H. Compton did the critical experiment on scattering of light off particles at
high energy, and the kinematics were seen to be consistent with those of a (zero mass) particle,
that physicists took the concept of a particle of light seriously. The name photon was assigned
in 1926 by American chemist Gilbert N. Lewis. The story is beautifully told in Pais, Inward
Bound [Pa86].
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ability to penetrate thin sheets of material, such as aluminum, and refers in
general to radiations that penetrate to some macroscopic distance. Dental and
medical x-rays fall in this class, as do nuclear vy rays. Sometimes very
energetic charged particles also fall in the class of penetrating radiation.
However, charged ions (protons, o particles, etc.) must be at higher energies,
for the range of a 10 MeV proton in, say, water or polyethylene, is only about
0.1 cm, and the range of higher mass ions is even less. A 10 MeV electron has a
range of the order 5 cm in polyethylene, and so may qualify as penetrating.

2.3 PHOTON INTERACTIONS

As mentioned, in general a photon interacts with an atom primarily in one of
four ways:

* Elastic scattering in which the atom is left in its original state and a
photon of the original energy continues on at a different angle (Rayleigh
or coherent scattering). The photon loses no energy.
Inelastic scattering in which an electron is ejected and a lower-energy
photon is emitted (Compton or incoherent scattering). The photon loses
some of its energy.
Photoelectric absorption in which the photon is absorbed, kicking out
an electron. The electron shell vacancy is then filled by an outer
electron dropping down; the transition may emit a photon (fluores-
cence) or emit a different outer electron (Auger effect). Alternatively,
its energy may be taken up by the medium by collisional quenching or
phonon excitation. (Because fluorescence and Auger emission are so
fast (<107 sec), collisional quenching, although possible, is seldom
the dominant process.) The original photon loses all energy.

* The destruction of the photon and the creation of an electron—positron
pair. This occurs in the Coulomb field of the nucleus (nuclear pair
production) or of an atomic electron (electronic pair production, also
called triplet production). The photon loses all its energy.

These are the four dominant processes. Other possible processes in which
the photon interacts with the atomic electrons, always small compared with
the four given here, are:

First-order photoexcitation. In this process, the photon is absorbed by an
electron in a low shell, say the K shell, and excited to a high, vacant, bound
state of the atom. The recoiling atom provides for momentum conservation.
Subsequent de-excitation of the atom may be by emission of another photon
(the electronic Raman effect, a form of fluorescence), Auger emission,
phonon excitation (in solids), or by collisional quenching. As vacant, high
atomic states are relatively closely spaced, often by only a few eV, this
process is energetically possible only when the photon energy is just a few
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eV below the K edge (or L edge,...). It is manifested in small oscillations
in the total absorption cross section just below the K edge [Sa88]. Other-
wise, it is seldom important, partly because such finely defined inci-
dent x-rays are seldom encountered in practice. It is, however, more
important for absorption of visible and UV photons (from the L, M, . .. shells).
At those energies, electronic Raman scattering can be a useful diagnostic.
It is a fairly new subject of research; it is employed, for example, in study-
ing the electronic structure of superconductors [De0O]. A review is given
by Ter-Mikaelyan [Te97].

Second-order photoexcitation. In this process, the photon is scattered by
an electron in a low shell, raising the electron to a high, vacant, bound state of
the atom, while the reduced energy photon exits the interaction region (which
also defines this as an electronic Raman effect). This is similar to Compton
scattering, except that the electron is given insufficient energy to be ejected.
Moreover, unlike first-order photoexcitation, the incident photon may have
any energy. A review of this inelastic x-ray scattering without ionization is
given by Aberg and Tulkki [Ab85].

Still other processes, in which the photon interacts with the atomic
nucleus, also small compared with the primary four processes, are:

Nuclear Thomson scattering. This is elastic scattering from the nuclear
charge. As it leaves the atom unchanged, it is coherent with Rayleigh scatter-
ing. The scattering amplitude for Thomson scattering from a single electron
is, to order of magnitude, r, = e?/mc? (see Equation 2.14). The amplitude for
coherent, Rayleigh scattering from the Z electrons in an atom is, to order of
magnitude, e / mc?, where F (¢) is the elastic scattering form factor, a
function of the momentum transferred to the atom, ¢ (see Equation 2.16).
For small ¢, F ~ Z, but for large g, F is much smaller. However, the amplitude
for Thomson scattering from the nucleus is of the order (Ze)? /Mcz, where M
is the mass of the nucleus. The nuclear Thomson amplitude is smaller than the
electronic contribution by the factor Z*m/MF. This ratio is about
(Z%/A)/1837F, where A is the nuclear atomic weight. At low energies and
small momentum transfer, this is of the order 3 x 10~* for all elements, and
nuclear Thomson scattering is almost always negligible compared with scat-
tering from atomic electrons. However, at high energies (~1 MeV), the
momentum transfer is also large, F' can be less than or of the order 0.001,
and the ratio can be several percent or more, especially for high Z. At energies
greater than or of the order 1 MeV in heavy elements, nuclear Thompson
scattering can interfere with atomic Rayleigh scattering.

Nonelastic nuclear scattering. This includes the giant dipole resonance,
photodisintegration, photopion production, and all nonelastic events. Figure 2.3
shows the nonelastic photonuclear cross section on four major isotopes. It is
largest at 15-20 MeV (giant dipole resonance), and is usually less than about
5% of the atomic cross section. In Pb?%®, for example, the photonuclear cross
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FIGURE 2.3 Total nonelastic photonuclear cross sections on four isotopes. (Data from
http: //www-nds.iaea.org/photonuclear /recommended, .)

section peaks near 14 MeV at about 0.6 barn. At the same energy, the total
atomic cross section is about 19 barn (primarily due to pair production). In
this example, the photonuclear cross section is only some 3% of the atomic
cross section.

Several countries have constructed photonuclear cross-section libraries
(U.S., S. Korea, China, Japan, and Russia). All of these are available at the
International Atomic Energy Agency [IAEApn].

At energies near the peak of the giant resonance, they agree quite well, but
at other energies they can differ substantially from one another. The cross
sections plotted in Figure 2.3 are the recommended ones. In the figure, only
Fe is shown beyond 150 MeV. The sudden rise at 140 MeV is due to the
onset of pion production.

Delbriick scattering. This is elastic photon scattering from the Coulomb electric
field surrounding the nucleus. The incident photon scatters from virtual electron—
positron pairs and is effectively a radiative correction to Compton scattering off the
nucleus. Enormous electric fields are necessary for it to occur with any appreciable
probability; the unscreened electric field at » = 10~!! cm from a Pb nucleus is
1.2 x 10" V/m. Like the preceding two nuclear effects, it is never the dominant
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photon—atom interaction process. However, it can be important if attention is
restricted to photon elastic scattering from atoms. In high Z atoms at a few MeV,
there can be strong interference among atomic Rayleigh, nuclear Thomson, and
Delbriick scattering [Ki85]. Its relative importance has been summarized by
Hubbell and Bergstrom [Hu04].

Below 10 to 100 keV, depending on Z, photons are primarily absorbed by
the photoelectric effect. From tens of keV to ~10 MeV, or even lower
energies in very low-Z materials, the dominant process is Compton scattering.
Above this energy, pair production is largest. Photon—atom cross sections in
the standard databases almost always are for isolated, cold atoms. They do not
include energy level shifts (and so cross-section changes) due to the neigh-
boring atoms in condensed media, which may be particularly important near
absorption edges. In addition, the smaller cross sections mentioned earlier, the
photonuclear cross section, Delbriick scattering, nuclear Thomson scattering,
radiative corrections to Compton scattering, and so on, are also not included in
the databases. The largest of these omitted effects are the nonelastic photo-
nuclear effects near the giant dipole resonance, from about 5 to 30 MeV; in that
energy region, the ignored photonuclear processes could contribute a few
percent to the total cross section.

The scope of magnitude is illustrated in Figure 2.4, which shows indi-
vidual and total cross sections in aluminum as a function of incident photon
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FIGURE 2.4 Photon interaction cross sections on an isolated, cold aluminum atom.
(Data from LLNL EPDL97.) This database extends down to 1 eV.



Photons 37

energy from 10 eV to 10° MeV. Data are taken from LLNL’s Evaluated
Photon Data Library, EPDL97. They are plotted in units of cm?/g. This
cross section is related to the individual atom cross section o (barn/atom) by

o (cm?/g) = 10’24%0 (barn/atom) (2.6)

where N, is Avogadro’s number defined in Equation 2.5, and A is the atomic
weight (26.98 for Al). For Al, 1 cm?/g = 44.80 barn/atom.

Similar cross-section plots for other elements are given in Section 2.8.

Standard tables of photon cross sections and related material parameters
are widely available and listed later in Section 2.12.

We discuss photoelectric absorption first, in Section 2.4, then coherent
Rayleigh scattering in Section 2.5. Section 2.6 presents a fairly thorough set
of graphs for Compton scattering. Section 2.7 briefly discusses pair produc-
tion, and Section 2.8 summarizes all processes for selected elements, and
presents total cross-section and mean-free-path (mfp) contour plots for all
elements at all energies.

A popular pocket book, the X-Ray Data Booklet is available free of charge
from http: //xdb.Ibl.gov. It contains useful information on atomic x-ray pro-
perties, synchrotron radiation, electron binding energies, and so on.

2.4 PHOTOELECTRIC ABSORPTION

Photoelectric absorption is the most probable interaction for photon energies
E <10keV (for Z <4), or E <100keV (for Z <30), or £ <700keV (for
Z <90). It is discussed by Heitler [He54], Evans [Ev55], and Bethe [Be53];
thorough plots are in [P175].

Remembering that

1barn = 1b = 1072* (cm?) 2.7
a convenient cross-section unit is the Thomson cross section

_ 8w

or = ?rg = 0.665 246 barn (2.8)

where r, = ¢*/mc? = 2.818 x 1073 cm is the classical electron radius.

Kinematically, a free electron cannot absorb a photon, but an electron
bound in an atom can. The less tightly bound it is, the less likely it is to
absorb. Therefore, the atomic photoelectric cross section is largest when
photon absorption takes place from the K shell. The K shell binding energy
Ex is approximately proportional to Z2, and the cross section behaves roughly
as a power of Ex, making the cross section per atom approximately propor-
tional to a power of Z, roughly between Z* and Z°.
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Likewise, the more energetic the photon the more nearly free does the
electron appear, causing the cross section to decrease with increasing photon
energy.

The calculation of photoelectric absorption is simple only in the Born
approximation. In this case, and when the ejected electron is nonrelativistic
(hv < mc?), the photoelectric cross section per atom from the K shell is
calculated to be [He54]

o\ 7/2
ox = 2V8a* Zoor (";) 2.9)

14

when the photon energy is not too close to the K edge, where
a = e*/lic = 1/137 is the fine structure constant. The factor 2 is because
there are two electrons in the K shell. Some distance from the K edge is
required for the validity of this equation so that the outgoing electron is
energetic enough for the Born approximation to be valid.

Because it is simple absorption, one might expect the cross section for the
photoelectric effect to be proportional to the square of the coupling constant e.
However, as Thomson scattering is a second-order process, or o e*, and
a x €%, ok is seen to be proportional to ¢!2. The interaction Hamiltonian is,
of course, of first order in e. However, the initial state (K shell) wave function
contains e in its radial dependence exp(—Zr/a,), where a, = h’/me* =
0.529 A is the Bohr radius. The other powers of e beyond 2 in Equation 2.9
for ok arise from initial-state normalization and from evaluation of the matrix
element integral itself, which brings a, down from the exponent into an
overall factor, making o proportional to a high power of e.

For very relativistic energies, when Av > mc2,

2
ox = %a4Z50'T (’22) (2.10)
and the cross section drops off only as 1/Av. A more general formula holds in
the moderately relativistic case hv ~ mc? [He54]. These expressions also
hold only for sufficiently small Z (again for the Born approximation to
be valid).

The strong dependence on Z means the photoelectric effect can still be
important in heavy elements even at energies (~1 MeV) where the Compton
effect is expected to dominate.

Calculations are simple, and very approximate, only for the elementary
cases just mentioned. L and M shells should be added, the Born approximation
must be circumvented, and all energies, including near edges and relativistic
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energies, must be computed, to obtain the actual photoelectric cross section per
atom, ope(hv). These calculations are done numerically using Dirac—Hartree—
Fock and related sophisticated wave function models.

Absorption in the K shell contributes the dominant amount to the total
atom cross section. As a convenient rule of thumb, L, M, and higher shells
contribute about one-fourth that of the K shell, so that op.(hv) ~ (54)0k.
However, over all Z and photon energies hv, the atom cross section ope(hv)
does not behave as a single power of Z or of hv. Davisson and Evans [Da52]
have reviewed theory and experiment for the photoelectric cross section.

Experimental atomic cross sections and theoretical models have been
evaluated by the National Institute of Standards and Technology (NIST), and
by the LLNL (see Section 2.12). Their compilations are widely used. We
present some of these data here.

Figure 2.5 shows the photoelectric cross section (cm?jg) for several
elements as a function of E, while Figure 2.6 shows it for selected energies
as a function of Z.

e ,f\ Photoelectric absorption cross secton .
1 . . . .

R I S S S

cm2/g

105 SRR SRR AR \ \\ ';;""f """ -
qo s b vl 0l NN Tl D
107° 10~ 1073 1072 10" 100 10° 102
Photon energy E (MeV)

FIGURE 2.5 Photoelectric absorption cross section on several elements as a function
of incident photon energy E. (Data from LLNL EPDL97.)
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FIGURE 2.6 Photoelectric absorption cross section at several energies as a function of
atomic number Z. (Data from LLNL EPDL97.)

2.4.1 Cross-SectioN CONTOUR PLOTS

For each element the photoelectric cross section o,e(E) or the cross section
for any other process is a function of E = hv. That is, the cross section is a
function of Z and E, and so forms a surface in Z, E space. The cross section for
all elements at all energies can then be represented by contours in that space,
and one can grasp at a glance the behavior with both variables, over all
energies and all elements.

2.4.2 CoONTOURS IN BARN/ATOM

Contours of the photoelectric cross section on a free, isolated atom at rest,
0pe(Z, E), in barn /atom, are shown in Figure 2.7. The figure extends down to
100 eV. The user must observe the caveat in Section 2.1 when employing
them in condensed media below several hundred eV.

In contour plots, and in graphs of cross sections vs. Z such as Figure 2.7,
data exist only at integer Z. Between integral values of Z, the curves are eye
guides only.

The complete photoelectric cross section on an atom, o7, has about the same
dependence on Z as ok . Although o7 (barn/atom) o< Z* to Z°, if one expresses it
as cm?/g it scales more nearly between Z* and Z*.
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FIGURE 2.7 Contours of photoelectric absorption cross section in all elements, from
100 eV to 1 MeV, in barn/atom. (Data from LLNL EPDL97.)

2.4.3 CONTOURS IN cm?/g

In switching from o7, (barn/atom) to
2 —24 Na
Ope (cm”/g) = 10 Tcrpe(bam/atom), (2.11)

the Z dependence shifts because of the dependence of A on Z. First, the Z
dependence shifts down one power of Z as just mentioned. Second, A is not
exactly proportional to Z; there are small, local deviations. The atomic weight
A(Z) of the elements in their natural isotopic composition is shown in Figure 2.8.
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FIGURE 2.8 Atomic weight of the elements, naturally occurring isotopic abundances.
(Data from http: //physics.nist.gov/PhysRefData/Compositions/.)

The smooth, monotonically increasing dependence on Z is interrupted at Z =
18-19, 27-28, and 52-53, where A momentarily decreases with increasing Z.
Other irregular behaviors can be seen at different Z. This irregular dependence
causes the irregularities in the contour plot of oy (cm?/g), Figure 2.9, at those
values of Z. The irregularities are not very significant in this figure because they
are small compared with the difference between adjacent contour lines. They
are more pronounced when contour values are more closely spaced, as in the
Compton cross section discussed in Figure 2.43 in Section 2.7.

2.4.4 X-Ray EDGE ENERGIES

Photoabsorption in the K (or L, or M,...) shell can occur only for photon
energies greater than that shell’s absorption edge. Some edges for the ele-
ments are shown in Figure 2.10. The K edge in Al is 1.56 keV, that in Pb is
88 keV. The L; edge in Al is 119 eV, that in Pb is 15.85 keV. When less than
a few hundred eV, edge energies are known less accurately; they may be
uncertain by perhaps 10%, and at all energies can be uncertain to an absolute
energy of 1 to 3 eV [Ch95c]. A classic compilation of edge energies is that of
Bearden and Burr [Be67]. More recent tabulations are at NIST’s reference site
[NIST], Biémont et al. [Bi99], and in Deslattes et al. [De03].
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FIGURE 2.9 Contours of photoelectric absorption cross section in all elements, from
100 eV to 1 MeV, in cm? /g. (Data from LLNL EPDL97.)

2.4.5 ANGULAR DISTRIBUTION OF PHOTOELECTRONS

The first-order interaction Hamiltonian between the electromagnetic field and
an electron is —(e/mc) p - A, where A = éA is the vector potential of the
incident photon, é the unit vector, and p the electron momentum. Thus, the
matrix element contains the factor é - p. As a result, for very low-energy
photons (<10keV), photoelectrons tend to be ejected parallel to the electric
field vector E of the incident photon, and so perpendicular to the photon
direction, in a general sin® @ pattern (unpolarized photons), where 6 is the
angle between the original photon direction and the outgoing electron
momentum. At all energies, the electron never exits in exactly the forward
direction, # = 0, where é - p’ vanishes.
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FIGURE 2.10 X-ray edge energies in the elements. (Data from EPDL97.)

At higher energies, the distribution is shifted forward, significantly
so for E2100keV, while remaining zero at 6 = 0. Nonrelativistically,
the angular distribution, per unit solid angle, is approximately proportional
to sin”@/(1 — BcosB)*, where B is v/c of the electron [He54]. A better,
relativistic expression, valid for Z/137 < 1, and neglecting electron binding
(i.e., photon energy = electron energy) was given by Sauter [Sa31] and sum-
marized by Davisson and Evans [Da52]

do sin” 0 11
E’\-‘m{;‘f’i('}’_ D(y —2){1 _BCOSO)} (2.12)

where y = (1 — 8%)~!/2 is the usual electron relativistic factor. A more recent
survey of theory and experiments is given by Berkowitz [Be79]. These
distributions are plotted in Figure 2.11 as functions of incident photon energy.
There is little interest in photoabsorption above about 1 MeV, since in all
materials the cross there is dominated by Compton scattering.

Figure 2.11a shows this angular distribution for several photon energies,
and Figure 2.11b shows the cumulative angular distribution.

The polar angle (relative to the photon direction) inside of which half
the electrons are ejected is shown in Figure 2.12. By E=1 MeV, half the
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FIGURE 2.11 Angular distribution of photoelectrons, according to the calculations of
Sauter [Sa31] (see also [Da52]). Above a few tens of keV the angular distribution is
significantly shifted forward. (a) the solid angle distribution do/d{), normalized to unit
maximum. (b) fraction of photoelectrons ejected at less than polar angle 6.

electrons come out within about 22° of the original photon direction. Ignoring
binding energies, the electron kinetic energy T =FE = hv. Then, the electron
momentum p = [2mT + T*1"/?/c = [1 + 2mc?/E]'/?E/c always exceeds the
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FIGURE 2.12 Summary angles for electron emission in photoelectric absorption.
Binding energy is ignored; photon energy = electron energy, so that the abscissa
represents either one.

photon momentum E/c; the difference is taken up by the atom recoiling
backward. Also plotted is the fraction of all electrons that emerge in the
forward hemisphere, 6 < /2. By 100 keV, some 87% of all ejected electrons
exit in the forward hemisphere. An early discussion of the angular distribution
was given by Kim et al. [Ki80]. Recent compilations of photoelectron angular
distributions for elements are presented in [TrO1, Tr02]. Deviations from pure
dipole behavior are discussed in [De99].

2.4.6 FLUORESCENCE AND AUGER ELECTRONS

After photoelectric absorption has occurred, a vacancy exists in the shell from
which the electron was ejected. That vacancy may be filled by a higher shell
electron jumping down, while a photon of energy equal to the difference of the
two shells is emitted. Such photons are called characteristic x-rays, because
their energy is characteristic of that atom’s energy levels. This process of
characteristic photon emission after photoabsorption is called fluorescence.
Alternatively, instead of a photon emission, while one electron jumps
down to fill the vacancy a second electron from an outer shell may be emitted.
For a vacancy in the K shell, this Auger process is the only alternative to
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fluorescence. The probability that fluorescence will occur is called the Fluor-
escence Yield w, and the probability that Auger emission will occur is the
Auger Yield a. For a K shell vacancy, then, wg + ax = 1. Radiative transi-
tions are more probable (wgx > 1/2) for elements of Z > 30, whereas Auger
emission is more probable (wgx < 1/2) for Z < 30.

Fluorescence is important for it affects the locality of incident photon
energy deposition. Without it, the entire photon energy would be deposited
locally (within the range of the emitted Auger electron). With it, the charac-
teristic x-ray carries off a fraction of the original photon’s energy and deposits
it some distance away where that x-ray itself is absorbed. The mfp against
absorption of a fluorescence x-ray is many times the range of an electron of
the same or lower energy.

The fluorescence photon has an energy just below the x-ray edge of the
shell from which the original electron was ejected, for example, an energy
Ex — E;, if a photon was absorbed by the K shell and fluorescence occurred
when an L shell electron dropped down to the K shell. This is a meaningful
example because K shell absorption is about 80% of total photoabsorption. At
the energies of these fluorescence photons, the photoabsorption cross section
is several times smaller than just above the edge. Thus, these fluorescence
photons have an mfp in the material several times greater than the original
incident photons. Therefore, they are more penetrating in the target material
than the incident photons, and will deposit energy to much greater depths.
Photon transport codes therefore account for fluorescence.

Photoabsorption cross sections are large at low to moderate x-ray ener-
gies. In Fe, for example, just above the K edge (7.08 keV), the absorption
cross section is about 3.8 x 10* barn/atom, or 408 cm? /g. Photons of this
energy have an mfp against photoelectric absorption of only 2.45 X
103 g/cm?, or 3.1 wm. However, fluorescent photons with energy just
below the K edge experience a photoabsorption cross section of only
4.8 x 10° barn, and an mfp of about 25 pum. Thus, when Fe or other materials
are exposed to x-rays just above their K edge, the photons tend to be absorbed
very close to the surface. However, (half of) the fluorescent x-rays produced
easily escape back out of the material. Consequently, fluorescence is a useful
tool for studying surface composition, contamination, and surface structure.
Puri et al. [Pu95] present a careful analysis of K and L shell cross sections for
fluorescence applications.

2.4.7 CosTter—KRONIG TRANSITIONS

In addition to emitting fluorescence x-rays or Auger electrons, when photo-
absorption occurs in a shell with subshells, that is, L and higher, a third
possibility exists. After photoabsorption by an electron in one subshell, the
vacancy may be filled by an electron in the same shell but different subshell
(of higher energy). These intra-shell transitions are known as Coster—Kronig
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(C—K) transitions. For photoabsorption in the L shell, the Coster—Kronig yields
f1,2 and fi 3 are the probabilities that a primary vacancy in the L; subshell is filled
by a transition from subshell 2 or 3, respectively; and f, 3 is the probability
that a primary vacancy in the L, subshell is filled by a transition from sub-
shell 3. L; is always the deepest subshell, L3 the shallowest. C—K transitions are
radiationless and are accompanied by the emission of another electron either
from another subshell within the same shell or from a higher shell.

Thus, by definition, the Auger yield as is the probability that a vacancy in
shell S (S=K, L, M,...) is filled by a nonradiative transition by an electron
from a higher shell. The Coster—Kronig yield is the probability that a vacancy
in a subshell is filled by an electron from another subshell in the same shell,
while the emitted electron may come from either the same shell or a higher
shell. After the C—K transition to a different subshell, the atom decays by a
fluorescence or Auger process from that subshell.

The electron configuration of L subshells and their approximate levels
(eV) in a few atoms are

Subshell Configuration 13Al 2Fe 505N s2Pb
L, 28512 119.05 843 4,440 15,847
L 2P, ) 81.2 734 4,161 15,251
Ls 2P3)» 80.73 721 3,927 13,040

In the L shell, it is also possible for an L; vacancy to be filled by a
radiative transition from L3. The symbol f{’3 is commonly used for this prob-
ability. Radiative transitions within shells higher than L are also possible. For
known cases, these radiative probabilities are always much less than nonradiative
C—K transitions between the same subshells [Ba72]. For example, fl’ 3 < fiz.

In the absence of C—K transitions, the radiative fluorescence yield for the
L and higher shells is defined to be an average of its subshell yields. In
the presence of C—K transitions, the average shell fluorescence yield must
be defined more carefully. At least two methods have been proposed for
this averaging process [Ba72]. K shell yields, and L, M, and higher shell
average yields are periodically tabulated as new data and calculations become
available [Ba72, Kr79, Hu89, Hu94, Ca03]. The average radiative yield of
shell S is denoted by ;.

For photoabsorption in the L; subshell, the C—K transition probability is
f1 = fi2 +fi,3. It is larger than the sum of the L; subshell fluorescence yield
and Auger yield combined for all elements except near Z = 50-60, where it is
almost equal to the L; Auger yield [Kr79, Ca03].

As K shell absorption is about 80% of all photoabsorptions, that shell’s
fluorescence and Auger yields are the most important. Figure 2.13 shows
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K shell fluorescence yield wg, and the Auger yield, ax = 1 — wg, as a
function of Z. What is actually plotted here is the convenient fit [Hu89]:

k(2= ()"

S = Z?:O C,‘Zi

(2.13)
co = 0.037, cp =0.03112,
€y =5.44 x 107, c3=—125x10"°

that represents the data very well [Hu89, Hu94]. Average L shell and M shell
fluorescence yields, @; and @y, are also shown.

2.4.8 ENERGY TRANSFER BY THE PHOTOELECTRIC EFFECT

In addition to the fluorescence yields w and @, another parameter that is often
tabulated, useful in determining energy transfer to charged particles in the
photoelectric effect, is the fraction f,. of the incident photon energy that ends
up in kinetic energy of ejected electrons, per absorbed photon. This includes
the kinetic energy of the primary electron and those of subsequent Auger
electrons emitted throughout the entire fluorescence cascade. Conversely, one
can speak of the fraction of the incident photon energy that goes to fluores-
cence photons. Let X be the average energy of fluorescence radiation emitted
per absorbed photon of energy E. Then, the fraction of the incident photon
energy that goes to fluorescence photons is X/E, and by conservation of
energy, E = X + fi.E or

fpe =1- (X/E)

X includes the energies of all fluorescence x-rays emitted throughout the
entire cascade. Then, the energy put into the material in the form of kinetic
energy of electrons is E — X = f,.E per absorbed photon.

The energy X is tabulated in EPDL97. In aluminum, for example, for an
incident photon of any energy E above the K edge (1.56 keV), the average
fluorescence photon energy X is approximately 49 eV per photon absorbed,
almost independent of E, and so fpe ~ 1. The reason for the small value of X
when a photon of energy close to 1.5 keV can be emitted is that the fluores-
cence yield in Al is only about 0.04, and it is more likely that no photon is
emitted; the most probable photon energy is zero.

In Au, the fluorescence yield is about 0.96, and the K edge is
Ex = 80.7keV. There, for a photon of any energy E above Eg, X is about
59 keV, a substantial fraction of Eg, almost independent of E.

A quantitative example at high Z, where the fluorescence yield is large, is
shown for W in Figure 2.14, which compares the incident photon energy
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FIGURE 2.14 Energy deposition in Tungsten by photoelectric absorption as a func-
tion of incident photon energy. The right-hand scale shows the photoelectric absorp-
tion cross section in barn/atom. K and L edges are indicated. The dashed line is the
incident photon energy; it would be the energy deposited were it not for fluorescence.
Accounting for fluorescence, the solid line is the energy left in the material in the form
of kinetic energy of electrons, and is the actual energy deposited locally. The differ-
ence from the incident energy is released as characteristic x-rays. With incident energy
just above the K edge the fluorescence x-rays have energy just below the K edge, and a
mean-free-path in the material some 4.2 times as long as the incident photons. (Data
from EPDL97.)

(dashed curve) with the energy transferred to the material in the form of
electron kinetic energy. Just above the K edge, the energy deposited drops
from the photon energy E to about 0.3E, that is, to about that due to
photoabsorption by the L edge. As wg is large (~0.95), most of the energy
due to K shell absorption is returned to fluorescence photons and is not
deposited locally. In high-Z materials, fluorescence makes a big differ-
ence in energy deposited for photons above an absorption edge, especially the
K edge.

2.4.9 ENERGY-TRANSFER COEFFICIENT

Consider a beam of photons, each of energy E, with number fluence
¢ = ¢(E) (photons/ cm?) incident on a material with atom number density
N (cm™3). The photon energy fluence is E¢ (MeV/cm?). The photoelectric
Cross section is orpe (cm? /atom). There are Noe ¢ photoelectric interactions
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per cm?. Each interaction absorbs a photon, so the energy removed from the
beam, per unit volume, is N opeEp (MeV / cm? ).

Each interaction removes an energy E and deposits an energy f,,.E near the
struck atom in the form of electron kinetic energy. The remaining energy
E — foeE = X exits the atom as other photons. The kinetic energy in charged
particles released per unit volume is therefore fpe ENope (MeV/ cm?). Rela-
tive to the incident energy fluence E¢, the energy transferred to the material
(as electron kinetic energy) is fpeNope (cm™h).

The coefficient

Har = frepeN (em™")

is called the Linear energy-transfer coefficient. If the atom number density
N is expressed instead as per gram, Ny = N/p = Na /A, u,, can be written as

M/ P = fpeOpeNg (sz/g)

and then it is the mass energy-transfer coefficient. When multiplied by the
incident photon energy fluence E¢ it results in the kinetic energy released per
gram of material, known as the kerma

kerma = (py/P)EQ = foe0peNE@ (MeV/g)

Thus, the significance of X or fj, lies in its relation to the kerma delivered to the
material, and the mass energy-transfer coefficient connects the incident energy
fluence to the kerma. The kerma per photon/cm? (the specific kerma) is therefore

kerma-cm?® = (U, /P)E = foeTpeNE (MeV-cm?/g)

This quantity itself, with units often given as MeV-cm?/g, is sometimes
referred to just as the kerma. As the released electrons with average energy
foeE then travel through the material, they may lose their own energy to
ionization, excitation, or to Bremsstrahlung. The energy lost to ionization
and excitation is considered local energy deposition by the original photon.
The part lost to Bremsstrahlung is in the form of other photons, which
generally travel a long distance compared with the electron range, and is
considered removed from the volume of interest. It deposits some distance
away only after the Bremsstrahlung photons are themselves absorbed.

The energy-transfer coefficient w,. and kerma are to be distinguished from
the energy-absorption coefficient and dose. u, and kerma measure energy
immediately created in the form of charged particle kinetic energy out of
the energy of neutral particles (here photons). However, the energy left in the
target material, measured by the energy-absorption coefficient or dose, is the
energy of the charged particles that is transferred to ionization and excitation.
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It is less than the kerma by the amount that is subsequently lost to Bremsstrahl-
ung as the charged particles pass through the medium. It includes only that part
of the energy in charged particles that ends up in the form of ionization or
excitation. The energy-absorption coefficient and dose connect the incident
energy fluence to the energy that is actually deposited by charged particles.

Further discussion of energy deposition, with proper definition of kerma,
is given in Section 2.9.

2.4.10 TiME ScALE FOR FLUORESCENCE

The term luminescence is a general term for emission of radiation. Fluores-
cence is a special instance of luminescence. Fluorescence is generally under-
stood to mean the stimulated emission of radiation that occurs over times less
than or in the order of 108 sec [Wi58].

Phosphorescence is another special case of luminescence. It is the stimu-
lated emission of radiation that persists much longer than fluorescence. Its
time scale may be microseconds, seconds, days, or months or longer, and
occurs primarily in molecular compounds rather than atoms.

Phosphorescence over the longer times may be affected by material tem-
perature, and is the principle of operation of the thermoluminescent diode. Here,
after exposure to x-rays, absorbed energy is trapped in a metastable molecular
state. Upon heating, thermal excitation occurs to a higher, nearby state from
which transitions to a much lower state are allowed, thus giving rise to lumines-
cence when the sample is warmed. Its intensity as a function of temperature
then reveals how much original x-ray exposure there was. Modern TLDs trap
absorbed energy in trapping centers in semiconductors instead of metastable
molecular states, but the principle is the same [Kn00].

The fluorescence yield wg by itself carries no information about the mean
life 7, or width I" = 71/, against radiative or Auger emission (although it does
fix the radiative to Auger mean life ratio g /7). K shell radiative mean lives
7r are less than 107! sec 'y > 10~*eV) and Auger mean lives 74 are less
than 10~ sec (I'y> 107" eV) for all elements with Z> 5. At Z= 30, where
wg X ag, TR = Ta ~ 6 x 1071%sec Tr &~ T'x = 1eV). Both 7z and 7, are
shorter for Z > 30, and longer for Z < 30 [Kr79].

2.4.11 FLUORESCENCE AND AUGER CASCADES

A vacancy in an atomic shell may be created by a number of processes:
photoabsorption, Compton scattering, nuclear electron capture or internal
conversion, or, in the case of an incident electron, electron scattering. No
matter how the vacancy (hole) is created, the atom subsequently relaxes by
having that vacancy filled either by fluorescence or by an Auger process
(including possible C—K transitions).

If the primary vacancy is in the K shell, an L, or L3 electron may drop
down to fill it, and an Auger electron or a photon may then be emitted. If the
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process is fluorescence, there is now a vacancy in the L shell. If by Auger,
there may be two vacancies in the L shell or one in the L shell and one in a
higher shell. These secondary holes are now filled again either by fluores-
cence or by an Auger process. The cascade can continue many times for high-
Z elements. For a primary K shell vacancy in uranium, for example, (U has K,
L, M, N, O, P, and Q shells consisting of 29 subshells) 154 different x-ray
energies and 2772 different electron energies can be emitted [Cu95]. As
mentioned, for simplicity fluorescence yields and Auger yields are usually
computed and tabulated for each shell as averages over the subshells.

2.4.12 PHOTOELECTRON AND AUGER-ELECTRON ENERGIES

Energies of photoelectrons in many elements and selected compounds are
available at the NIST x-ray Photoelectron Spectroscopy (XPS) Database,
(NIST Standard Reference Database 20) [NIST20]. This database was built
from an evaluation of the published literature, and contains over 19,000
photoelectron and Auger-electron lines, together with chemical shifts, doublet
splittings, and so on. A version is available online.

2.5 COHERENT RAYLEIGH SCATTERING

A photon can elastically scatter from the atom as a whole, leaving the atom
in its original, unexcited state. As the photon scatters coherently from all
the electrons, the process is called coherent scattering (whereas Compton
scattering from any one atomic electron is often referred to as incoherent
scattering).* Evans [Ev55] has a brief but useful treatment. See also the
discussion in [Ha58].

The differential atomic scattering cross section is conveniently written in
terms of the differential cross section for elastic scattering from a single,
isolated electron (Thomson scattering). The Thomson cross section for
unpolarized light is

*In general, one should distinguish between elastic scattering and coherent scattering. The term
elastic generally means that the scattered photon has the same energy as the incident photon. The
term coherent means that the amplitudes for all contributing processes are summed, preserving
their relative phases, before squaring to obtain a cross section. An elastic process is not neces-
sarily coherent. The term incoherent means that the amplitudes for all contributing processes are
squared before being summed to obtain a cross section. One could have, for example, a coherent
scattering process that is not elastic. For present purposes, the terms coherent, elastic, and
Rayleigh scattering are taken to be synonymous; the incident and scattered photons have the
same energy and the atom is left in its original state. In addition, incoherent means Compton
scattering, in which the scattered photon has less energy than the incident photon, and an electron
is ejected from the atom.
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whose numerical value was given in Equation 2.8.

To account for the coherent scattering from Z electrons, the cross section
for elastic, Rayleigh scattering* from a single, isolated atom with (spherically
symmetric) electronic charge density ep(r) (p is the electron number density)
is written, as a first approximation,

do d
d% = %F(q)2 (2.16)

where
F(g) = J &Erep(r) = 4w J drr? %(r"”) p(r) (2.17)

is the usual atomic form factor for scattering through angle 6 while transfer-
ring momentum /g,

G=hky— k' (2.18)

to the atom. Here, hlg; is the incident photon momentum, and hik' is the
scattered photon momentum.
For elastic scattering, k' = k, and

q = kon/2[1 — cos 0] = 2k, sin(6/2) = 4 sin(6/2) /A (2.19)

where A = 2/k, is the incident wavelength. F(g) is computed in various
models for p(r). From Equation 2.17, clearly F(0) = Z, and F is monotonically
decreasing with increasing g. Were it not for further corrections, in the
forward direction (¢ =0) the coherent sum of scattering from each electron
would make the atomic differential cross section Z> times larger than the
Thomson cross section 2

o*

*The term Rayleigh scattering means different things to different people. See A.T. Young, Phys.
Today 35: 42 (January 1982).
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Equation 2.16 and Equation 2.17 describe scattering from a distributed
charge density, and Equation 2.17 is the usual Born approximation for the
form factor. This formulation is deficient in two respects. First, no account is
taken of the internal energy level structure of the atom, and thus no reson-
ances are treated, a serious problem at incident energies comparable to atomic
levels and edge energies. The Rayleigh cross section has rapid variation and
sharp dips near absorption edges; the simple form factor approximation does
not account for this anomalous behavior. Second, the form factor is real,
meaning the scattering amplitude has no imaginary part and thus violates
unitarity. When these effects are accounted for, the differential cross section
in the forward direction is no longer Z2r2.

Anomalous scattering and an imaginary part of the scattering amplitude
are usually taken into account by augmenting the form factor F' with the
anomalous scattering factors f; and f»

F=F+fi+ifh (2.20)
so that the cross section for Rayleigh scattering from an atom becomes

do  1+cos?e .
0 #"Z\F(Q) +H+iRP
@.21)

1
_ *%‘”’ 2[(F(@) + filko) +foko)]

The anomalous factors are approximately functions of only the incident
photon energy, not of ¢. Relativistic effects and nuclear Thomson scattering
may or may not be included in the anomalous factors [Ch95a]. A good review
of the theory is by Kissel and Pratt [Ki85].

Let foon be the scattering amplitude for elastic scattering so that the
differential coherent cross section is do/dQ = |f.ou|*. According to the optical
theorem, the imaginary part of f., in the forward direction is related to the
total cross section by

ko
Im feon(ko,0 = 0) = TrO'Tot(k o)- (2.22)
This means that f, is given by the total cross section according to

E
falko) = UTm(E) (2.23)

where E = lik,c is the photon energy. A common alternative form of this
last equation is oo (E) = 2Ar, f>(k,). Except at higher energies where the
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Compton cross section contributes, ooy may be replaced in this equation by
the total photoelectric cross section .

Recent compilations of form factors and anomalous scattering factors
are given by Wang et al. [Wa93] and Chantler [Ch95a]; available in digitized
tabular form on the NIST web sites [Ch95b, Ch95c, Ch00]. Henke et al.
[He93] also provides a tabulation. In addition, F, f;, and f, are given in the
Evaluated Photon Data Library (EPDL) from LLNL (see Section 2.12). The
form factor F(g) is fairly well understood and agreed upon, and is not given in
[He93] or [Ch95a]. However, recent compilations of f; and f, vary consider-
ably below a few keV. Figure 2.15 compares three sets of anomalous form
factors f; and f, in Fe, while Figure 2.16 shows the resulting angular distri-
bution and total Rayleigh cross section computed from the same three com-
pilations of the anomalous scattering factors at 300 eV. F(g) from EPDL97
was used in all four. Computations improve with time, and seem to be
converging in the most recent tabulations, but there has been considerable
change since 1989. Agreement is better at higher energies. A fifth compil-
ation, from 50 keV to 1.5 MeV, can be found in [Ch98]. The earlier 1989
compilation, EPDL89, is included in the figure to demonstrate progress
toward convergence. However, in all cases, the 1997 compilation, EPDL97,
is to be preferred over EPDL&9.

The cross section for coherent scattering is almost never more than 10%
of competing cross sections (photoelectric and Compton) at any energy. It is
shown as a function of energy in the plots in Section 2.8 of all cross sections
for many elements. It is largest (i.e., near 10% of the total) at energies of
10 keV-100 keV, depending on Z. However, the differential cross section
is strongly peaked in the forward direction. Figure 2.17 shows the differen-
tial Rayleigh cross section for atomic aluminum as a function of scattering
angle 0 for several energies, and Figure 2.18 shows the angular distribution
in polar coordinates. Figure 2.19 and Figure 2.20 show the same for lead.
Figure 2.21 shows the polar angle 6 inside of which 50% or 90% of scattered
photons emerge, in four elements. In Al, for example, at 100 keV, one half of
scattered photons emerge at less than about 9°. Scattered photons emerge
more and more nearly in the forward direction as energy increases and
Z decreases.

Thus, Rayleigh scattering peaks generally in the forward direction. It
will be seen later that Compton scattering from a free electron also peaks
generally in the forward direction (although for scattering from atoms it
vanishes in a narrow cone immediately around 6 = 0). Thus, although both
coherent and incoherent scattering do (may) scatter photons out of the
original beam direction, if one needs accurate calculations of an incident
photon beam attenuation, one must consider the angle from incidence
inside of which one may consider a scattered photon still to be in the
(attenuated) beam.
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FIGURE 2.15 (a) Comparison of three recent compilations of the real part of the
anomalous scattering factor f; in Fe. See text. (b) Comparison of three recent compila-
tions of the imaginary part of the anomalous scattering factor f, in Fe. (Chantler’s data are
on the NIST web site, “89” is from EPDL89, “97” is from EPDL97. See text.)
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FIGURE 2.16 Illustrating variations in recent compilations of Rayleigh scatter-
ing angular distribution and total cross section, on Fe at incident photon energy of
300 eV. This plot was constructed from the form factors F(g), fi, and f, compiled in
the cited references, using Equation 2.21. Ch95 is from [Ch95a] and [Ch95b].
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FIGURE 2.17 Coherent (Rayleigh) scattering angular distribution on atomic alumi-
num. (Data from EPDL97.)
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FIGURE 2.18 Angular distribution of coherent (Rayleigh) scattering on atomic alu-
minum. Upper panel:do/dQ) (barn/ster). Lower panel: do/df (barn/rad)=2mx
sinf do/dQ). (Data from EPDL97.)

The latest developments in photon elastic scattering from atoms may be
found on the LLNL web site: http: //www-phys.lInl.gov/Research/scattering/.
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FIGURE 2.19 Coherent (Rayleigh) scattering angular distribution on atomic lead.
(Data from EPDL97.)

2.6 COMPTON SCATTERING

The Compton effect is the inelastic scattering of a photon from an electron.
The electron recoils and is ejected from the atom, the scattered photon emerges
with reduced energy, and the atom is left ionized, with a vacancy in the shell
that had been occupied by the ejected electron. It is the dominant process for
typical energies of nuclear vy rays, hundreds of keV to several MeV.

Bethe and Ashkin [Be53], Evans [Ev55], and Heitler [He54] have excel-
lent discussions of Compton scattering, and useful formulas. Work that is
more recent is summarized by Williams [Wi77].

Compton scattering of a photon from electrons bound in an atom differs
from scattering from a free electron. The differential cross section for Comp-
ton scattering from a single, free electron is the Klein—Nishina formula
dokn/dQ, Equation 2.33. The differential (in outgoing photon angle) Comp-
ton scattering cross section from an atom is sometimes expressed in terms of
the Compton scattering from a single electron as

doaom o dokn
0~ d0 S(q, 2) (2.24)

where S(gq,Z) is the incoherent scattering function for that atom. §
describes the effects of the different binding energies of electrons in
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FIGURE 2.20 Angular distribution of coherent (Rayleigh) scattering on atomic lead.
Upper panel: do/d() (barn/ster). Lower panel: do/df (barn/rad) = 2 sinf do/d().
(Data from EPDL97.)



Photons 63

180 T lllllll! T lllllll! T lllllll! T LB

160f=---vvrrermnnnn- " .Polar angle @ inside of Which - == - cremeennns -]

140 et \ ..... e e ]

120 P EREEEREPS RN A R RERERES K

100 U SN A el 5]
attered photons exit !

> !

r

80

Polar angle 6 (deg

(210 PP N O R TP I -
40}
0] I i P

0
1071 100 10° 102 108
Photon energy E (keV)

FIGURE 2.21 Concentration of coherent Rayleigh scattering in the forward direction
at high energy, in Be, Al, Fe, and Pb. In Be at 100 keV 50% of photons scatter at less
than 7.5°, and 90% scatter at less than 17°. (Data from EPDL97). (In Pb above 500
keV, in spite of sharp forward peaking, there is small scattering at all angles, and 90%
does not accumulate until more than 100°.)

different atomic shells. Here, 7ig is the magnitude of the momentum
transferred to the recoil electron,

[

‘?: 071?,

E v 22 (2.25)
q=— 1—2005074-()
nhic Vo Vo

where E = Tikoc = hwy is the incident photon energy, E' = hik'c = hv' is the
scattered photon energy, and 0, is the outgoing angle of the scattered photon
relative to the incident photon direction. At high-energy or high-momentum
transfer ¢, binding energies make no difference, and S(¢ — oo, Z) — Z;
the cross section is simply the sum of the Compton scatterings for each
electron. Cross sections add (rather than amplitudes) because the atom is left
in a different state according to which electron is ejected. At very low ener-
gies, oxn — o, but S, douem/d(), and the total cross section O yom =
f(da'awm /dQ)dQ approach 0, because of binding energies. The incoherent
scattering function on many elements has recently been reviewed by Wang
et al. [Wa93] and Kahane [Ka98].
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For a free electron, kinematics determines E’ in terms of 0,,s0qis a
function of only 6, or E’, but not both. The Compton electron takes the
remaining energy. However, for an atom, the kinetic energy of the ejected
electron is smaller than the free electron kinematic expression by the binding
energy. If less than the binding energy is transferred to the bound electron,
Compton scattering (defined on an atom as ejecting an electron) cannot occur.
For incident photon energies well above absorption edges, the binding energy
makes little difference, and the angular distribution from an atom will be
close to that from a free electron (except very near 6, = 0; see Section 2.6.2
on Compton scattering from atoms).

When one wishes to investigate the detailed energy and angle distribution
of the outgoing photon from atomic Compton scattering, one works with
the doubly differential cross section d’o /dE'd() [Be93]. These considerations
are usually of interest when one measures the scattered photon and wishes to
infer information about the structure of the struck atom. In addition, the
orbital velocity of the struck electron in the atom produces a Doppler broad-
ening of the incident photon apparent frequency, resulting in a broadening
of outgoing photon energy at a given angle. The shape of this broadened line
is the Compton profile, and is a current topic of research ([Hu99a] and
references therein). The current state of calculations of incoherent scattering
has been summarized by Bergstrom and Pratt [Be97].

2.6.1 COMPTON SCATTERING FROM A FREE ELECTRON

Properties such as angular distributions are easier to understand in the case of
scattering from a free electron, and the differences from atomic scattering are
generally small. The major difference is in photon scattering near the forward
direction, discussed separately in a later section.

Here we present formulas and graphs for Compton scattering from a
single, free electron. Atomic (barn/atom) and bulk cross sections (cm? /)
and mfps in matter are presented in a later section.

Our discussion and graphs are for an unpolarized photon. Formulas for
polarized photons, which are needed much less frequently, can be found in
Heitler [He54], Evans [Ev55], and Evans [Ev58].

Figure 2.22 defines scattering angles in the scattering plane. The incident
photon energy is E = hvy, and the scattered photon energy is £’ = hv'. The
photon scattering angle relative to incident photon direction is 6,; the electron
scattering angle is .. (Referring to Evans [Ev55], our photon scattering angle
0, is Evans’ {; our electron scattering angle 6, is Evans’ ¢). T is the outgoing
electron kinetic energy.

2.6.1.1 Kinematics

The energy and momentum conservation laws determine all final momenta in
terms of one final parameter, often taken as the scattered photon outgoing
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FIGURE 2.22 Angle and energy definitions for Compton scattering.

angle 0,. The relations were first worked out by Compton in 1923. Following
Davisson and Evans [Da52] and Evans [Ev55], the scattered photon energy is

/’IVO

E=h=—— —
I +a(l —cos0,)

(2.26)

which determines the frequency shift ¥’ — v of the scattered radiation. Here,
« is the commonly defined ratio of the incident photon energy to the electron
rest energy

_ o (2.27)

T mc?

The photon may scatter through any angle from 0 to . For incident photon

energies much lesser than mc? /2 =255keV, a < 1, the scattered energy is

independent of scattering angle, and the scattered energy is the incident

energy; this low energy case is simply Thomson scattering. Equation 2.26 for

scattered photon energy v/ as a function of 6, is graphed later in Figure 2.28.
When the photon backscatters, its energy is

hvg 1 mc?

h/0: = = —
YOy = = e T2 T mc 2w

(backscatter) (2.28)

This is also the minimum energy the scattered photon may have,
hv'(8, = w) < hv' < hvy. At low energies (Thomson scattering), the back-
scattered photon may have its original energy. For incident photon energies
much greater than mc?/2, the backscattered photon energy saturates to a
maximum of mc?/2.
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The shift in photon wavelength, from the incident Ao = ¢/vy to the
scattered photon A’ = ¢/V/, is

A=A = Ac(1 —cosb,) (2.29)

where A\c = h/mc = 2.426 x 107'° cm is the Compton wavelength of the elec-

tron (m is the electron rest mass). In Compton scattering, the wavelength shift

depends only on the scattered photon angle, not on the incident photon energy.
The outgoing electron has kinetic energy

T = hvy—hv'
— hwo a(l —cos6,)
1 +a(l —cos6,)
2a cos? 0.
= hVQ 5
(1 + a)” — a?cos? 6, (2.30)

and its outgoing angle 0. is related to that of the scattered photon 6, by

1 —cosf
cote = (1 + a)— 2%
sin 6,

0
=1+ tan?y 2.31)
or conversely,
2
(1+ a)’tan?6, + 1

cosf, =1-— (2.32)

For scattering from a free electron T = hvy—hv' as earlier, but in atomic
scattering the outgoing electron kinetic energy is smaller than hvg — v/ by its
binding energy.

The cross section for scattering numbers of photons through angle 0, is
the well-known Klein—Nishina cross section (for unpolarized photons)

d(TKN F(Z) 1 )
=20 1+4cos” 6, +
dQ [1+a(l —cosf,)]? 4

a?(1 —cos 0,)?

2.
I+ a(l —cosf,) (2.33)

where d() = sin6, df,d¢, is the solid angle in the direction of the
scattered photon. dogy/d() peaks in the forward direction, 0, =0, but
dokn/d6, = 2msin 6, dogn/d() peaks at 6, > 0.

Only the energy /hv' has been scattered, whereas the energy T = hvy —hv/
has been transferred to the electron. Since h7’ has been scattered, while hvg
was incident, the cross section for scattering photon energy through angle 6.,
is dos /dQ = (hv//hvp) dokn/d€). Because of the distinction between scatter-
ing numbers of photons and energy of photons, references [Da52] and [Ev55]
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refer to dogn/d€) as the collision cross section and to dog/dQ) as the
scattering cross section. However, this terminology does not seem to have
gained wide acceptance; rather the terms collision cross section and scatter-
ing cross section are regarded as synonymous, both referring to the collision
cross section for the scattering of numbers of particles (in this case
dogn/dQ). If the scattering of energy is intended, it is stated explicitly.

For the given incident photon energy, hvy, dokn/d( is a function of only
0., but can also be written as

doxkn 2 V%[yy vV )
-9 _ |=Z4__ _ 0
dQ 29 |V + Vo Sty
, V2 [1+cos? 6, N (vo — V')?
=) —
° 02 2 2o (2.34)

showing that it differs from the Thomson differential cross section dor/d(},
Equation 2.14, in two ways. First, to the angular dependence (1/2)(1 + cos® 6,)
is added the term (vy — v')?/2vor’ which arises from the matrix element.
This term vanishes as hvy — 0, since there v/ — vy. And second, it differs
by the overall factor (¢'/vy)* whose origin is purely due to phase space, not
the matrix element. In concert with the first term, this second factor reduces
scattering at large angles, where 41’ can be much lesser than hv (the electron
carries off most of the energy). In the forward direction, 6, = 0, v’ = v, and
the two corrections leave the Thomson differential cross section, r(z); at all
energies, the Compton differential cross section on a free electron in the
forward direction is equal to the Thomson differential cross section,
dogn/dQB, = 0) = dor/dQ(0, = 0) = r2.

At low energy, ¥ — vy, and free electron Compton scattering approaches
Thomson scattering at all angles, dokn/dQ) — dor/dQ.

2.6.1.2 Total Compton Cross Section

Integrating dogn/d() over solid angles, one obtains the Klein—Nishina total
cross section for Compton scattering from a single, free electron (and for
unpolarized incident and outgoing photons)

I+a204+a) 1 1 14+ 3a

=27ry? ————In(1+2 —In(1 +2a) ————
OKN mo{ 2 {1+2a " n(1 4+ 2a) +2a n(l +2«a) (1+2a)2}
(2.35)

It is shown as the solid line in Figure 2.23.

The Compton cross section for photons scattering from atoms is
approximately Zogn. However, at low energies it is less than Zogy for two
reasons. First, at energies below an element’s K edge, the K electrons cannot
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FIGURE 2.23 Klein—Nishina Compton cross section on a free electron (solid). Comp-
ton cross section on Al and Pb (dashed) divided by their atomic number.

be ejected, and so the effective atomic number for Compton scattering is Z—2.
Below higher edges, even fewer electrons can contribute, and so the cross
section is reduced again. Of course, this occurs only at energies below x-ray
edges, where the Compton effect is much smaller than photoabsorption.
Second, as will be seen later, at all energies the Compton differential scattering
from an atom is smaller than Zdokn/d() inside some fairly small angle near
the forward direction (and actually vanishes inside a very small angle). When
integrated over all solid angles, this forward dip makes the atomic Compton
cross section smaller than Zoky, even at energies well above an atom’s K
edge. Figure 2.23 shows 1/Z times the total Compton cross section on Al and
Pb. The difference is dramatic below 100 keV.

2.6.1.3 Particle Characteristic Energies

Given an outgoing scattering angle for either the electron or scattered photon,
kinematics fixes the energies. For the given incident photon energy hvy,
Figure 2.24 shows the maximum and the average Compton electron kinetic
energies (averaged over all outgoing angles), and the average energy of the
scattered photon, as a fraction of hvg. From Equation 2.30 at 0, = m, the
electron maximum energy Tax iS

/’IVO
Thox =———7 >~ 2.
1+1/Qa) (2.36)
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FIGURE 2.24 Average and maximum energies of Compton electron, and average
energy of scattered photon, normalized to incident photon energy hv.

a was defined in Equation 2.27. The maximum electron energy Ty,x occurs
when the electron exits in the forward direction, . = 0, and the photon
backscatters, 6, = .

2.6.1.4 Compton Electron Energy Distribution

The distribution do/dT of outgoing electron energy T can be obtained by
combining the photon angular distribution dokn/du = —2mwdokn/d(), where
M = cos 0, with the relation between T and w, the second of Equations 2.30

d_(T o dO'KN 1 _ TrdO'KN 1
dT  du dT/du dQ dT/du
w2 1 7T V T2
=—2 14+ (1-= +
ahyg a hvy —T (hvg — T)hvy (2.37)

where dT/du was obtained by differentiating the second of Equations 2.27.
Then, (do/dT)dT is the cross section for producing a Compton electron with
energy in (T, T+ dT).

The maximum energy the Compton recoil electron can have is Tyy,x given
by Equation 2.36. Equation 2.37 gives the distribution in energy. The electron
energy distribution peaks at its end point, 7 = Tyax.



70 An Introduction to the Passage of Energetic Particles through Matter

102 T T T T T

0.1= hvy (MeV)

ILRRRAL

<

}

101

100

107"

L A |

o B e s I

Energy-differential cross section (barn/MeV)

TIT T TTrIr
ol

1073 —

=)
o
<)
O
o
N
<)
w

04 05 06 07 08 09
T/ hvy

FIGURE 2.25 Compton electron energy distribution for Compton scattering from
a free electron.

The energy-differential cross section given in Equation 2.37 is shown in
Figure 2.25 (barn/MeV) for the Compton electron, for several incident
photon energies. The electron maximum energy Trax is also its most probable
energy, but its average energy is ~0.5 to 1 times its maximum. The distribu-
tion is rather flat at low energies, but rises to a sharp peak at Ty,ux.

Figure 2.26 is the Compton electron energy as a function of its outgoing
polar angle 6. (relative to the incident photon direction), for several incident
energies hvy. It has its maximum energy in the forward direction (6. = 0) and
zero energy as its angle of ejection approaches /2. Kinematically, the
electron cannot exit in the backward hemisphere.

In the photoelectric effect, when the electron is ejected in the forward
direction, its momentum can exceed that of the incident photon. Momentum
conservation is assured because the atom recoils backward, and its momentum
balances the total. In Compton scattering, the momentum of the forward-directed
electron can also exceed that of the incident photon. However, in the Comp-
ton case, the photon can scatter in the backward hemisphere, carrying suffi-
cient momentum to balance that of the electron.

2.6.1.5 Scattered Photon Energy Distribution

The scattered photon energy distribution do/dhv’ is shown in Figure 2.27.
Because the electron energy T = hvg — hv/, the photon energy spectrum is
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FIGURE 2.26 Compton electron energy vs. outgoing angle 6, for Compton scattering
on a free electron.

given by the electron energy distribution, do-/dT (Equation 2.37), with T
replaced by hvg — hv/,

do
dhv'

d
= ﬁ(T = hwo — h/) (2.38)
and thus its shape mirrors that of the electron distribution.

2.6.1.6 Photon Energy-Angle Relation

Figure 2.28 shows the outgoing photon energy /4v' as a function of scattered
photon angle 6.,. The photon always prefers the forward hemisphere, but the
preference for small angles is pronounced above hvy ~ 2 MeV.

2.6.1.7 Photon-Electron Angle Relations

Figure 2.29 shows the outgoing electron angle 6. for given scattered photon
angle 6.

For hvy = 2 MeV, the electron strongly prefers to exit near the forward
direction; the electron will exit at §. < 30° so long as the photon scatters at
0, = 40°.
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FIGURE 2.29 Compton electron angle of emission vs. scattered photon angle, for
Compton scattering on a free electron.

2.6.1.8 Electron Angular Distribution

The electron differential scattering cross section do/d{). (barn/ster) is
shown in Figure 2.30a, and the distribution in polar angle 6., do/df. =
27 sinf, do/dQ. (barn/rad) in Figure 2.30b. The same quantities are
shown in Figure 2.31 in polar coordinates. Above several MeV, the electron
angular distribution is extremely peaked in the forward direction.

2.6.1.9 Scattered Photon Angular Distribution

The photon differential scattering cross section do/d{}, (barn/ster) is shown in
Figure 2.32a, and the distribution in polar angle 6, do"/df., = 2msin6, do/d(},
(barn/rad) in Figure 2.32b. Again, the same quantities are shown in Figure 2.33
in polar coordinates. In the forward direction (6, = 0), the photon differential
cross section is 72 = 0.0794 barn at all energies. This is true only for scattering
from a free electron. Angular distributions near 6, =0 are much different
when scattering from an atom, as discussed in the next section.

2.6.1.10 Cumulative Angular Distributions

Figure 2.34 gives the fraction of all electrons and photons that exit at a polar
angle less than 6. At hvy = 3 MeV, half of all Compton electrons come out at
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FIGURE 2.34 Compton scattering from a fee electron. Cumulative angular distributions.

less than or greater than about 19°, whereas half of the photons exit at less
than or greater than about 47°.

The bottom graph in Figure 2.34 shows the angle inside of which 1/2 of the
electrons or photons exit, as a function of svy. For a 2 MeV photon, 1/2 of all
electrons exit atless than 22°, and 1 /2 of the scattered photons exit at less than 51°.

2.6.1.11 Comment on Angular Distribution

Kinematics requires that the scattered photon and the ejected Compton electron
cannot both exit the interaction in the forward direction. If the photon comes
out near 6, = 0, the electron comes out near 6. = 90°. If the electron comes out
near 6, = 0, the photon comes out near ¢, = 180°.
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Since the photon angular distribution is peaked in the forward direction, one
might therefore expect the electron distribution must peak at some large angle,
or, at least, could not also peak in the forward direction. In fact, however, both
the electron and photon angular distributions do peak in the forward direction.

This does not violate kinematics, since the two particles do not both exit
in the forward direction in the same event.

Kinematically, because electrons cannot backscatter but photons can, scat-
tered photons have available twice the phase space that is available to electrons;
the electrons tend to be compressed in the forward direction. When scattered at a
large angle, the photon has relatively little energy. Momentum conservation then
throws the electron forward. Electron angular distribution is significantly more
compressed at higher energies, as seen in Figure 2.30 or Figure 2.31.

2.6.1.12 Application to a Gamma Spectrometer

Detectors of high-energy photons rely on the interaction of the gamma with
the material of the detector itself. Bolometers measure the temperature rise
of a small mass as it absorbs the energy of some of the photons that enter it.
Scintillators are excited to emit light when a photon deposits energy in
it. Semiconductor detectors measure the charge of electron—hole pairs created
by photon energy deposition.

At nuclear gamma ray energies, the Compton effect is usually the most
probable process; a gamma entering the detector is more likely to Compton
scatter than to be absorbed by the photoelectric effect or undergo pair produc-
tion. The short-range Compton electron then deposits its energy in the detector.

Equation 2.37 for the Compton electron energy spectrum is therefore
useful in studies of the performance of liquid- or solid-state detectors. A
solid scintillator (e.g., Nal, CslI, or Bismuth Germanate (BGO)) senses the
energy deposited by the Compton electron (or photoelectron) by measuring
the energy in light (essentially visible) emitted when excited and ionized
atoms de-excite or recombine. This light enters a photomultiplier tube that
converts it to an electrical pulse, which is then amplified. Except for relatively
small nonlinearities, the electrical output of the scintillator is proportional to
the energy deposited in the crystal [Kn0O].

Another common detector is a solid semiconductor (e.g., GaAs, CdTe,
CdZnTe, or Hgly) in which the energy deposited by the photon creates
electron—hole pairs that are collected at electrodes attached to the crystal.
The number of pairs, and hence the magnitude of the charge pulse, is
proportional to the energy deposited in the crystal by the photon.

The photon deposits its energy by any one of the following ways:

1. Suffering a photoelectric absorption, ejecting a photoelectron that has a
short range and deposits its energy by further ionization

2. Undergoing Compton scattering from an atomic electron in the
detector, ejecting a short-range Compton electron with some fraction
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of the original photon energy, while the reduced energy scattered
photon continues on

3. Undergoing pair production (if the photon energy exceeds 1.02 MeV),
ejecting an electron and positron that then ionize further

Figure 2.35 schematically shows the typical geometry of a semiconductor
detector in a metal housing, with three illustrative photons incident normally on
the crystal. The upper photon is absorbed in the crystal by the photoelectric
effect; essentially all its energy is deposited in the crystal. The second photon
passes through the crystal and is Compton backscattered from solid material in
the rear; the backscattered photon is absorbed in the crystal. The third photon
Compton scatters in the crystal; the electron deposits its energy and the scattered
photon continues on, leaving the crystal. These processes are discussed later.

The range of the Compton electron is almost always a small fraction of the
detector linear dimensions, and so deposits all its energy in the detector. For
example, in CdZnTe (CZT), the mean forward range (against stopping power
and multiple scattering) of a 1 MeV electron is 0.2g/cm? = 0.035cm.
However, the scattered photon continues to a much greater distance. If the
crystal is not too large, the scattered photon often exits the crystal without
interacting again. As detector response is proportional to energy deposited, a
Compton event leads to a fraction of the photon energy being registered by the
detector, as energy deposited by the Compton electron. The energy deposited is
therefore T, or less. Equation 2.37 gives the pulse height distribution resulting

Metal housing

Direct photoabsorption

_______________ -X — Photopeak
Incident
photons o
_______________ _X_ [-=L | = Backscatter peak
<e
——————————————— S — Compton edge
EN

FIGURE 2.35 Illustrating three kinds of photon interactions in a crystal gamma
detector. The upper photon is directly absorbed by the photoelectric effect; all its
energy is deposited in the crystal (except possibly for fluorescence x-rays), contribut-
ing to the photopeak. The center photon passes through the crystal and Compton
scatters through a large angle from the housing; the scattered photon is absorbed in
the crystal, leading to the backscatter peak. The lower photon undergoes a Compton
scattering in the crystal; the electron stops in the crystal contributing its energy to the
Compton shoulder.
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from Compton electrons when gammas enter the detector material and Compton
scatter once. That whole process is quite common, particularly for small crystals.

Instead of a single Compton scattering, the gamma ray may be absorbed
directly by the photoelectric effect, depositing essentially all its energy /vy in
the crystal. For low-Z materials, the electron binding energy is recovered in
the form of Auger electron kinetic energy. However, for high Z, electron
binding energy is lost to fluorescence photons, so there are counts on the low-
energy side of the full photon energy (in Z = 50, Figure 2.13 shows that if the
gamma is photoabsorbed in the K shell, 86% of absorptions produce a
fluorescence x-ray). Alternatively, once Compton scattered, the lower energy
scattered photon may be photoabsorbed before exiting, with the result that
again all the initial energy hv is deposited in the crystal. In either of these
cases or in a number of other processes or sequence of processes, the entire
gamma ray energy is deposited in the crystal. As a result, the detector will
measure the full gamma energy hvy and display a peak at that energy. The
magnitude of the peak, called the photopeak, is determined by the source
intensity. The sharpness of the peak is determined by the energy resolution of
the detector; the count rate falls off rapidly away from the center of the peak.

Nevertheless, because of the relatively high probability of a single Comp-
ton scattering followed by escape of the scattered photon, at an energy Tyax
there will be a relatively sudden rise in the pulse height distribution as the
energy of Compton electrons is detected. This rise is called the Compton
edge. At energies below the edge, the pulse height distribution is determined
by the cross section Equation 2.37.

Figure 2.36 shows an example of a relatively clean gamma ray spectrum
taken by a CZT crystal detector. The crystal is 5 x 10 x 10 mm and was
exposed for 20 h to a Cs'? source, which emits hvy = 661.6keV gammas.
The photons were incident normally on the 10 x 10-mm face; the longest path
available to them was 5 mm. The photopeak is very pronounced. Natural
environmental background gammas were also present, of course, and have not
been subtracted from the data.

As one proceeds down in energy below the photopeak, at an energy
Tmax = 477keV (or E; = 184 keV below the peak) the signal rises, registering
Compton electrons created when the gamma Compton scattered in the crystal
and the scattered photon exited without further interaction; that is the Comp-
ton edge. In the figure, along with the measured spectrum, the ideal Compton
electron energy spectrum (Equation 2.37), at and below the Compton edge, is
drawn (dotted line). This is the spectrum of Compton electrons and the
detector response that would occur if the gamma scattered from free electrons
and in the absence of detector imperfections or background noise.

The actual shape of the measured spectrum in the vicinity of the Compton
edge is not a sharp discontinuity, but is smoothed and rounded. The reasons
are: (1) the natural resolution of the detector (here about 3% or about 15 keV)
broadens the response to any one energy; (2) thermal drift of the detector
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FIGURE 2.36 Gamma ray spectrum measurement of a Cs'?’ source in a CdZnTe

crystal. The main Cs peak at 661.6 keV is pronounced. The Compton shoulder is clear
at Trax = 477 keV. The backscatter peak is near a minimum energy of A/ (180°) =
184 keV. The data include ambient environmental background noise. The dotted curve
is the ideal Compton electron spectrum, with a sharp cutoff at T,,,,«. The dashed curve
is after broadening by a detector resolution function with FWHM = 18 keV. (Data
courtesy of John Baker, Mission Research Corporation.)

calibration during the long measurement spreads the response; (3) Compton
scattering on the bound crystal electrons is not the same as that from free
electrons; and (4) background gammas have not been subtracted in the figure,
and they provide a nonuniform background noise. The rounded Compton
edge is referred to as the Compton shoulder.

To illustrate the effects of the four broadening mechanisms, Equation 2.37
has been filtered through a typical detector resolution function with an 18 keV
full width at half maximum (about 3.8% at 477 keV). The result is shown
as the dashed line in the figure. Above 500 keV, this broadened line falls
below the data because the measurements include background noise not
represented in the calculation. The shape of the broadened spectrum is quite
close to the measured spectrum near the Compton edge at 477 keV. Below
that energy, background noise and back- or side-scattering makes the data
higher than the computed ideal spectrum.

Also seen in Figure 2.36 is a peak at 190 keV labeled backscatter peak.
Gammas will most likely penetrate the 5-mm thick crystal without interacting
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(the mfp against any interaction of a 662 keV photon in CZT is 2.1 cm). In the
structure, there is always some solid material behind and around the crystal.
After passing through or nearby the crystal, the gamma can Compton scatter
from this material through a large angle, and the reduced-energy scattered
photon will propagate back to the crystal where it is likely to be photoab-
sorbed. From Equation 2.26 the energy of the backscattered photon is 184
keV or greater, depending on the angle through which it scattered. As this is
the minimum energy of a scattered photon, and scattering occurs through a wide
range of angles from surrounding material, a broad peak is produced by these
scattered photons that enter the crystal from many angles and get absorbed. The
peak is steep on the low-energy side, because 184 keV is the strict minimum
photon energy, but the distribution of smaller scattering angles and larger
energies gives the peak a wider slope on the high-energy side. In CZT, near
190 keV, photoelectric absorption is more probable than Compton scattering, so
the full energy of the backscattered photon is recorded. A backscatter peak
such as this one is commonly seen in gamma detectors.

Information from both the photopeak and the Compton shoulder can be
used to increase confidence in photospectroscopy over a simple measurement
of the photopeak alone. In addition, since the Compton scattered photon can
easily be arranged to exit the crystal (by making it small), a second crystal can
be positioned to capture some scattered photons. By measuring time coin-
cidence between the two, confident photospectroscopy can be performed
[Sh64, Si65, Qu72, Kn00].

2.6.1.13 Application to Penetration of Scattered Photons
through a Shield

Relative to photoelectric absorption, low-Z materials scatter (Rayleigh or
Compton) more than high-Z materials. Complete cross-section plots (Figure
2.50 in Section 2.8) show, for example, that the Rayleigh and Compton cross
sections in low Z exceed photoelectric absorption at energies above a few
keV, whereas in high Z they do so only above a few hundred keV. Wood and
plastic are more annoying in x-ray laboratories than heavier elements. Be-
cause of the forward peaking of both Rayleigh and Compton scattering, both
high and low Z may scatter much at grazing incidence. However, although
high-Z elements generally have larger cross sections than low Z, they are not
always preferred for shielding.

Rayleigh or Compton scattered photons can penetrate a slab of material,
and may do so more readily than unscattered photons. Let or, 0, 0c, and
oy be the Rayleigh, photoelectric, Compton, and pair-production cross
sections, respectively, of a material, and ooy = OR + Ope + 0 + opp be the
total cross section. For a slab of thickness d and density p, the probability that
a photon will penetrate unscattered is pynse = €Xp(—0Totpd).
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Now consider a photon that Rayleigh scatters at depth (x, x4 dx). For
forward scattering, the probability that it exits the slab after one scattering is
dpexit = P{it gets to x without scattering} - P{it Rayleigh scatters in (x,
x+dx)} - P{it gets to d without further scattering}, which is

dpexit = €xp( — T1opX) - OrPp dx - €Xp (—OTP(d — X))
= orp dx - €xp (—Oroipd) (2.39)
= ORp dx - Punsc

The x dependence drops out, and the probability that a once-Rayleigh-
scattered photon penetrates the slab is

d
Pexit = Jdpexit = ORpP dpunsc = )pi_punsc (240)
R

where Ag = 1/0y is the mfp against Rayleigh scattering. Thus, if the slab is
thicker than AR, the probability that a Rayleigh scattered photon penetrates is
greater than the probability that an unscattered photon penetrates. (Of course,
as d increases, both pynsc and peyi; decrease.) As the scattered photon is of
the same energy and predominantly scatters in or near the forward direction,
the emerging flux is greater than the unscattered flux by the factor
1+ pd/Ar = 1 + orpd. Thus, depending on the slab thickness, one may
have to include Rayleigh scattered photons when computing the penetrating
flux. An accurate value for the penetrating flux requires a Monte Carlo photon
transport calculation.
AS punse = €7° is a function only of s = o1opd, pexit May be written

Pexit = R g~ (2.41)
O Tot

Then, for a given total attenuation pyns, photon scattering when passing
through a slab will be least important when og /oo is as small as possible.

A similar effect for Compton scattering must also be taken into account,
although the scattered photon is of lower energy. (Near forward scattering,
more probable at higher energies, the scattered photon energy is only slightly
below the incident energy.) or given earlier can be replaced by or + o¢, and
the cross-section ratio (or 4+ 0c)/01o is a measure of the importance of
scattering (Rayleigh + Compton) relative to total attenuation. It is shown in
Figure 2.37 at several energies for all elements.

For example, to shield 80 keV and minimize scattered x-rays, it is
best to use elements Z ~ 70-78, for which the K edge is just below 80 keV.
At that energy, the transmission of unscattered x-rays through 0.18 mm W
(0.35g/cm?) or 1 mm Pb (1.13g/cm?) is pynse = 6.7%. However, W will
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FIGURE 2.37 The ratio of scattering cross section (Rayleigh + Compton) to total
cross section in all elements at selected energies. The ratio is a measure of the
importance of scattering (a photon exits the interaction) to attenuation. At 60 keV,
the separate contributions of Rayleigh/total and Compton/total are shown. The
discontinuities in the curves are due to passing over the K edge of the corresponding
element. The best x-ray shield at, say, 30 keV, that minimizes scattering for given
attenuation is one made of elements Z ~ 45-50. Lead is best near 100 keV.

create many fewer scattered photons. Although estimated here for Rayleigh
alone, when Compton scattered photons are included, the transmitted flux
increases by (no more than) 1 + (or + o¢)pd. The second term is 0.4 for Pb,
but only 0.06 for W, indicating that for the same attenuation of unscattered
photons, the Pb shield would add nearly 40% in scattered photons, whereas W
would add only 6%. In many applications, shield weight and thickness are not
of great concern, and one simply uses a suitably thick shield. Nevertheless, if
weight and thickness were important (as, e.g., in satellites), in this example,
a thinner and lighter W shield would be preferred over Pb.

2.6.2 COMPTON SCATTERING FROM ATOMS

The difference between the total (angle integrated) Compton cross section on
an atom, relative to that on a free electron, was mentioned earlier in connection
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with the incoherent scattering function S(q, Z). Figure 2.23 shows examples of
the difference for aluminum and lead; the difference is prominent at low
energies. It is mostly owing to the different angular distribution near the
forward direction for an atom relative to a free electron and to the effects of
binding energies.

2.6.2.1 Angular Distribution

The angular distribution of scattered photons in Compton scattering from
atoms is given by Equation 2.24, and is different from the angular distribution
in Compton scattering from a free electron. The difference is caused by the
binding of electrons, and the incoherent scattering function S(g) is intended to
quantify that effect.

At a high-momentum transfer to the atomic electrons (and so high-energy
transfer), the binding energy of electrons makes no difference, and the cross
section for scattering from an atom of atomic number Z is simply Z times the
Klein—Nishina cross section: doyom/dQ) = Z dogn/dQ. That is, S(g) = Z for
large g. The momentum transfer, however, is very small for forward or
near forward photon scattering, even at high incident energy, and in exactly
the forward direction (6, = 0) one has g =0 for all energies. If there is no
momentum transferred to the electrons in the atom, no electron can be
ejected, and Compton scattering does not occur. The differential cross section
for the outgoing photon direction in Compton scattering from an atom
vanishes in the exact forward direction, doem(fy =0)/dQ) =0, and for
very small angles (the differential cross section for electron ejection in the
forward direction does not vanish).

This is illustrated in Figure 2.38, which shows the photon differential
cross section in Fe for three incident energies. The solid lines are the atomic
cross sections, computed by Equation 2.24 with S(g) taken from EPDL97.
The dashed lines are Z times the Klein—Nishina cross section (Equation 2.33
or Equation 2.34). The Klein—Nishina cross section peaks smoothly in the
forward direction, but the atomic cross sections, although generally peaking
forward, have a sharp dip at small angles. The cross section vanishes from
0 = 0 out to a small finite angle. This behavior is explained as follows.

The minimum energy that must be transferred to an electron in order for
Compton scattering to occur (i.e., in order for an electron to be ejected) is the
atom’s ionization potential, roughly of the order 10 eV. The minimum energy
for Compton scattering to occur on a K shell electron is the K edge energy Eg.
Now, from Equation 2.30 when the electron receives energy T, the photon
scatters at angle 6., given by

mc*T 1
1— [ — 2.42
cos 0, oy 1= T/hvy ( )
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FIGURE 2.38 Compton differential cross section for the scattered photon on atomic
Fe at three incident energies. Solid lines are computed from Equation 2.24 using data
on S(g) from EPDL97. Dashed lines are Zdoyy/d€).

For small 6,, and for T < hv, this becomes

V2me?T 10-3 /T (eV)

- 2.43
hvo hvo (MeV) (2.43)

0y(hvy, T) =

Thus, at E = hvy = 1 MeV, the photon must scatter through 3.2 mrad =0.18°
in order to impart 10 eV to an electron. A Compton scattered photon cannot exit
at an angle smaller than this on an atom with an ionization potential of 10 eV.

The atomic cross section is not equal to Zdogy/d() until every electron
can be ejected, including the most tightly bound electrons; that is, until
T = Eg. In Fe, the K edge is Ex = 7.08keV. Using this value for T in
Equation 2.43, 6,(hvo, T) at E=1 MeV is 0.084 =4.8°. Figure 2.38 shows
that this is the angle at which doyem/d) returns to the value Zdoky/dQ).
When the energy transfer to an electron, T, exceeds Ex, Compton scattering
from an atom reverts to Klein—Nishina scattering at angles greater than
0 (hvy, T), given by Equation 2.43.
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FIGURE 2.39 Compton differential cross section for the scattered photon, divided by
the atomic number Z, on Be, Fe, and Pb at 1 MeV incident energy.

For fixed incident energy E, the variation with Z of the differential cross
section near the forward direction is then controlled merely by the K shell
energy T = Ex(Z), as it determines 0. (hvo, T). This is illustrated in Figure
2.39, which shows, at hvy = 1 MeV, the angular distribution of the scattered
photon on Be, Fe, and Pb. The differential cross section has been divided by Z
so that they become equal away from the forward direction. The cross
sections differ only at angles less than 6, (hvo, T).

A scattered photon can emerge at 6, = 0, but it cannot be accompanied by
an ejected electron, and so, by definition, the process is not Compton scatter-
ing. Coherent scattering peaks at 6, = 0, but the scattered photon has the
same energy as the incident photon. Inelastic scattering can also occur at
6, = 0, with the atom left in an excited, unionized state.

In contrast to the angular distribution of the scattered photon, the angular
distribution of the outgoing electron is essentially the same for an atom as for the
single-electron Klein—Nishina formula, at least when £ > Eg. The reason is that
when a photon scatters into angles near forward, the electron is ejected near
6. = /2, with little energy and little range in the material. However, whenever
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the electron is ejected with a substantial energy, the photon must impart sub-
stantial momentum to the atom, and scatter through a large angle. In these cases,
the photon and electron distributions follow the Klein—Nishina distribution.

2.6.3 COMPTON SCATTERING IN THE ELEMENTS

As with all photon interaction cross sections, the Compton cross section in the
elements is tabulated in various databases, as mentioned in Section 2.12.

2.6.3.1 Total Compton Cross Section

If the angular distribution for atomic Compton scattering were the same as
that of the Klein—Nishina formula, that is, if S(g)=Z for all ¢, the total
Compton cross section for scattering from an atom would be just Zogy. In
the differential cross section, however, the actual deviation of S from Z at
small g, as just discussed, makes the atomic Compton cross section less than
Zokn, especially at relatively low energies.

The Compton cross section vs. E = hyy for several elements is shown
in Figure 2.40. When expressed in cm?/g as in this figure, the approximate

100

UL UL T T 11T IR INRELRALL UNLELRALL UNRELULLL LILRALLL SR

-
<
\\\HHI

N
o

0
I

N
o

N
T

Compton cross section (cm?/g)

104F 7,

L \HHHi L \HHHi L \HHHi L \HHHi L \HHHi L \HHHi L \HHHi L LIl
105 10* 10°% 102 10" 100 101 102 103 104
Incident photon energy E = hvy (MeV)

FIGURE 2.40 Total Compton cross section on several elements, cm?/g. (Data from
EPDL97.)
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FIGURE 2.41 Total Compton cross section for all elements at several energies,
cm?/g. (Data from EPDL97.)

proportionality to Z is largely removed, and the bulk cross section is only
slowly varying with Z.

The slow variation with Z is also seen in Figure 2.41, which shows the
bulk Compton scattering cross section (cm?/g) for selected energies as a
function of Z. The Compton cross section alone peaks near 100 keV in all
elements. Data are taken from EPDL97.

Collecting these data for the elements, the total atomic Compton inter-
action cross sections (barn/atom) in all elements for energies from 1 keV to
100 MeV are shown in the contour plot of Figure 2.42. The corresponding
bulk total Compton cross sections (cm?/g) in all elements are shown in the
contour plot in Figure 2.43. Here, because contour values are fairly closely
spaced, the variation of atomic weight A with Z makes very visible irregular-
ities in the shape of contour lines. These were first discussed in the context of
the photoelectric contour plots (Figure 2.7 and Figure 2.9), in which the
irregularities are not pronounced because of the relatively large spacing
between contours.

The atomic Compton cross section is proportional to Z and hence essen-
tially to A. Mass density p is also proportional to A. Therefore, at energies
where the Compton effect dominates, the cross section expressed as cm?/g is



92 An Introduction to the Passage of Energetic Particles through Matter

Contours in barn/atom

102

Compton
largest

=3 Photo
> electric
g largest
]
c
2
o
=
a4 s
K LM
]
absorption
edges
102
103

FIGURE 2.42 Contours of Compton cross section in all elements, from 1 keV to 100
MeV, in barn/atom. (Data from LLNL EPDL97.)

nearly independent of atomic number. This is clearly seen in Figure 2.43.
Near 1 MeV, for example, the Compton cross section is about 0.06 cm?/g in
all elements. In the vicinity of 1 MeV, Compton scattering is the dominant
process; therefore, the photon—matter total interaction cross section in all
elements is also about 0.06 cm?/g. This will be seen again in the total cross-
section graph of Figure 2.54 in Section 2.8.1. It is not true far from 1 MeV,
where the photoelectric or pair production effects dominate.

2.7 PAIR PRODUCTION

At energies above about 1 MeV, another photon—atom process can occur in
which the photon disappears and an electron—positron pair emerges from the
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FIGURE 2.43 Contours of Compton cross section in all elements, from 1 keV to 100
MeV, in cm%/g. (Data from LLNL EPDL97.)

atom. This pair production occurs by the photon interacting with the (static)
electric field surrounding the nucleus or an electron. As is the case for Delbriick
scattering, enormous fields are required for this process to occur. As mentioned
previously, the static nuclear field at a distance r = 100 fm = 1073 A from a
high-Z nucleus is of the order 10" V/m.

For vy rays of less than several MeV, pair production is seldom the
dominant process. At 3 MeV in aluminum, for example, the cross section is
only 0.002 cm? /g, whereas the Compton cross section is 0.034 cm?/g. How-
ever, by 20 MeV in Al or at only 5 MeV in W, the cross section for pair
production is as large as the cross section for Compton scattering. At still
higher energies, pair production is the dominant process for a photon to
interact with matter, and remains so at all higher energies.
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2.7.1 Threshold Energies for Pair Production

In pair production in the Coulomb field of a nucleus, the heavy nucleus can
recoil, absorbing momentum but essentially no energy. Thus, for all practical
purposes, energy is conserved among the incident photon and the two members
of the created pair, but momentum is not conserved among those three particles
alone (of course, both energy and momentum are rigorously conserved among
the photon, the nucleus, and the created pair). To create the pair and conserve
energy, the photon needs to have only 2mc? of energy, just sufficient to create
both members of the pair at rest. Thus, the threshold photon energy for pair
production in the field of a nucleus is 2mc? = 1.022 MeV.

Pair production can also occur in the field of an electron in the atom. Here,
the created positron and electron and the struck electron are all ejected from
the atom; the process is referred to as triplet production. In this case, the
recoiling electron absorbs both momentum and energy, and the energy it absorbs
is not negligible. As the target electron carries some energy away, the threshold
photon energy for pair production in the field of an electron will be greater
than 2mc?. To obtain the threshold energy, it is convenient to consider the
conservation laws in the center-of-momentum (CM) frame of reference.

Figure 2.44 sketches the geometry. Results will be obtained for a target
particle of any mass M, but we are primarily interested in the threshold when
the target particle is an electron, M = m.

For the discussion of threshold kinematics, we work with units in which
h=c=1. In the laboratory frame, where the target mass M is at rest,
the photon has energy vy. In the CM system, the photon has energy vcwm,

Before After
Incident
hoton, v
Laboratory __Pnoln Yo o m
Y et
o
Pcm
1%
Center-of- M em
momentum

e+

FIGURE 2.44 Pair production by a photon in the Coulomb field of a charged particle
of mass M. Depicted before and after the interaction, and as seen in the laboratory and
in the center-of-momentum frames of reference.



Photons 95

and the target has momentum pcy = —vem. The target energy is
Ecm = \/(M2 +P%M) = \/(M2 + V%M)-

At the threshold of pair production in the CM system, each member of the
pair is created at rest. The photon has energy i, to be determined. As the
total momentum vanishes, the target particle is also at rest, and the only
energies are the three rest masses. Consequently, equating the incident system
energy to the final energy, the CM threshold photon energy for pair produc-

tion is given by
Vi /M4 v =M+ 2m (2.44)

or

M+ m
h
VlCM:zmM—i—Zm

(2.45)

To obtain the threshold photon energy v in the laboratory system, we need
only to transform the energy vif, back to the lab frame in which M is at rest.

To do this, let the velocity of the CM system, measured in the lab frame,
be V. Then, in the CM the photon has energy

vem = voy(1 — V) (2.46)
where
1
V= \/ﬁ (2.47)
and the target has velocity —V and momentum pcy = —yMV. However by

definition, the CM system is the one in which the photon momentum equals in
magnitude the target momentum

vem = pem = YMV (2.48)

Thus, V is determined by equating

vem = voy(1 — V) = yMV (2.49)
from which one obtains
T (2.50)
M + 140)

Inserting this expression for V in Equation 2.46, we express vcy in terms of v
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b=y al (2.51)
14 = V = .
MTONTHV T Tt 2m M
At threshold, this is to be equated to Equation 2.45, and we have
th
M
o Y0 2m (2.52)

Ve = =2m
MM T M+ 2m

which is the desired relation determining the laboratory threshold energy v
in terms of the target mass M and electron mass m.

Clearly, if the target is very heavy, M >> m, the threshold energy is 2m, as
stated for pair production in the field of a nucleus. But if the target is an
electron, M = m, Equation 2.52 becomes

4
vy = 3 (2.53)

Reverting to normal units, the CM threshold photon energy for pair produc-
tion in the field of an electron is (4/3)mc?. In the laboratory frame, Equation
2.52 says that the threshold photon energy for pair production is

hvf = 4mc? (2.54)

Pair production in the field of a nucleus starts at hv‘oh = 2mc?, whereas pair
production in the field of an electron starts at hvj' = 4mc? = 2.044 MeV.

In pair production from an electron, energy and momentum are conserved
among the incident photon, the created pair, and the original electron, but
neither energy nor momentum is conserved among just the photon and the
created pair.

2.7.2 Z DePENDENCE AND APPROXIMATE VALUE OF CROSS SECTION

Heitler [He54] gives a thorough derivation of the pair production cross
section. Bethe and Ashkin [Be53] and Evans [Ev55] review the theory and
experimental basis. Hubbell et al. [Hu80] present a discussion and data in all
elements.

In the Coulomb field of an exposed nucleus, the amplitude for the process
is proportional to the field magnitude and hence to the nuclear charge Ze and
to the electron—positron charge e. Then the amplitude is proportional to Ze?,
and the pair production cross section on an unscreened nucleus is proportional
to Z%e* erg. Screening by atomic electrons is important when both the
outgoing positron and electron are relativistic. At these high energies, screen-
ing makes the Z dependence slightly less than the second power. In general,
for all elements and at all incident photon energies above 3 MeV, the total
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pair production cross section from the (screened) nucleus rises from about 1
to less than about 15 times oy as Z increases, where

a0 = aZ*r? =5.795 x 107*Z* (barn)

The contribution to the total cross section due to pair production from atomic
electrons is proportional to Zr2, hence the total (nuclear plus electronic)
pair production cross section is approximately proportional to
aZ(Z + l)r(z) = (1 4 1/Z)ay, at energies greater than 4mc? in which both
processes are possible. Again, screening reduces this value at high energies.
Figure 2.45 illustrates the approximate proportionality to Z(Z + 1). The re-
duction at high energies is about a factor of two in high-Z elements.

Heitler [He54] showed that the nuclear pair production cross section
o(Z, E), at very high photon energies E, approaches a constant value

pp
independent of E, given approximately by

287 (183) 1
Upp (E — OO) — ? {ln(ﬁ) —E:|O'()

1072 T ||||||! T ||||||!

N
S
w

1074

Pair production cross section/Z(Z+1) (barn/atom)
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100 107 102 103 104

Photon energy E = h, (MeV)

FIGURE 2.45 The total (nuclear plus electronic) pair production cross section divided
by Z(Z+1) in several elements. Cross section in barn/atom. Between the lightest and
heaviest elements, at high energies, the cross section departs from proportionality to
Z(Z+1) by about a factor of 2. (Data from EPDL97.)
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More correctly, above 1 GeV, both the nuclear and electronic pair production
cross sections from an atom are given by an expression of the form

O + [c2 + c3In(E)]/E

0 is the infinite energy cross section. o, and the coefficients ¢, and c3 are
tabulated for each element in, for example, the EPICSHOW data set distrib-
uted with LLNL’s TART code.

In Al, the right-hand side of o7 ,(E' — 00) is 1.32 barn. The infinite energy
number o, for the nuclear cross section is given by the LLNL database
EPDLO97 as 1.3097, very close to the theoretical number. With the contribution
from atomic electrons included, the total pair production cross section at 100
GeV on Al is given in EPDL97 as 1.428 b and on Pb at the same energy as
41.183 barn.

The foregoing is the “classic” discussion of pair production. Tsai [Ts74]
has summarized more recent developments. He reports that the more accurate
calculations put the infinite energy Al pair production cross section at 1.443
barn and that of Pb at 41.72 b. In the LLNL database, the infinite energy
number o7 + ogl.fc for Al is 1.429 and that for Pb is 41.244 barn, slightly less
than Tsai’s value.

2.7.3 GRraprHs OF PaIR ProbucTiON CROSS SECTIONS

Tabulations of pair production cross section data are available separately for
the nuclear and electronic processes (e.g., in NIST XCOM or in EPDL97), but
here we plot only their sum, the total pair production cross section.

Figure 2.46 shows cross sections as a function of E = hyy for seven
elements, while Figure 2.47 plots the cross sections as a function of Z for
selected photon energies.

In Figure 2.48, contours of the total pair production cross section vs. Z and
E in barn/atom are shown. The variation with both independent variables is,
of course, quite smooth.

Again converting to cm?/g, contours are shown in Figure 2.49. The
irregularity in these contours introduced by the irregular variation of A(Z) is
evident. It is especially pronounced near Z=85-86, where A(Z) has a sig-
nificant discontinuity (Figure 2.8).

2.8 TOTAL PHOTON CROSS SECTIONS

Figure 2.50a through Figure 2.500 present all cross sections (photoelectric,
Rayleigh (coherent), Compton (incoherent), pair production and total) vs.
incident photon energy in a number of elements of increasing Z. Aluminum
was shown in Figure 2.4. Plots such as these, for all elements, are conveniently
available in LLNL’s display package, EPICSHOW, distributed with the
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FIGURE 2.50 Photon interaction cross sections on isolated, cold atoms. (a) hydrogen
(H). (b) beryllium (Be). (Data from EPDL97.)
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FIGURE 2.50 (continued) Photon interaction cross sections on isolated, cold atoms.
(c) carbon (C). (d) nitrogen (N). (Data from EPDL97.)
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FIGURE 2.50 (continued) Photon interaction cross sections on isolated, cold atoms.
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FIGURE 2.50 (continued) Photon interaction cross sections on isolated, cold atoms.
(g) iron (Fe). (h) germanium (Ge). (Data from EPDL97.)
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FIGURE 2.50 (continued) Photon interaction cross sections on isolated, cold atoms.
(1) indium (In). (j) iodine (I). (Data from EPDL97.)
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FIGURE 2.50 (continued) Photon interaction cross sections on isolated, cold atoms.
(0) uranium (U). (Data from EPDL97.)

neutron—photon Monte Carlo code TART. Similar graphs can also be generated
by the Janis software from the Nuclear Energy Agency, or by the ZVView
program at the IAEA (see Section 2.12).

It is worth noting that in hydrogen, Compton scattering is the main
process from 3 keV to 70 MeV, essentially the full range of x-rays and vy
rays. Photoelectric absorption does not dominate until below 3 keV, and pair
production does not dominate until above 70 MeV. And between about 10
keV and 10 MeV, Compton scattering is an order of magnitude more probable
than any other process. This is significant as H is a major constituent of
organic materials; scattering from H is more probable than absorption in H.

Likewise, in carbon, Compton scattering is the main process from about
25 keV to 25 MeV. Low-Z materials tend to scatter x-rays (if sufficiently
energetic) more than absorb them.

Total cross sections for several elements as a function of photon energy £
are also shown in Figure 2.51, and at selected energies as a function of Z in
Figure 2.52.

Finally, contours of total cross section (barn/atom) in all elements for all
energies are shown in Figure 2.53, and in (cm? /g) in Figure 2.54. Its inverse, the
mfp against any scattering (g/cm?), is separately useful; it is shown in Figure
2.55. Large, color contour plots of these cross sections, in both barn/atom and
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FIGURE 2.53 Contours of total photon cross section in all elements, from 1 keV to
100 MeV, in barn/atom. (Data from EPDL97.)

in cm?/g, and of the mfp are three of seventeen graphs included as Adobe
portable document files (PDF) on the accompanying CD-ROM. These are
intended to be printed on 11”7 x 17” paper. In that form, they are easily read
to an accuracy acceptable for many practical applications.

From Figure 2.54 or Figure 2.55 one can see, for example, that in high-Z
materials the largest photon mfp, that is, the most penetrating radiation,
occurs at 3-5 MeV, whereas in low-Z materials, it is somewhat higher, near
10 MeV or more.

2.8.1  Uste oF CONTOUR PLOTS IN SHIELDING APPLICATIONS

Besides conveying an appreciation of overall trends in £ and Z, the contour
plots are useful in applications, especially in their 11”7 x 17" form. They



Photons 111

|Contours in cmz/gram|

102

i le L Y : Mol DT 3 Pair
0.023 0.0?7 : . EAAS MU ) prod.
A [ ' : : AN largest
0.033: ‘

PR SR
S 00hN

®-._o

Compton
largest

N
(=)
=]

o--0

gy (MeV)

N 1\ R s - ” : Photo
: : : - electric
largest

Photon ener

{4 KLM
absorption
edges

FIGURE 2.54 Contours of total photon cross section in all elements, from 1 keV to
100 MeV, in cmZ/g. (Data from EPDL97.)

can, for example, help in selecting shielding material. If we wish to shield,
in general, x-rays of energy <100keV, with the least mass of material,
Figure 2.55 shows that, as expected, high-Z elements are to be favored over
low Z, both because the photoelectric effect dominates in high Z with a large
cross section and small mfp, and because low-Z materials preferentially
Compton scatter.

As discussed in regard to Equation 2.39 through Equation 2.41 and Figure
2.37, if we wish to absorb as well as possible, with the least mass of material,
all photons with energy less than 80 keV, we should not necessarily merely
select the highest Z. Figure 2.55 shows that the mfp of an 80 keV photon in U
is 0.3 g/cm?, whereas in Nd (Z=060) it is only 0.2g/cm? because we are
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FIGURE 2.55 Contours of photon mean free path against total scattering in all
elements, from 1 keV to 100 MeV, in g/cm2. (Data from EPDL97.)

above the Nd K edge but below the U K edge. Z=158 to 60 are the best
absorbers for the purpose, because at all energies the mfp is less than
0.2 g/cm?. Although other elements may be better absorbers of some energies
less than 80 keV, all elements other than 58 to 60 have smaller cross sections
for some energy less than 80 keV. Note that elements near W are the best
absorbers of 80 keV, but they are not the best at 65 keV or below. The choice
of shielding an element when the penetration of Rayleigh or Compton
scattered photons may be important was discussed in Section 2.6.

If the photon spectrum to be absorbed has a certain feature, other elements
may be more appropriate. Even if all energies are below 80 keV, it may be
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that the energy in the x-rays is concentrated in a narrower band of lower
energies. In that case, to minimize energy transmission, it may be best to
choose elements that best absorb in that narrow band, even though they do not
absorb energy below 80 keV as well as other elements.

If a specific energy photon is to be shielded, photoabsorption edges can be
used to good advantage. One tries to select a material with the K edge just
below the energy to be absorbed. The K edge of element Z=70 (Yb) is 61.33
keV, whereas that of Z =69 (Tm) is 59.39 keV.* Thus, Tm is a better absorber
of the 59.54 keV y of Am?**! than Yb. Figure 2.54 shows that the absorption
cross section in elements. .., 68, 69 is about 12 cm? /g, whereas in elements
70, 71,...it is only 3 cm? /g. Hence, for the same mass Tm is four times as
good an absorber as Yb. What is not so easy to recognize without a contour
plot is that not only are elements..., 68, 69 better than 70, 71,...but also
that no other element is as good as Z = 69. For absorbing 60 keV, Tm requires
less mass than any other element. Figure 2.55 shows that the mfp in Tm is
about 0.08 g/cmz, whereas that in Pb is 0.2. Thus, to absorb 99% of the
photons (4.6 mfps), one would need about 0.37 g/cm? of Tm, but 0.92 g/cm?
of Pb.

For final detailed work, after consulting contour plots for estimates, cross
section numbers for the selected elements should be checked in the numerical
tables on the accompanying CD-ROM or other sources.

2.9 ATTENUATION AND ENERGY DEPOSITED
IN TARGET MATERIAL

2.9.1 ATTENUATION OF A BEam

An incident photon beam is attenuated whenever a photon is absorbed or
scattered out of the beam. Thus, the intensity I(E, x) of the remaining
unscattered photons in a beam of photons of energy E depends on the distance
penetrated, x, according to

I(E, x) = Io exp(—NoTorx),

where N is the atom number density (cm~*) or density of scattering centers, I,
is the initial intensity, and

OTot = O1ot(E) = Ope T 0C + Orayl + Opp

*These cross sections are from NIST XCOM. The LLNL EPDL97 database uses 61.44 and
59.49 keV, respectively.
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is the total cross section for the photon to interact with the atom (or
scattering center), the sum of photoelectric absorption o,., Compton scat-
tering* oc, coherent Rayleigh scattering oray, and pair production opp.
Other minor processes, such as photonuclear scattering, should in principle
be included in the total cross section, but are conventionally excluded as
negligible. As Rayleigh scattering is small and tends to peak in the forward
direction, it is sometimes not included in the total cross section to define
attenuation.
The quantity

Mo(E) = Noto(E)

is the linear (total) attenuation coefficient, with dimensions of cm™!, so that
I(x) = Iy exp(—uex). When one specifies distance penetrated in a material of
density p (g/cm?) in terms of the mass penetrated, as px (g/cm?), it is
convenient to define the mass (total) attenuation coefficient

to/p (cm’/g)

so that I(x) = Iy exp(—(wy/p)px). The linear attenuation coefficient w, is the
total cross section per unit volume of material, and the mass attenuation
coefficient w,/p is the total cross section per unit mass, that is, the total
bulk cross section; it is the quantity plotted in Figure 2.54. The mean free path
in a material against total scattering is 1/u, = 1/Noro, expressed here in
centimeters or p/u, in g/cm?. The mfp against a single process, say Compton
scattering, is 1/No¢ > 1/Norqy.

The phrase “or density of scattering centers’’ above allows for compounds
or mixtures of elements. Then, instead of a single element, the scattering
center may be a molecule or a crystal cell, or any repeated unit of several
elements in an arbitrary mixture. In this case, each of o, ¢, ORrayl, and opp
is the cross section for scattering from that scattering center; for water
oc =20c(H) + 0c(0).

2.9.2 ENERGY TRANSFERRED TO THE TARGET
MATERIAL: KERMA

Neutral particles (photons or neutrons) passing through matter are referred to
as indirectly ionizing particles. Charged particles (electrons, protons, and
ions) are directly ionizing. The obvious reason is that photons or neutrons
do not directly ionize the material. They do so only after interacting with an

*As mentioned previously, our Compton cross section, oc, is what Evans [Ev55] calls the
collision cross section. His symbol for it on a single electron is (0.
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atom and kicking out an electron (or recoil target nucleus), and that moving
charged particle then ionizes by direct ionizing stopping power.

Thus, the process by which an indirectly ionizing particle deposits energy
in a target material is a two-step process. In the first step, the neutral particle,
in the present case a photon, interacts with an atom and ejects one or more
charged particles (directly ionizing particles), and perhaps a secondary neutral
particle (e.g., Compton scattered photon). The charged particles, in the pre-
sent case one or more electrons, are ejected with some kinetic energy. In the
second step, those charged particles deposit much of their energy directly in
the target by ionization and excitation collisions with target atoms (by
collisional stopping power).

The quantity kerma, or the energy-transfer coefficient that is directly
related to it, is introduced to parameterize the first step. The quantity dose,
or the directly related energy-absorption coefficient, is introduced to para-
meterize the second step [ICRUS80, Ca85].

The first step, the initial ejection of charged particles, takes place at some
small volume of interest in the target medium where the photon first interacts.
The second step, the ionization energy loss of those charged particles, occurs
over some distance beyond the first volume, distributed over the ranges of
the produced electrons. Dose does not occur at the same point at which
kerma occurs.

Here, we summarize the energy transfer from an incident photon beam to
the target material. In Section 2.4 on the photoelectric effect, we mentioned
the energy-transfer coefficient and kerma appropriate to that effect. Of course,
Compton scattering and pair production also create charged particles in the
target material and deposit energy.

In a beam of photons of energy E (MeV), number fluence
¢ (photons/cm?), the number of photoelectric interactions per gram in an
elemental target of atom number density N, density p, atom mass density
Ny, = N/p (atoms/g) is

ope(E)Ng ¢ (photoelectric interactions /).

Each interaction ejects a kinetic energy fp.E = E — X in electrons, and so the
kerma by the photoelectric effect is

kpe = fpeEO'pe(E)NgQD
or

kpe =(E - X)O'pe(E)NgQD (MeV/g),

where X is the average fluorescence x-ray energy per photoelectric absorption
event.
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Recall that the separate quantity

Mir,pe = fpeo'peN (Cmil)

or
Pirpe/P = foeTpeNg = (1 — X/E)opeNy (em?/g)

was defined as the energy-transfer coefficient (by the photoelectric effect).
More generally, for any process, the kerma is the energy-transfer coefficient
times the photon energy fluence E¢

k = (us/p)Ee (MeV/g)

In general, the kerma is the sum of the kinetic energies of all charged particles
ejected in the neutral particle interaction. Here, with photons incident, these
charged particles are electrons. For incident neutrons, the kerma is the sum of
the kinetic energies of the recoil nucleus together with protons and « parti-
cles, . ..that may exit the interaction. Kerma is the kinetic energy of charged
particles (i.e., directly ionizing radiation) resulting from the interaction of
neutral particles (indirectly ionizing radiation) with a material target.

In Compton scattering of a photon of energy E, each Compton electron
would have an average energy fcE if the photon scattered from a free electron
(fc is plotted vs. E in Figure 2.24). Its actual energy is reduced by its atomic
binding energy Eg. Eg is recovered as kinetic energy of more electrons if
the atom relaxes by ejecting Augers. However, Eg appears as more photons
if the atom relaxes by fluorescence. As Ep depends on the shell from which
the photon scattered, it is simpler to parameterize with the average energy X
of fluorescence photons per Compton scattering, and the average energy E’ of
the Compton scattered photon. The scattered photon continues on to some
(relatively) distant point. The kerma by Compton scattering is therefore

ke = (E — E' = X)oc(E)Ny¢ (MeV/g)

Energy-transfer coefficients can be defined separately for the Compton effect
and for pair production, for example,

tc/p =1 —(E' +X)/E)acNg (cm®/g)

is the mass energy-transfer coefficient appropriate for Compton scattering.
The kerma by Compton scattering is kc = (y,c/P)E@.

In pair production from the nucleus, an energy E — 2mc? appears as
kinetic energy of the electron and positron. Thus, the kerma caused by nuclear
pair production is
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Kppn = (E — 2mc*)orppn(E)Nge (MeV/g)

where o7, is the nuclear pair production cross section.

Pair production from atomic electrons (triplet production) is similar,
except that fluorescence x-rays are again possible. The kerma as a result of
electronic pair production is

kppe = (E — 2mc* — X)oppe(E)Ngp (MeV/g),

where o7 is the electronic pair production cross section, and X is the average
fluorescence x-ray energy.

In Rayleigh scattering, the photon leaves no energy behind, and so
produces no kerma.

Together, all photon interactions produce a kerma

kiot = kpe + kc + kppn + kppe (MeV/g) (2.55)
The total kerma per unit fluence (specific kerma) is

12 _ klot

== (E — X)pe + (E — E' — X)oc + (E — 2mc*)oppn
+ (E — 2mc* — X)oppelN; (MeV-cm?/g) (2.56)

Here, the X in each process is different, as it depends on the distribution of
electron shells with which the photon interacted, and must be evaluated separ-
ately for photoelectric absorption, Compton scattering and electronic pair pro-
duction. Though units indicated are MeV-cm?/g, kerma per unit fluence is
equally often expressed in erg-cm?/g or rad-cm?(= rad per photon/cm?).
Irad = 100erg/g. SI unit purists must use J-m?/kg= Gy-m?*; 1 Gy =
1 Gray =1 J/kg = 100rad.

Kerma is a point quantity, as it is the photon energy immediately transferred
to kinetic energy of charged particles in a small volume, in the limit as the
volume becomes infinitesimally small. Therefore, only the first photon inter-
action in that volume is included in its definition. For example, the subsequent
photoelectric absorption of a Compton-scattered photon is not included. All
energy in scattered photons is treated as nonlocal and is not included in the
definition of kerma.

Even though not all the kinetic energy of charged particles released in the
material is deposited locally (i.e., not all kerma turns into dose, partly because
of nonionizing Bremsstrahlung energy loss), kerma is useful because, unlike
dose, it is independent of target geometry and is directly related to basic cross
sections. It is also an approximate upper limit to dose; except for attenuation
and finite electron range effects discussed later, the dose is never larger than
the kerma.
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The kerma in a compound or mixture of elements is the simple additive sum
of its constituents by weight fraction. If a compound consists of elements i and
J» in weight fractions w; and w;, and &} and &} (MeV-cm?/g) are the specific
kermas in each element separately, then the kerma in the compound is

k, = W,k; + ijj/
As discussed later, the dose in a compound does not add so simply.

2.9.3 PHOTON FLUENCE-TO-KERMA CONVERSION FACTORS

As kerma depends only on basic cross sections, it is a function only of photon
energy E for a given elemental target material. Photon kerma as a function of £
for several elements is shown in Figure 2.56 and for selected semiconductors in
Figure 2.57. It is shown as a function of Z for several energies in Figure 2.58.
As was the case for cross sections, it may be displayed for all elements as
contours in Z-E space. Figure 2.59 shows photon kerma in all elements. The
units chosen, rad (element) per unit photon fluence (taken as 10° photon/cm?),
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FIGURE 2.56 Photon number fluence-to-kerma conversion factor for several elem-
ents, as a function of incident photon energy. Units are rad(element) per photon/cm?.
At 2 MeV in almost all elements except H, about 1.3E9 photons/cm? delivers 1 rad.
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FIGURE 2.57 Photon number fluence-to-kerma conversion factor for four semicon-
ductor materials. Units are rad (material) per photon/cm?. GaAs differs only slightly
from Ge. MCT is Hg( gCdy,Te.

are the units in which one commonly specifies dose. These curves are the
photon fluence-to-kerma conversion functions. To the extent that kerma is
the same as dose, they are also the fluence-to-dose conversion functions, or the
material response function, giving energy deposited in any element for inci-
dent photons of any energy and any fluence. A large, color version of Figure
2.59, intended for printing on 11"x17" paper, is on the accompanying CD-
ROM, in PDF format.

The figures show that at E=1 MeV, all elements from Z =2 to about 60
experience approximately 4.5 x 10~'%rad per photon/cm?. Conversely, it
requires some 2.2 x 10° photons/cm? of 1 MeV to deliver 1 rad to any element
with Z < 60 (except H). Higher Z experiences a slightly higher kerma, up to
about 8 x 10719 rad per photon/ cm?. At 0.8 to 4 MeV, for all elements, the
responsible process is Compton scattering. At a fixed photon energy E below a
few MeV, the response function increases somewhat as Z increases. The reason
is twofold. First, the bulk cross section increases as Z increases (Figure 2.54)
because at high Z the larger photoelectric cross section becomes nonnegligible
compared with the Compton cross section. Second, the average photon energy
converted to electron energy in the Compton effect is less than or of the order
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FIGURE 2.58 Photon number fluence-to-kerma conversion factor for all elements at
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E /2, whereas for the photoelectric effect it is essentially E. For example, at the
Cs' line, E=0.662 MeV, the cross section rises from about 0.08 cm? /g at
low Z to 0.14 at high Z, not quite factor of 2. However, the kerma per unit
fluence increases by more, from 0.3 to 1 rad per 10° photons/cm? because of
the increased fraction of photon energy converted to kerma as the photoelectric
effect becomes relatively more important at higher Z.

2.9.4 ENErGY DepOSITED IN THE TARGET MATERIAL: DOSE

Once the first step is completed, the photon ejects electrons (and possibly
positrons) from parent atoms. The kinetic energy in those electrons and
positrons is the kerma. As the electrons move, they lose their energy along
their track length to collisional excitation and ionization and to Brems-
strahlung. The energy lost per gram of target material to excitation and
ionization (collisional stopping power) is taken to be deposited locally, and
is the dose. Since the loss to Bremsstrahlung is nonzero, the dose is
apparently less than kerma. Nevertheless, because the electrons move
away from their point of origin, the dose occurs at points different from
where the original kerma occurs. This may allow dose, as a point function
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of position, to exceed kerma occasionally, even in a uniform medium (see
the following section).

Although the spatial distribution of dose and kerma may differ, their
spatial integrals would be equal if no energy were lost to Bremsstrahlung.
The energy lost to Bremsstrahlung prevents the dose from equaling kerma,
even when integrated over all positions. In pair production, the positron loses
energy by ionization and excitation just as the electron does, usually before
annihilating with another electron. Hence, except for positron Bremsstrahl-
ung, its full kinetic energy is also part of the dose.
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Let g be the fraction of an electron’s energy eventually lost to photon
emission during the course of its slowing down to rest. In the first approxi-
mation, g is just the Bremsstrahlung radiative yield Yg (as discussed in
Chapter 3) as it is the fraction of energy lost to Bremsstrahlung radiation
from an energetic electron. Positron annihilation in flight is a small correction
to g [Hi92]. Another correction comes from how one treats energy lost to
atomic relaxation fluorescence photons following electron collisional (exci-
tation and ionization) energy losses with atoms. There seems to be no
universal agreement as to whether the energy of these fluorescence photons
should be included in the dose [ICRUS80, Hu95], but for consistency their
energy should be excluded as well. The compilation by Hubbell and Seltzer
[Hu95] has the best account of photon energy.

For any target material, then, the energy-absorption coefficient u, is
smaller than the energy-transfer coefficient u,, by g

pe=(1—gp, (cm™)

Likewise, the mass energy-absorption coefficient . /p is related to the mass
energy-transfer coefficient w,,./p by

pe/p =1 —Qu,/p (cm?/g)

The dose is the mass energy-absorption coefficient times the photon energy
fluence E¢

dose = (u./p)Ee (MeV/g)

or the dose per unit fluence (the specific dose)

dose/@ = (1, /p)E (MeV-cm?/g)

This definition of dose, in terms of w,, parallels that of kerma in terms of ;.
It is valid more conceptually than in detail in a specific application because of
the above caveat that, because of electron range, dose occurs at a different
point from where kerma occurs.

In addition, if the target is made of thin layers of different materials, the
kerma occurring in one layer may cause dose in another layer as the electrons
move. That other layer may have a different energy-transfer coefficient and a
different electron stopping power from the first layer. Thus, dose also depends
on geometry. Therefore, because of the angular scattering of electrons and
complicated materials geometry, in principle the only way to accurately
compute dose in a realistic problem is by a photon—electron transport calcu-
lation, for example, a Monte Carlo simulation.
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2.9.5 KerMA AND DOSE AT A MATERIAL INTERFACE

Figure 2.60 sketches a side view of photons entering a uniform slab of material
from vacuum. The photons may interact with any atom along the way, so kerma
occurs immediately near the surface; kerma at a point is directly proportional to
the beam fluence and material density at that point. As the beam proceeds,
attenuation reduces its fluence (and its kerma) exponentially. However, the
dose at shallow depth d near the surface is a result of only those electrons
produced in the preceding thin layer 0 < x < d (and backscattered electrons,
which we ignore here). There are few of these, so the dose for small x is small. It
builds up linearly with increasing depth d as kerma adds more electrons. Dose
saturates at a depth equal to the range R« of the most energetic electron. At
depths greater than that, electrons are ejected anew from atoms at about the
same rate at which previous electrons come to rest, causing a “steady-state”
balance between kerma and dose. The balance is not equal, however, because
the local dose at depth d is caused by electrons created back to d — Rp,x, Where
intensity and kerma were greater. Thus, at a given depth it is possible for dose to
exceed kerma. Usually, Ry,ax is much less than the beam attenuation length (or
mfp), hence dose closely approximates kerma. For example, in Si, the mfp of a
1 MeV vy ray is about 16 g/ cm?, whereas R, of a 1 MeV electron is less than
0.6 g/cm?. At y-ray energies (>1MeV), Compton electrons are generally
energetic enough (=0.5 MeV) and produced more nearly in the forward direc-
tion so that their backscattering is a small correction. At x-ray energies,
however, in which photoelectric absorption dominates, electrons are produced
in the backward hemisphere almost as much as in the forward hemisphere and
are of lower energy so that scattering is more important. Then, electron back-
scatter is not negligible.

The term charged particle equilibrium is introduced as the condition for
dose to equal kerma. It means that electrons must be ejected from their parent

Beam fluence and kerma

=S
Incident
photons

X=0

FIGURE 2.60 Photon beam entering matter from vacuum. Photon fluence and kerma
attenuate exponentially. Dose may build up to slightly exceed kerma. (Adapted from
[ICRU69]. With permission.)
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atoms uniformly over a distance R.x. It does not merely mean that a new
charged particle enters the (infinitesimal) volume of inquiry whenever one
leaves it; rather, the stopping power of the exiting particle must equal that of
the entering particle (which effectively means their energies must be equal) in
order for the dose to be compensated. When charged particle equilibrium
holds, dose equals kerma.

The dose profile depicted in Figure 2.60 holds only when the preceding
medium is vacuum. If, say, the medium were air, then photoelectrons and
Compton electrons produced in the air would enter the slab at x =0, and dose
at x = 0 + & would be higher than shown.

A second, common situation occurs at the interface between two mater-
ials, as sketched in Figure 2.61, where charge particle equilibrium is clearly
violated. Material 1 and material 2 are each taken to be slabs thinner than the
photon mfp, so beam attenuation can be neglected, and the photon fluence is a
constant through both slabs. Likewise, the kerma is a constant in material 1
and constant at a different value in material 2. As they are of different Z, the
mass energy-transfer coefficients w,./p and kermas of the two materials are
different, and so the kerma is discontinuous across the interface, as indicated
by the two different levels in the figure. Farther than an electron range from
the interface, the dose is also constant and equal to the kerma.

The figure is drawn for the case w,/p(2) > u,/p(1), so that kerma is
greater in material 2 than in material 1. Some of the electrons produced in 2
near the interface scatter back into 1, adding to the dose there. Other electrons
are produced in 1 near the interface and move into 2. Together, these make the
dose near the interface in 1 greater than its distant, constant value and that in 2
near the interface less than its distant, constant value. This scattering tends to
smooth out the discontinuity in dose, leaving the discontinuity in kerma. The
electron number flux across the interface is continuous. Thus, the dose would
be exactly continuous if the electron stopping power were the same in both
media. As the stopping powers are not equal, a small discontinuity in the dose

Material 1 Material 2
= Lo Kerma 2
Incident ,~ Dose
photons -
Kerma 1

FIGURE 2.61 Illustrating photon beam entering matter of two thin layers of two
different materials. Photon fluence is assumed to be constant throughout. Kerma in
material 1 is constant, and kerma in 2 is constant. Dose spreads out over the interface due
to finite electron range and scattering. (Adapted from [ICRU69]. With permission.)
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results. The sketch is drawn for the case that the stopping power in material 1
is greater than that in material 2, so the dose in 1 at the interface is greater
than that in 2. If the stopping power in 1 were smaller than in 2, the dose in 1
at the interface would be less than that in 2.

Clearly, whereas kerma depends only on material cross sections, dose
depends on material geometry and electron transport as well. Thus, no plots of
dose vs. Z or E can be prepared comparable to those of kerma vs. Z or E.

As the fraction g of energy lost to radiative processes depends on the
elements in the target material, the dose in a compound material is not the
simple weight-fraction additive sum that kerma is. Dose in one element is
computed using a radiative yield Yr appropriate only to that element.

2.9.6 ATTENUATION, ENERGY TRANSFER, AND ENERGY ABSORPTION

Photon beam attenuation is due to the total cross section oy, With attenuation
rate oroVg (cm?/g). The energy-transfer rate u,/p is smaller than attenu-
ation because of energy scattered out in the form of other photons. The
energy-absorption rate u./p is smaller than the energy-transfer rate because
of Bremsstrahlung and other radiative losses.

A pictorial way of seeing the flow of energy from the incident photons to
final deposition, caused by each process, photoelectric, Compton, Rayleigh,
and pair production, has been suggested by Hubbell [Hu77, Hu99b].

The Hubbell Diagram, Figure 2.62, depicts photons entering from the
left and interacting with a target material via one of the processes. The
upward-branching arrows depict energy going off after the interaction in
photons, leaving the local deposition region; these photons are either the
scattered incident photon, Bremsstrahlung, fluorescence, or those from posi-
tron annihilation. All processes together contribute to beam attenuation. All
but coherent Rayleigh scattering contribute some energy transfer and depos-
ition. After scattering of the incident photon and rapid fluorescence, but
before Bremsstrahlung, is the energy-transfer coefficient .. After losses to
Bremsstrahlung and positron annihilation in-flight is the actual energy ab-
sorption, w.. An alternate graphical visualization of energy path to deposition
has been suggested by Berger [Be61].

Older literature [Ev55] considers only the energy of first scattered photons to
be removed from the photon beam, the remainder to be deposited and refers to
the resulting coefficient as the mass absorption coefficient, u,. Modern treat-
ments account for energy lost from the charged particles to Bremsstrahlung,
fluorescence photons, and positron annihilation radiation before attributing the
remainder as deposited; the result is the mass energy-absorption coefficient u,.

As an example, Figure 2.63 shows the attenuation and energy-transfer
coefficients, uy/p and w,./p, respectively, for photons in Si and in Pb, from
100 eV to 100 MeV. As the fluorescence yield in Si is small, there is little
difference between the two coefficients at the K edge. The difference is
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OPhot. nucl. >

“o p’tr l'Le

FIGURE 2.62 Hubbell diagram depicting contributions by each of the five possible
interactions to the attenuation coefficient w,, the energy transfer coefficient u,,, and
the energy absorption coefficient u.. Energy escaping the local region by photons is
indicated by upward going arrows. In pair production, energy lost to Bremsstrahlung
from positrons is reduced because some positrons annihilate in flight. (Adapted from
[Hu77]. With permission.)

significant in high-Z elements, as seen in Pb. The energy-absorption coeffi-
cient w,/p is not shown in the figure. It is smaller than w,/p only at high
energies (=100 MeV) when the radiative yield of produced electrons and
positrons becomes significant.

2.10 ELECTRON FLUX FROM PHOTON
FLUX—THE 1% RULE

Most of the effects on target materials of the passage of photons are due to
dose, the energy deposited by the photons. However, some targets, notably
pixilated semiconductor devices such as charge-coupled devices (CCDs), or
focal plane arrays (FPAs), are sensitive to the passage of individual electrons
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FIGURE 2.63 Total attenuation coefficient w./p, (=total cross section per gm), and
energy-transfer coefficient w/p in Si and in Pb, in cm*/g.

through the pixels, even one energetic electron through one pixel. Actually,
this sensitivity is a matter of dose, but only the dose left by electrons that pass
through a pixel (whose sensitive volume may be only microns thick) and
create electron—hole pairs. In addition to their energy deposition per se, one is
interested in the number of electrons that pass per cm?, because that deter-
mines noise. Therefore, one is interested in the number of electrons that are
created by an incident photon beam, not merely their dose.

Electrons are created from a photon beam by photoelectric absorption, by
Compton scattering, and by pair production. In common situations involving
nuclear vy rays with energies in the order of an MeV, these electrons are
usually Compton electrons.

In a material of atom number density N, the rate at which incident photons
of energy E and flux f, = f,(E) interact by process i [i =pe (photoelectric
absorption), C (Compton scattering), or pp (pair production)] is

7; = number of interactions of process i per cm’per sec :/f\_«, (2.57)
i

where A; = 1/Na; is the mfp for process i, and o;(E) is the cross section for
that process.

Electrons are produced with some energy distribution, but with average
energy E.; when created by process i. Electrons with energy E.; have a range
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R = R(E.;) against their total stopping power in the medium. In steady state,
therefore, the flux of electrons is obtained by integrating their production rate
over a distance equal to their range,

electrons/cm?/sec by process i = fi; = N;R = Nof,R = (R/\)fy

fei 1s the omnidirectional flux of electrons caused by process i, the flux of
interest for the ionization subsequently caused by the electrons. This expres-
sion for f.; assumes that there is material in an electron range R before the
point of interest to create the electrons that arrive at the point. That is, we
assume charged particle equilibrium. As the range of a 1 MeV electron is
less than 0.8 g/ cm? in all materials (<0.3 cm Al or 6.4 m STP air), charged
particle equilibrium will often hold in practical situations. At a depth x <R in
a material at a vacuum—matter interface, with the photons entering from
vacuum, the electron flux f; depends on x approximately as f.; = 1,x.

The total cross section is oot = Ope + Oc + Opp, and the omnidirectional
electron flux is

Je= Z}fei :fepe +fec +fepp = N[O'peR(Eepe) + ocR(Eec) + O'ppR(Eepp)]fy

The cross section for each process is weighted by the electron range at the
average energy Eepe, Eec, or Eep, appropriate for that process.

The dependence of f. on photon energy E can be estimated. Photon
energies above 100 keV are primarily of interest. The electron energy E. is
roughly proportional to the photon energy E. The electron range R is roughly
proportional to E2 for E. less than a few hundred keV, is roughly proportional
to E. up to about 10 MeV, and increases only logarithmically above 10 MeV
(due to Bremsstrahlung). The photoelectric cross section is roughly propor-
tional to 1/E. Thus, fpe scales between 1/E and 1/E* when 0.1 < E < 1
MeV. For Compton scattering, o¢ is only slowly decreasing with £ up to ~1
MeV; at higher energies, it drops off roughly as 1/E. Thus, f.c increases with
E when below ~1 MeV, and then tapers off to be nearly independent of £
above 10 MeV. The pair production cross section approaches a constant
above several tens of MeV, while the electron range continues to increase;
thus, f.pp continues to increase roughly linearly with E.

The ratio of electron flux f; to incident photon flux f, is

& =feilfy = R/Ai = NoR

When E ~ 1 MeV (and so the Compton effect dominates), this ratio is often of
the order 1072 for most materials;

f = 001f, (E~1MeV)
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The Compton electron flux is about 0.01 times the photon flux. This is the
origin of the name “The 1% Rule.” However, the ratio differs substantially
from 0.01 at other energies. For example, as E increases from 0.1 to 10 MeV,
E. and R increase by more than two orders of magnitude, whereas oc
decreases by only one order of magnitude. Thus, the ratio continues to
increase. Above 10 MeV, where pair production dominates, the pair produc-
tion cross section saturates, but E. and R continue to increase, similarly
increasing the ratio. A better rule can be constructed.

2.10.1 THe 1% RuLe

From the previous estimates of the scaling behavior of fepe, fec, and fepp, With
E, the ratio

&e = fe/Ef. Y
is more nearly constant with increasing E than the ratio f;/f,. The quantity
§E Efe/Efy = N[O'peR(Eepe) +ocR(Eec) + UppR(Eepp)]/E (Mevil)

that is, the ratio of the omnidirectional electron number flux f. to the photon
energy flux Ef,, turns out to be nearly independent of E over a wide range of E.

Figure 2.64 through Figure 2.68 show the ratios ¢ = f; /f, and & = f./Efy in
air, silicon, germanium, InSb, and Hg, _,Cd, Te with x= 0.2, together with the
contribution to & from Compton scattering. In Si, the Compton effect dominates
from 0.2 MeV to 10 MeV, and above that energy the Compton contribution to &
drops off, but pair production keeps the ratio up near 0.01. Below about 0.2
MeV, most electrons are created by photoelectric absorption. In Ge, Compton
scattering dominates only from about 0.4 MeV to 4 MeV. In both Si and Ge, ¢ is
close to 0.01 only near 1 MeV. Some values are given in Table 2.1.

The numbers for GaAs are essentially the same as for Ge because of the proxi-
mity of atomic numbers. Differences arise only immediately near x-ray edges.

In these results, the positron from pair production has been included
because it ionizes much as an electron does. Thus, f. is really the flux of
electrons and positrons.* At 30 MeV in Ge, where £z = 0.0199, the positron
flux is very nearly equal to the electron flux, and it happens that the ratio of
each to photon energy flux is very nearly exactly 0.01 MeV .

For photon energies E > 100 MeV, the corresponding electron (and positron)
energies are above ~50 MeV (mostly from pair production), and their range
exceeds ~20 g/cm?. In practical devices, charged particle equilibrium is much

*Positrons ionize at about the same rate as electrons and usually come to rest before annihi-
lating. Positron annihilation in-flight is a small correction. See, e.g., Heitler [He54] or Berger and
Seltzer [Be82].
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FIGURE 2.65 The 1% rule in Si. Assumes charged particle equilibrium, and includes
positron flux from pair production.
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FIGURE 2.68 The 1% rule in Hg; ,Cd,Te for x=0.2. Assumes charged particle
equilibrium, and includes positron flux from pair production. Results are not very
sensitive to x near x =0.2.

less likely to hold at these energies, and the actual ratio of (electron + positron)
flux to photon flux will likely be less than in the table or the figures.

The Compton cross section (cm?/g) is only slightly smaller for high-Z
elements than for low Z. The electron range (g/cm?) is only slightly larger
in high-Z elements than in low Z. Thus, the Compton contribution to £ or to &g is
nearly independent of Z, as can be seen by comparing air with HgCdTe.

The photoelectric cross section near 100 keV is some two orders of magni-
tude larger for Z~ 80 than for Z ~ 8. Thus, the photoelectric contribution to & or
to &g is two orders of magnitude greater in HgCdTe than in air or Si.

The pair production cross section is several times larger for high Z than
for low Z. Thus, above several MeV, the ratios ¢ and &5 are several times
larger in HgCdTe than in air or Si. These dependencies on Z can be seen in the
figures from air to HgCdTe.

Thus, The 1% Rule may be taken as the observation that the ratio &z of
electron (+ positron) omnidirectional number flux to photon energy flux remains
near 0.01 MeV~! over a wide range of energies, assuming charged particle
equilibrium. In Si, the ratio is between ~0.9% and 1.3% for all energies in
0.6 < E MeV) < 200. In Ge, it is between 1% and 2% over the same energies.

As mentioned, charged particle equilibrium becomes valid only at a depth
beyond the range of the most energetic electrons. Because of a relatively long
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electron range, this condition is stressed in practice in a single medium for
high-photon energies, where Compton or pair production dominates. For the
case E~ 1 MeV, typical electron energies are ~0.5 MeV. The range of a 0.5
MeV electron is approximately 0.25 g/cm? in most materials. In Si, therefore,
the table and figures for the 1% rule are not strictly applicable above 1 MeV
until one reaches depths of more than 0.1 cm. However, equally often in
practice the target is not directly exposed to photons through vacuum. Instead,
the photons must penetrate some other solid before striking the target mater-
ial, such as an Al or stainless steel housing, or air, and so on. The table and
figures are applicable in the chosen target material if that material is preceded
by a thickness of other matter equal to the range of the most energetic
electrons produced (near 1 MeV that is about 0.2 g/cm? or more of aluminum
or other material). To the extent that the target material of interest is
surrounded by sufficient columnar mass density of other matter, the table
and figures will be approximately correct, as the ratios & and &g are only
slightly varying with atomic number.

2.11 DOSIMETRIC QUANTITIES FOR GAMMAS AND X-RAYS

Although we have discussed dose, there are other photon—matter interaction
parameters in common use. We present here an introduction to gamma and
x-ray dosimetric quantities, skipping details to focus on concepts.

Laboratory survey dosimeters may display in mR /h (unit of Exposure) or
perhaps in mrem/h (units of dose equivalent). Another instrument may read
in counts per minute. A vial of a radioactive substance is likely labeled in
microcuries. Film badge results are given in millirems. An ion counter reads
out in Roentgens. Here, we try to clarify commonly confusing points about
Roentgen, rem, exposure, dose equivalent, and so on.*

There are at least three measures of the effects of radiation on matter that
are in common use:

1. The amount of ionization it produces (Exposure).
The Roentgen' (R) is a unit of Exposure.

2. The energy it deposits (dose).
The Rad’ and Gray§ (Gy) are units of dose.

*Fuller treatments may be found in, e.g., J.E. Turner [Tu95]; N. Tsoulfanidis [Ts95]; F. Attix
[At86]; S. Green [Gr06]; S.K. Jani [Ja93], and references listed later.

fWilhelm Konrad Roentgen (1845-1923), German physicist. Discovered x-rays in 1896. (The
same year, Antoine Henri Becquerel (1852-1908) discovered radioactivity.) Roentgen received
the Nobel Prize in 1901, the first year it was awarded; Becquerel shared it with Pierre and Marie
Curie in 1903.

¥Radiation Absorbed Dose

SLouis Harold Gray (1905-1965), English medical physicist.
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3. Various measures of its damage to biological organisms (dose
equivalent). The Sievert* (Sv) and rem are units of dose equivalent.

Exposure is defined only for photons. Dose and dose equivalent are
defined for any type of radiation (photons, electrons, neutrons, ions, etc.).

The radiation field itself is characterized by its flux (particles/cm?/sec)
and particle energy. Exposure, dose, dose equivalent, flux, and energy are all
measures of the strength of a radiation field; one needs to understand relations
among them. For inanimate targets, Exposure, fluence, and dose are the most
important quantities.

2.11.1  Brier HisTOrY

Exposure and Roentgen are old, historical ideas and terms, dating from the
early 1900s. They were an attempt to quantitatively specify exposure to
x-rays. Historically, Exposure was the first measure of quantity of radiation
introduced. The first unit for it was the erythema dose, the amount of x-rays
that would barely cause reddening of the skin. In 1928, the International
Commission on Radiation Protection (ICRP) was established. The erythema
dose unit was then replaced by the Roentgen, a less subjective measure. The
Roentgen specifies an amount of ionization the x-rays produce.

However, Exposure and Roentgen had their limitations. It was found
that Exposure did not correlate well with the damage x-rays inflicted on targets
(biological or otherwise). Rather, damage correlated more closely with the
energy deposited per unit mass. Therefore, the concept of dose, and a unit for
it, was introduced. Dose is simply the energy deposited by any radiation per
unit mass of the target. Whereas Roentgen is defined only for air, dose could be
defined in any material. Dose was also preferred because it could be extended
to include energy deposited by any type of radiation, not just photons. The rad
(100 erg/g) and the Gray (J/kg) are its common units.

Refinements were introduced to reflect the effects of radiation on bio-
logical systems. Biological effects were found to be not merely proportional
to dose, but were worse for protons and alpha particles than for gammas of
the same dose. The first parameter introduced was the Relative Biological
Effectiveness (RBE). It attempted to account for different radiations, differ-
ent organs, and different biological endpoint effects. It turned out, however,
to be too complicated to put all those effects in one number. Workers backed
off and parameterized the radiation field separately from the exposed organ.
That led to the introduction of the Quality factor Q for different radiations
and energies. Q was assigned a larger value for alphas and protons than for
gammas, roughly in proportion to their perceived biological effect. Later, the

*Rolf Maximilian Sievert (1896-1966), Swedish radiologist.
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radiation weighting factor wg was introduced as a generalization of Q for the
average dose on an organ. Further refinements accounted for effects on
different types of biological tissues (bone, muscle, organs, etc.) produced
by the same radiation and the same dose. They also accounted for the
average dose on an internal organ. Parameters such as the tissue weighting
factor wr, the organ-averaged dose equivalent, and the effective dose equiva-
lent are attempts to quantify responses of different types of tissues.

2.11.2 NONBIOLOGICAL MEASURES
2.11.2.1 Exposure, Dose, and Fluence

A Roentgen is a unit of Exposure, an unfortunate name for the ionization
produced in air by exposure to x-rays or gamma rays.

By definition:

1 R = 1 Roentgen = that amount of photons that produces in dry air an
ionization of 1 esu of charge separated (i.e., electron—ion pairs) per cm3 of
STP air.

Today, the same definition is usually stated in SI units:

1 R = that amount of photons that produces in dry air an ionization of
2.58 x 107*C /kg of air =1.61 x 10'3 electron—ion pairs per kg STP air.

The SI numbers appear arbitrary until one realizes their origin in esu. The
concepts of Exposure and of Roentgen were originally intended for medium-
energy x-rays, say photon energies E,, in the range of 10keV< Ey<300keV,
but can be extended to ~3 MeV.

If someone says, “I was exposed to 1 Roentgen of x-rays,” it means that
the photons that hit him, if sent into air, would produce 1.61 x 1015 electron—ion
pairs in 1 kg air.

Although defined in terms of e—i pairs, Exposure can be expressed in
terms of energy deposited (i.e., dose) if we know how much energy is
required to produce 1 e—i pair.

It takes about 34 eV to create one e—i pair in air. Thus, the dose produced
in air by an Exposure of 1 R is (34 eV/pair)x1.61x10" (pairs per kg) =
5.47x10'°eV /kg = 87.7 erg/g = 0.877rad (air). Hence, 1 R of photons of
any energy is that amount of photons that produces a dose of 0.877 rad in
air. For photons, 1 R and 0.877 rad (air) are synonymous.* Thus, there is a
direct relation between Exposure and photon fluence (“amount of photons”).
Because energy deposition differs for different photon energies, the relation is
a function of energy.

When one speaks of dose (due to x-rays or gammas), one must specify the
material, as rad (Si) or rad (air). When one speaks of Exposure, one need not

*As 34 eV is not a firm number, some sources quote a number slightly different from 0.877.
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FIGURE 2.69 Fluence-to-dose conversion factor. Dose in several materials produced
by 1 photon/cm?.

specify the material, as it is always referenced to air. That is one reason the
old concept is still in use.

1 R of x-rays produces different dose in different materials. It is of interest
to obtain the dose in selected materials when exposed to 1 R, that is, to
construct Exposure-to-dose conversion tables. As fluence-to-dose conversion
factors are generally available, it is easiest to first convert Exposure to photon
fluence, and then fluence to dose, obtaining Exposure-to-dose conversion. We
discuss fluence-to-dose conversion first.

2.11.2.2 Fluence-to-Dose Conversion

Photon energy deposition by photoelectric absorption, Compton scattering,
and pair production was discussed in Section 2.9. Figure 2.69 shows the
energy deposited per gram of material by unit fluence, that is, the fluence-
to-dose conversion curves, rad(material) per photon/cm?. Selected values of
the inverse (fluence per unit dose) are in Table 2.2. This quantity, of course,
has nothing to do with Exposure or Roentgen. (Tissue here is actually A-150
tissue-equivalent plastic.*)

*ICRU A-150 plastic. Atomic composition H: 10.133, C:77.55, N:3.506, 0:5.232, F:1.742,
Ca:1.838 weight %. See http: //physics.nist.gov/ > Radiation Dosimetry Data >aSTAR > Mater-
ial Composition Data.
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TABLE 2.2
Photon Fluence-to-Dose Conversions in Several Materials

Fluence (y/cm?) to Produce 1 rad in

Photon Energy (keV) Air Si Tissue (A150 Plastic)
10 1.31 x 10° 1.91 x 108 1.67 x 10°
30 1.33 x 10'° 1.79 x 10° 1.51 x 10
60 (Am241) 3.36 x 1010 7.24 x 10° 3.34 x 100
100 2.68 x 10'° 1.38 x 100 2.48 x 100
200 1.15 x 10 1.06 x 10'° 1.05 x 100
300 7.18 x 10° 7.03 x 10° 6.53 x 10°
662 (Cs137) 3.20 x 10° 3.20 x 10° 2.91 x 10°
1000 2.24 x 10° 2.24 x 10° 2.03 x 10°
1173 (Co60) 1.97 x 10° 1.97 x 10° 1.79 x 10°
1332 (Co60) 1.78 x 10° 1.78 x 10° 1.62 x 10°
1461 (K40) 1.66 x 10° 1.66 x 10° 1.51 x 10°
2000 1.33 x 10° 1.32 x 10° 1.21 x 10°
3000 1.01 x 10° 9.75 x 108 9.22 x 108

Above 200 keV, where Compton scattering dominates, the dose is about
the same in all materials because Compton scattering per unit mass is
proportional to the number of electrons/g, N,. In turn, N, is proportional to
Z/A. As Z/A is nearly independent of Z, N, and Compton scattering and
fluence-to-dose conversion are also nearly independent of material.

Below about 100 keV photoelectric absorption dominates, with its very
large cross section and large deposition in a short distance, meaning the same
fluence creates a larger dose. The bulk photoelectric cross section
Ope (cm?/g) is roughly proportional to 1/E3. The full energy is deposited,
so the dose of a given fluence is proportional to o Ey o< 1 /E%, as seen in the
figure. In silicon, the photoelectric cross section and dose are an order of
magnitude larger than in the other materials because of its relatively high Z.

The ledge in tissue at 4 keV is the K edge in Ca in this tissue-equivalent
plastic.

2.11.2.3 Exposure-to-Fluence Conversion

For this conversion, we need the fluence of photons of energy E, that produces
an Exposure of 1 R. It is the fluence that deposits 0.877 rad in air. This is just the
inverse of the air curve in Figure 2.69 and is graphed in Figure 2.70, with selected
values in Table 2.3. As Exposure is proportional to dose in air, the fluence per R
is small at low energies as just discussed for fluence-to-dose.

Table 2.3 shows, for example, that at 1 m from 1 Ci of Csm(: 0.85x
3.7 x 10'% = 3.145 x 10'° y/sec), the Exposure is 0.85 x 378 =321 mR /h.
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FIGURE 2.70 Solid curve: photon fluence that produces an Exposure of 1 R; that is,
photon fluence that produces a dose of 0.877 rad air. When multiplied by photon
energy there results the dashed curve, the photon energy fluence per R; above 100 keV
it is slowly varying, near 2x10° y—MeV/cm2 per R.

TABLE 2.3
Relation between Photon Fluence and Exposure

Exposure Rate at

Photon Fluence to Produce Flux to Produce 1 m from
Energy (keV) 1R (y/cm?) 1 pR/h (y/cm?/sec) 3.7E10 y/sec (mR/h)
10 1,147 0.32 920
30 11,670 3.24 90.9
60 (Am241) 29,500 8.19 36
100 23,490 6.53 45.1
200 10,110 2.81 105
300 6,301 1.75 168
662 (Cs137) 2,808 0.780 378
1000 1,960 0.544 541
1173 (Co60) 1,720 0.478 616
1332 (Co60) 1,557 0.433 680
1461 (K40) 1,454 0.404 729
2000 1,163 0.323 912

3000 881 0.245 1,202
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The small ledge at 3.18 keV is the K edge in Ar. Ar is only 1% of air by
particle number, but its cross section per atom just above its K edge is 15
times that of an N, or O, molecule.

2.11.2.4 Exposure-to-Dose Conversion

The desired Exposure-to-dose factor is the product (Exposure-to-
fluence) X (fluence-to-dose). This is shown in Figure 2.71 and Table 2.4 for
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FIGURE 2.71 Exposure-to-dose conversion factor. Dose in several materials
produced by an Exposure of 1 R.
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TABLE 2.4
Exposure-to-Dose Conversion. Dose in Several Materials Produced

by an Exposure of 1 R, in rad (material) per R

Material

Photon

Energy (keV) Air Water Si Tissue
10 0.877 0.902 6.01 0.689
30 0.873 6.51 0.772
60 (Am241) 0.914 4.07 0.885
100 0.957 1.70 0.948
200 0.973 0.953 0.964
300 0.974 0.897 0.965
662 (Cs137) 0.975 0.878 0.965
1000 0.975 0.877 0.965
1173 (Co60) 0.975 0.876 0.965
1332 (Co60) 0.975 0.876 0.965
1461 (K40) 0.975 0.877 0.964
2000 0.974 0.883 0.963
3000 0.971 0.904 0.956

several materials, in rad(material) per R. It is, of course, constant at 0.877 rad
for air. Between about 100 keV and 3 MeV, it is 0.96 rad in tissue, slightly
larger than air because the hydrogen raises the average Z/A. At low energies,
the photoelectric effect dominates Compton scattering in most elements
(except H), and the O in water makes H,O absorb more than the C in tissue.

Again between 100 keV and 3 MeV, Si is the same as air because they
have the same Z/A, and Compton dominates. At low energies, where photo-
electric absorption dominates, the dose in Si is much larger because of its
large cross section. Below 100 keV, Roentgen-to-rad conversion is not a
convenient parameter for Si.

Thus, for a given material, a single, constant rad per R can be assigned
only over a limited energy range, say from 0.1 to 3 MeV. However, as a rule
of thumb, soft tissue exposed to 1 R of intermediate energy x-rays produces a
dose of about 0.96 rad, or nearly 1 rad.

2.11.2.5 Dose in Hydrogenous Material

Generally, more photon energy is deposited in a mass of hydrogenous mater-
ial than in the same mass of nonhydrogenous material. Above about 50 keV,
where Compton scattering dominates in low-Z materials, absorption is pro-
portional to the number of electrons per gram. A gram of H contains twice as
many electrons as a gram of anything else (because Z/A =1 for H, but ~1/2
for other elements) and so absorbs more energy.
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Biological material contains much hydrogen. In nominal tissue (often
A-150 tissue-equivalent plastic), the dose produced by an Exposure of 1 R
is about 10% higher than in air because of the H. The atomic composition and
dose further vary somewhat with the type of tissue (muscle, fat, bone, internal
organs, etc.).

Dose, and sometimes dose rate, seems to be sufficient to characterize most
radiation effects on inanimate matter. But the response of biological organ-
isms is more complicated. In an attempt to quantify biological effects, further
parameters are introduced. Some were mentioned earlier in Section 2.11.1.

2.11.3 BioLocGicAL MEASURES

Dose is directly related to the physics of particle interaction with atoms; it is
relatively easy to compute and measure. But the important effects of a fixed
dose in biological tissue are more difficult to quantify. It turns out that
different radiations (photons, electrons, neutrons, heavy ions, etc.), when
arranged to produce the same dose in a biological target, cause different
consequences. A dose of 1 rad produced by photons is less damaging than a
dose of 1 rad produced by heavy ions or by neutrons. Neutrons, though
neutral, produce their dose and biological effect largely by the dose of recoil
protons and ions from their elastic scattering off hydrogen, carbon, and other
atoms in tissue.

The main reason for the difference of photons and electrons relative to
heavy ions and neutrons is that the former are relatively lightly ionizing
particles, losing their energy to ionization over a long path length. Heavy
ions, however, lose kinetic energy to ionization over a shorter path. Their
stopping power or linear energy transfer (LET) is larger, and damage
increases with LET. Photons and electrons are considered low LET particles.
Protons, alphas, heavier ions, and neutrons are considered high LET particles.
Even though higher LET particles have higher doses, the difference in
biological effects between electrons and ions is more than can be accounted
for by different dose. That is, the response of biological organisms to energy
deposited by radiations is found to be not merely proportional to dose, but to
depend on the type of radiation as well.

2.11.3.1 Relative Biological Effectiveness

The biological response also differs if the entire body is exposed or if only a
particular organ or a particular selection of tissue is exposed. An early
parameter to account for different types of radiation and for the responses
of different organs was the relative biological effectiveness, RBE. Most
radiations cause more biological damage than photons of the same dose, so
photons are taken as a reference radiation. The RBE of a different radiation
and a particular organ or tissue is defined so that if a radiation produces a dose
D in a tissue, it produces the same biological effect as a dose RBE x D of a
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reference photon source.* RBE is a number almost always greater than 1. The
reference photons were those readily achievable, typically the output of a
250-kVp x-ray machine. The RBE then is a function of the type of radiation,
its energy, the organ or tissue exposed, and the biological effect considered.

The RBE turned out to be too complicated for simple parameterization or
as a basis for regulations for radiation protection. Instead, it was deemed more
sensible to separate parameters characterizing the radiation from those char-
acterizing the exposed organ and its vulnerability to radiation. The first step in
this direction was to introduce the quality factor to characterize different
radiations. The second step was to introduce parameters for the various tissues
and organs and the various biological effects of interest.

2.11.3.2 Quality Factor and Dose-Equivalent

To account for the effects of different radiations (largely different LET) and
to relate biological response of different types of radiation to dose, a param-
eter Q, called the quality factor, was introduced. As particle LET also
depends on its energy, Q is a function of the radiation type and its energy.

Q is chosen to be Q =1 for all photons and for electrons and positrons of
energy greater than about 30 keV. Lower energy electrons have a larger LET.
For other radiations, Q is generally larger than 1 and varies with particle
energy and type of radiation. A measure of biological effects is both statistical
and imprecise; human judgment is involved in defining Q. Although subject-
ive, a specific definition has evolved, defined by an international committee.
The committee will change the definition as new experimental evidence and
pressure from the medical community or environmentalists dictate.

An incomplete sampling of Q values is**

Radiation 0
X-rays 1

v rays 1
Electrons > 30 keV 1
Electrons < 30 keV >1
« particles 20
Heavy ions 20
Slow neutrons 2.5
Fast neutrons 20

Thus, Q is defined such that if a radiation produces a dose D in a tissue, it
produces the same biological effect as a dose QD of photons. As the effect on

*See Shultis and Faw [Sh00], Tsoulfanidis [Ts95], and Turner [Tu95].
*#*A complete definition can be found in, e.g., [Sh98].
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humans is often of prime interest, one defines the dose-equivalent H (for
human-equivalent dose)

H=0D

Personnel dosimeters therefore usually display output in dose-equivalent.
Some gamma and beta dosimeters directly measure the physical dose D, but
display dose-equivalent. On the other hand, a laboratory ion chamber
counts ions (accumulated charge) and therefore measures Roentgen. Others,
such as the Navy’s Snoopy neutron rem-meter, have internal baffles and
absorbers surrounding the actual detector, designed so that the response of
the internal sensitive element (He? tube in the case of Snoopy) is proportional
to dose-equivalent.

The definition of Q is similar to that of RBE except that it applies to a
generic biological material. There is not a separate Q for different tissues or
organs. Additional parameters, discussed presently, are introduced to charac-
terize different targets.

Dose-equivalent has the same dimensions as dose, but is given a new unit.
In SI, the unit of dose is the Gray, while the unit of dose-equivalent is the
Sievert (Sv). The older unit of dose, the rad, is still widely used; its corre-
sponding unit of dose-equivalent is the rem (Roentgen equivalent in man).
The connection is

1 Gy = 100 rad
1 Sv = 100 rem

For photons or energetic electrons or positrons, or any radiation at an energy
for which Q =1, one has 1 Sv=1 Gray, and 1 rem =1 rad. And as in tissue,
1 R~0.96 rad ~ 1 rad, as a rule of thumb, one has

IR =~ 1rad = 1 rem (photons in biological tissue)

The exact number varies from 1 depending on the particular tissue.

Exposure and dose, and their units Roentgen, rad, and Gray, are defined
with no reference to biological effects. The quality factor, dose-equivalent,
Sv, and rem are defined in terms of their biological effects. Dose-equivalent
H is a first attempt to account for varying biological effects of a given
physical dose.

Dose D and dose-equivalent H are point functions. As photon flux attenu-
ates with depth and particle energy and LET vary with depth, D and H are
functions of depth when a given radiation is incident.

To specify standards for health effects and radiation protection, refine-
ments need to be added to simple dose-equivalent.
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To date, these refinements have been based on the following:

* The depth in tissue (or organs) at which one considers the dose (shallow
dose-equivalent vs. deep dose-equivalent)

* The nature and vulnerability of the target material (tissue or a specific
organ)

* An average dose-equivalent over an entire organ rather than at a point.

* Whether the exposure is localized or whole-body

The following is a brief summary.*
2.11.3.3 Shallow vs. Deep Dose-Equivalent

A distinction is drawn between the dose at the surface of exposed tissue
(taken as a depth less than 70 wm, the assumed depth of basal cells) and the
dose down to a depth of 1 cm (lg/ cm?). The shallow-dose equivalent is for
the protection of the skin and basal cell layer. The deep dose-equivalent is
only representative of deep exposure, and is not intended to account for
exposure to organs, which may lie much deeper below the body surface.
Deep dose-equivalent is intended to apply to external whole-body exposure.
In the literature, one commonly finds curves of deep dose-equivalent or
shallow dose-equivalent as a function of incident particle energy.

2.11.3.4 Dose Equivalent Averaged over an Organ

To account for depth dependence on a particular organ or tissue 7, two
parameters are defined. The first accounts for the type of radiation R (photon,
electron, ion, etc.), and is called the radiation weighting factor wg. It is
similar to Q. The second accounts for the vulnerability and sensitivity of
particular organs or tissue, and is the tissue- or organ-weighting factor wy.

Then, instead of dose and dose-equivalent at a point, one defines the dose
Dr g, due to radiation of type R, averaged over the volume of an organ T. In
the current discussion, this quantity replaces ordinary D. Hence, the organ-
averaged dose-equivalent Hr g is defined by

Htr = wrDtRr

wr takes the place of Q, and multiplies the organ-averaged dose rather than
the point dose. The organ-averaged dose-equivalent and wg are replacing
point dose-equivalent and Q in radiological health physics. Values of wg are
given in, for example, Shleien et al. [Sh98]. Typical values are
Radiation: Photons Electrons, Muons Protons Heavy Ions Neutrons
WR 1 1 5 20 5-20

*A full discussion is in, e.g., Shleien et al. [Sh98]. See also Knoll [Kn00] and Shultis and Faw
[Sh00].
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The neutron value depends on energy. If several types of radiation are
present, the organ-averaged dose-equivalent is

Hrp = 3pwrDr R

Hr is called the equivalent dose. The organ- (or tissue-) averaged quantities
Dt r and Ht were formally introduced in 1990 by the ICRP [ICRP91].

Just as Q accounts only for the different radiations and does not
account for the different responses of various tissues or organs exposed
to them, so wr does not account for the responses of different organs. An
organ-weighting factor, or tissue-weighting factor, wy is therefore intro-
duced to account for the various target organs and effects. Thus, the
equivalent dose must be further modified by wr, defining a quantity E
called the effective dose, in units of Sv,

E = 3twrHr

E is usually understood to pertain to whole-body exposure, and wr is the relative
importance of the different organs and tissues in producing various biological
effects (hereditary defects, cancer, etc.) under that exposure. wr is supposed
to depend only on the organ or tissue and on the endpoint effect and not on
the radiation; wy is supposed to depend only on the radiation type, and not on the
organ or effect. The wrs for all body organs, tissues, bones, and so on, are defined
to sum to 1, so that uniform equivalent dose on all organs (Ht independent of T')
produces an effective dose equal to Ht. Bone marrow is assigned wr = 0.12;
bone surface 0.01; liver 0.05; and so forth (Shleien et al. [Sh98]).

The ICRP tissue and radiation weighting factors are coming into wider use.
However, in contrast to the discussion just given based on ICRP definitions, the
ANSI/ANS standard [ANS91] introduces slightly different radiobiological
quantities, also in general use. Here, an effective dose-equivalent Hg is defined
directly from a given incident fluence ® (of photons or neutrons) by

Hg = hg®

again applicable to whole-body exposure. Hg is an overall effective dose
equivalent (Sv) of the body, taking into account the various vulnerabilities
of different organs and their depth. /g is then the conversion factor from
fluence to dose-equivalent for full body exposure. It is different for different
directions of body exposure. Figure 2.72 shows /g for lateral exposure (LAT)
and for frontal exposure (AP) and compares them with the simple fluence-
to-dose conversion factor.

The dose accounts for basic energy deposition; Q or wr accounts for
effects of different radiations and wr accounts for specific biological target
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FIGURE 2.72 Fluence-to-dose in tissue-equivalent plastic, and fluence to effective
dose-equivalent conversion factors hg, for gammas. Ag is defined by standard ANSI/
ANS 6.1.1-1991 for whole body exposures from various directions.

features. Because of the wide variations in biological responses, radiobiology
is not an exact science.

2.11.3.5 Dose-Equivalent for Photons

Since Q = wr = 1 for photons, the dose-equivalent vs. energy curve differs
from the dose vs. energy curve only because of wr. Those factors can make a
large difference, so that curves of human dose-equivalent or equivalent dose
that appear in health physics contexts are not the same as dose. Published
graphs may be of the effective dose-equivalent conversion factor hg for
various geometries of whole-body exposure.

As mentioned, Figure 2.72 shows the effective dose-equivalent conver-
sion factor sg under whole-body exposure from two different directions by a
given photon fluence [ANS91].* Radiation is more damaging for frontal body
exposure than if exposed from the side. Other directions have an /g conver-
sion factor mostly between the two graphed. Also shown is the fluence-
to-dose conversion factor for photons in tissue-equivalent plastic, reproduced

*QGraphs similar to these for gammas and neutrons appear in Knoll [Kn00], Figure 2.22.
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from Figure 2.69. Its rise at low energy is caused by the short range of low-
energy photons. The Ag curves are for the entire body and thus deep dose
equivalent; internal organs may be very sensitive, but would experience less
dose, making the overall damage sensitive to the direction of exposure but
insensitive to low-energy photons.

2.12 SOURCES OF CROSS-SECTION DATA
2.12.1 Sources oF PHoTON Cross-SEcTioN DATA

The two principal photon—atom cross-section databases have been compiled
by NIST and by LLNL. They are available at no cost on the Web. Both are for
unpolarized incident photons only, and contain no polarization data. (It is
possible for polarized photons to follow from unpolarized incident photons,
for example, in Rayleigh scattering near 90°. The NIST and LLNL compil-
ations provide no information for applications involving incident or outgoing
polarized photons.)

NIST cross sections may be found in the XCOM database at the NIST
physics reference data site, http://physics.nist.gov/PhysRefData/Xcom/
Text/XCOM.html. All cross sections on the elements (photoelectric, Rayleigh,
Compton, nuclear, and electronic pair production) are tabulated at incident
photon energies from 1 keV to 10° MeV. Any compound or mixture may be
entered, and its cross sections will be returned over the same energies. The
incoherent scattering function and the coherent scattering form factors are
provided not directly in XCOM, but in another tabulation called FFAST, also
on the NIST site [Ch95b], so angular distributions can be constructed. The
databases are updated periodically. Saloman et al. [Sa88] summarizes almost
all the data up to 1988.

Over the years, NIST has developed a series of Monte Carlo transport
codes primarily for the transport of photons and electrons, under the generic
name ETRAN. ETRAN algorithms form the basis for a number of later codes,
such as CYLTRAN, ACCEPT, Sandia’s SANDYL, TIGER and its outgrowth
ITS (Integrated Tiger Series), and so forth [Se88]. Electron energies are
typically 1 keV to 1 GeV. The ETRAN-based codes provide the transporting
and sampling algorithms; various cross-section databases may be used.

The LLNL photon cross-section database is the Evaluated Photon Data
Library (EPDL), updated every few years. The current version, EPDL97, is
from 1997. This compilation contains all cross sections on the elements at
photon energies from 1 eV to 10° MeV. In addition to the total cross sections
(integrated over solid angle) as a function of incident photon energy, the
incoherent scattering function and coherent scattering form factors are given,
allowing one to construct angular distributions (as were used to construct the
graphs in this chapter). In addition, partial photoelectric cross sections for
ionization from individual electron shells are given.
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EPDL97 is documented in Cullen [Cu97] and the format of its files can be
found in [McLO1]. Both documents are included on the distribution CD-
ROM, and are separately available as discussed later.

The EPDL97 data library is stored in ASCII text documents, readable by
almost any editor on any computer, with the numbers arrayed in one of two
formats, that of the ENDF library (six columns per line), or that of the earlier
ENDL library (two columns per line). The ENDL format is being phased out
in favor of the more popular ENDF format.* These are summarized separately
later. On the other hand, the NIST site presents online columnar data that can
be downloaded immediately into any text file or spreadsheet.

The EPDL compilation of photon cross sections is available in the ENDF
and ENDL formats via any one of the following four sites:

* National Nuclear Data Center, Brookhaven National Laboratory,
http: //www.nndc.bnl.gov/

* Los Alamos National Laboratory, http: //t2.lanl.gov/data/atomic.html

* The International Atomic Energy Agency, Vienna, http://www-
nds.iaea.org/epdl97/

* The International Nuclear Energy Agency, Paris, http: //www.nea.fr/

The site http: //www.lInl.gov/cullenl/ also serves as a portal to these data.

2.12.2 Sources oF GENERAL NUCLEAR AND PARTICLE DATA

Although it departs from the current topic of photons, we digress to present
sources of data of more general interest.
Commonly needed material data include:

* Data on particle interactions with atoms and nuclei (photoatomic and
electroatomic cross sections, neutron cross sections, angle and energy
distributions, etc.)

* Radioactive nuclear decay data

* Fission product yields

The international network for compiling, maintaining, and making available
these and related data comprises four primary centers:

*The ENDF format is now the de facto world standard for tabulating cross sections. It was
originally devised by BNL to tabulate neutron cross sections. Meanwhile, LLNL had been
compiling electron and photon cross sections in their own ENDL-format library. Most of the
electron and photon data in ENDL has been transcribed to ENDF format. However, the ENDF
format has no provision for a few quantities; they remain only in ENDL format. Examples are
photoatomic excitation cross sections and the average energy of outgoing particles.
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e The U.S. National Nuclear Data Center (NNDC) at Brookhaven
National Laboratory (BNL), Brookhaven, NY, http: //www.nndc.bnl.gov/

* The International Atomic Energy Agency (IAEA), Vienna, Austria,
http: //www-nds.iaca.org/

* The International Nuclear Energy Agency (NEA), headquartered in
Paris, France, http: //www.nea.fr/

* The Russia Nuclear Data Center (Institute of Physics and Power
Engineering, IPPE), Obninsk, Russia, http://www.ippe.obninsk.ru/
and http: //www.rssi.ru/IPPE/

Other locations, primarily the

* Los Alamos National Laboratory T2 site, http: //t2.1anl.gov/, maintain
access to most of these data; in addition,

* The U.S. Idaho National Laboratory (INL, formerly INEEL) maintains
radioactive decay gamma spectroscopy data, http://www.inl.gov/,
http: //www.inl.gov/gammaray /catalogs /catalogs.shtml

* The U.S. National Institute of Standards and Technology (NIST)
provides photon and charged particle atom interaction data, and
its  own measurements of radioactive nuclide half-lives,
http: //physics.nist.gov /PhysRefData/

Particle cross-section data for photon, electron, protons, heavier ions, and
neutron projectiles, and particle decay data, often but not always from ENDF,
are available at five main organizations:

LANL, NNDC, TIAEA, NEA, and NIST,

at their web sites listed earlier.
Most sites that provide particle data do so in three major categories:

1. Raw experimental data
2. Evaluated data
3. Bibliography of experimental measurements

A typical user will be interested in category 2, a collection of best experimental
measurements and calculations that have been reviewed and stand as recom-
mended values. Experts will be interested in categories 1 and 3.

Over the years, several countries have produced many nuclear data librar-
ies. Most are accessible through the NEA or IAEA at the above web sites.
A partial list is given here. All are in ENDF-6 format unless otherwise specified.

General purpose libraries

BROND Russian (and FSU) evaluated neutron data library.

CENDL Chinese evaluated neutron data library.

ENDF/B-VI U.S. evaluated nuclear data library. The library is divided
into the following sublibraries; incident neutron data
(general purpose library), radioactive decay data, fission
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yields data, thermal scattering law data, photoatomic inter-
action data, electroatomic data, incident charged-
particle data, activation data, and dosimetry data.

The joint evaluated fission and fusion file is an evaluated
library produced via an international collaboration of data
bank member countries. It supersedes the outdated JEF
compilation.

Japanese evaluated neutron data library.

Special purpose libraries:

ADL

EADL

EAF

EEDL

EFF

EPDL

FENDL

IRDF

Russian activation data library. The library contains excita-
tion functions of reactions on targets for neutron energies up
to 20 MeV. The library is in a pseudo ENDF-6 format, that
is, it generally follows ENDF formatting rules, but with
some modifications to allow the description of reactions
leading to metastable states.

The evaluated atomic data library of the LLNL, U.S., in the
ENDL format. It contains evaluated atomic subshell and
relaxation data for isolated neutral atoms, including fluores-
cence yields, subshell parameters (e.g., binding energies),
both radioactive and nonradioactive transition probabilities,
and energy deposition terms.

The European activation file is designed for activation,
transmutation, and gas-production calculations. The file, in
EAF format, contains data on neutron-induced reactions on
stable and unstable targets.

The evaluated electron interaction data library of the
LLNL, U.S.

The European fusion file contains data for 80 materials of
interest for fusion neutronic design calculations, from H to
Bi?®. The library format conforms mostly to the legal
ENDEF-6 format, but there are deviations.

The evaluated photon interaction data library of the
LLNL, U.S.

A comprehensive nuclear data library for fusion appli-
cations, developed by an international effort coordinated
by the TAEA nuclear data section. Sublibraries exist for
activation (FENDL/A), decay (FENDL/D), dosimetry
(FENDL/DS), fusion (FENDL/C), transport applications
(FENDL/E), and validation (VALIDATION).

The international reactor dosimetry file. It contains neutron
cross-section data for reactions used for reactor dosimetry
by foil activation. It also contains radiation damage cross
sections for a few materials in the older ENDF-V format.

JENDL-ACT Japanese library of activation reactions.
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MENDL The medium energy nuclear data library, a neutron reaction
data library for nuclear activation and transmutation at inter-
mediate energies (up to 100 MeV). It generally follows
ENDF formatting rules, but with different MT numbers.

UKFY The UK fission product yield evaluated data.

UKHEDD UK heavy element decay data file. It contains evaluations for
125 heavy element nuclides of interest in nuclear fuel cycle
calculations, including some spontaneous fission data.

UKPADD The UK activation product decay data library. It contains
radioactive decay data for 328 activation products (includ-
ing some fission products).

TAEA Photonuclear data.

It contains photoexcitation, photoabsorption, photoneutron produc-
tion, and photofission cross sections. It is available at http: // www-
nds.iaea.org/photonuclear/ and provides the Russian BOFOD
library (from IPPE, Obninsk, Russia), Russian EPNDL library
(from CDFE, Moscow), Chinese (CNDC), Japanese (JENDL),
South Korean (KAERI), and U.S. (LANL) photonuclear data
libraries, with evaluated, recommended values.

These and others may be accessed through the NEA, http: //www.nea.fr/.

2.12.3 THe ENDF DATA LiBRARY AND I1S FORMAT

One of the major data evaluations is the U.S. evaluated nuclear data file
library (ENDF), a massive compilation of atomic and nuclear cross sections
and nuclear decay rate data. It was originally designed by the national nuclear
data center (NNDC) at Brookhaven National Laboratory for recording neu-
tron cross-section data. Over the decades, it has expanded to include other
projectiles. Data are updated periodically; the current version is ENDF/B-VI.
ENDF/B-VII is due to be released soon.

The term ENDF refers mainly to the format in which the data are
recorded. However it is loosely applied to the data compilation itself. Other
compilations may also use the ENDF format.

An introduction to ENDF is available online [LA98]. To quote from it:

ENDF-format libraries are computer-readable files of nuclear data that describe
nuclear reaction cross sections, the distributions in energy and angle of reaction
products, the various nuclei produced during nuclear reactions, the decay modes
and product spectra resulting from the decay of radioactive nuclei, and the
estimated errors in these quantities.

ENDF-format libraries are intended to be used for a wide variety of applica-
tions that require calculations of the transport of neutrons, photons, and charged
particles through materials, the enumeration of the interactions of this radiation
with the materials and their surroundings, and the time evolution of the radio-
activity associated with the nuclear processes.
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Examples of uses for ENDF-based libraries include fission and fusion reactor
calculations, shielding and radiation protection calculations, criticality safety,
nuclear weapons, nuclear physics research, medical radiotherapy, radioisotope
therapy and diagnostics, accelerator design and operations, geological and
environmental work, radioactive waste disposal calculations, and space travel
calculations.

The ENDF library now includes photons, electrons, neutrons, protons, and
alpha particles as projectiles. It is continually updated and expanded. The
library containing cross sections for incident photons is called the evaluated
photon data library (EPDL), and the database for incident electrons is the
evaluated electron data library (EEDL).

After excitation or ionization of atoms by photon or incident electron
collisions, the atom may de-excite by x-ray emission (fluorescence) or other
electron emissions (Auger or Coster—Kronig). Probabilities for these atomic
relaxation modes are tabulated in a separate library, the evaluated atomic data
library (EADL).

EPDL includes cross sections for photoionization from individual atomic
subshells, but it does not tabulate photoexcitation cross sections. The latter are
contained separately in the evaluated excitation data library (EXDL). EXDL
is distributed with EPDL97, but maintained as a separate file of data. At
present, EXDL is available only in the older ENDL format. This format is
documented in the LLNL report [Pe02], and libraries in that format are
included with the complete EPDL library.

The library containing cross sections for incident neutrons or protons or
alpha particles has no separate name and is loosely known as ENDF.

2.12.4 StrucTURE OF THE ENDF FORMAT

This discussion addresses all incident projectiles, not just photons. ENDF data
files are nuclear data evaluated (category 2 given earlier) by the cross section
evaluation working group. They are kept as computer-readable ASCII files.
The ENDF format refers to the way numbers are arranged on the records in
the file. The ENDF layout format has become one of the choice worldwide for
almost all nuclear reaction cross-section data and photoatomic data. In this
format, every record is 80-characters wide. Numerical data are presented in
pointwise pairs (e.g., energy—cross section), three pairs (six numbers) to a
line, consuming 66 of the 80 columns. For example, 300 data points fit on 100
rows. The numerical data are preceded by rows identifying the element, what
process the following data are for (whether it is the coherent scattering cross
section vs. incident photon energy; a form factor vs. momentum transfer,
etc.), interpolation algorithms, and so on. The ENDF format has been docu-
mented by members of the cross section evaluation working group in
[McLO1]; this document has come to be known as ENDF-102.
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To parameterize all possible interactions, one must specify the incident
projectile, the target, the kind of data one is working with (a total cross section
vs. energy, a differential cross section, decay data, etc.), and the specific reaction
of interest (e.g., Al”(n,np)Mg?’, etc.). In ENDF, these four quantities are
controlled by four numerical parameters, NSUB, MAT, MF, and MT, as follows.

The entire ENDF library is divided into sublibraries, one for each incident
particle. More precisely, there may be several sublibraries for a given pro-
jectile; for example, for incident photons there is one sublibrary for photo-
nuclear data, one for photoinduced fission product yields, and one for
photoatomic interaction data (this latter being EPDL). A FORTRAN param-
eter, NSUB, is defined to identify the sublibrary. For example, EPDL for
photoatomic cross sections is NSUB = 3.

A target material is identified by a four-digit integer variable given the
name MAT, ranging from 1 to 9999. For any projectile, target materials may
be either individual nuclear isotopes or elements in their natural
isotopic compositions or in some cases, other mixtures of isotopes. To
accommodate all possibilities, the assignment conventions of the MAT
numbers may be only partially transparent (and the numbering convention
allows for two excited isomeric nuclear states of nuclides). The first two of
the four digits in MAT are the element atomic number. The last two identify
the isotope or the natural element. The two isotope identification digits do
not necessarily correspond to atomic weight or neutron number. An element
Z in its natural isotopic composition has MAT number 100Z; MAT for natural
Fe is 2600. The lightest stable isotope is assigned number MAT = 100Z + 25;
MAT = 2625 for ,sFe>*. The (stable) isotope 2cFe’’ has MAT number 2634.
The list of all MAT numbers can be found in the format document ENDF-102
referred to earlier.

For a given projectile and target, one must specify the class of information
desired about that projectile on that material, such as a reaction cross section
as a function of incident projectile energy, or angular distributions for emitted
particles, or neutron resonance parameters, and so on. Each of these quantities
was originally kept in a separate file; but now each quantity is assigned an
identifying integer variable MF; the “F” for file and the preceding M to make
it a FORTRAN integer, harmonious with the M in MAT. The two-digit MF
variable ranges from 1 to 99. For a reaction cross section as a function of
incident projectile energy, MF = 3; neutron resonance parameters are in the
file MF = 2; angular distribution for emitted particles is in MF =4, and so on.
Though earliest compilations had each MF value in a separate file, today all
MF values are included in a single, much larger file for a given target
material. A class of data for a given MF is still loosely referred to as a file.

For a given projectile, target, and quantity of interest, one must specify a
particular reaction of interest, or the type of quantity desired. This is identified
by the three-digit type variable MT. It ranges from 1 to 999. MT =2 is the
total elastic scattering cross section; MT = 18 is the total projectile-induced
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fission cross section; MT = 102 is the neutron radiative capture cross section
and is defined only for incident neutrons. In the early days, each type of
quantity was kept in a certain section of a file. Today, a particular reaction is
still referred to as a section of a “file,” meaning a particular MT in a
particular MF part of the complete file for that material.

Thus, the projectile is specified by NSUB, the chosen sublibrary (e.g.,
EPDL97 for a photon). The target material is specified by MAT
(e.g., MAT = 1300 for natural Al). The quantity desired is specified by MF
(e.g., MF = 3 for a cross section vs. energy). The particular type of reaction for
that quantity (i.e., the specific cross section) is specified by MT (e.g.,
MT = 522 for photoelectric cross section).

Every ENDF file contains the number NSUB in the first few lines. Every
record of every ENDF file contains the numbers MAT, MF, and MT in
columns 67 to 75, and a five-digit record sequence number in columns 76 to
80. Some special numbers are set aside for incident photons or electrons. For
example, MT =522 is the photoelectric absorption cross section, meaningful
only for incident photons; MT =540 is the cross section for photoelectric
ionization from the M3(3p3/ 2y subshell, and so forth. With some exceptions,
most (but not all) cross sections and processes of interest can be made to fit
into these ENDF conventions, and are tabulated in the library.

The first few MF numbers in the ENDF format are defined as follows:

MF Description of File Contents (MF Number)
1 General information
2 Resonance parameter data
3 Reaction cross sections
4 Angular distributions for emitted particles
5 Energy distributions for emitted particles
6 Energy-angle distributions for emitted particles
7 Thermal neutron scattering law data
8 Radioactivity and fission-product yield data
9 Multiplicities for radioactive nuclide production
10 Cross sections for radioactive nuclide production
12 Multiplicities for photon production
13 Cross sections for photon production
14 Angular distributions for photon production
15 Energy distributions for photon production
23 Photo- or electroatomic interaction cross sections

The definitions of all MF values are given in document ENDF-102 [McLO1].
With some exceptions, the MT numbers can be broken down approxi-
mately as follows:
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MT Description of Reaction Types (MT Numbers)
10-100 Reactions in which at least 1 neutron is emitted
1049 One or more neutrons, and at least one other particle, are produced
50-91 Just one neutron is produced, with residual nucleus left in excited state
101-150 Reactions in which no neutron is in the final state
151-200 Resonance region information
201450 Quantities derived from the basic data, such as particle production cross sections,
average energies, etc.
451-599 Miscellaneous quantities, such as fission nubar, charged particle stopping powers,
etc., and photon cross sections
600-891 Particle production with residual nucleus in excited state
600-649 Proton is produced, with residual nucleus left in excited state
650-699 Deuteron is produced, with residual nucleus left in excited state
700-749 Triton is produced, with residual nucleus left in excited state
750-799 He? is produced, with residual nucleus left in excited state
800-849 « particle is produced, with residual nucleus left in excited state

Specific MT values are too numerous to list here. Full descriptions are in
document ENDF-102 [McLO1]. In addition, the first records of every ENDF
data file contain descriptive text and include MF and MT definitions for all
the data quantities in that file.

2.12.5 ENDF PRePROCESSING AND POSTPROCESSING CODES

ENDF stores basic data in a rather compressed form. Further processing may
be necessary to obtain the desired quantity. In neutron reactions, for example,
cross sections in the resonance region are not stored as energy—cross section
pairs; rather the resonance parameters are given. To get the cross section vs.
energy, the resonance parameters must be expanded.

One should use the preprocessing codes PREPRO2004 (or latest version)
to prepare the raw data in the basic ENDF data files. For all projectiles (i.e.,
for all ENDF data files), the PREPRO codes check for and correct internal
inconsistencies, make sure partial cross sections add up to the proper total,
check for negative cross sections, and so on. A capability for combining
elements into compounds and mixtures is provided. For neutrons, it also
expands resonance parameters to produce pointwise cross sections as a
function of neutron energy, and Doppler broadens the cross sections to any
specified temperature. PREPRO is available at no cost through the major
organizations listed earlier, for example, at the IAEA website: http: //www-
nds.iaea.org/ndspub/endf/prepro/.

A more comprehensive postprocessing group of codes is NJOY, which
provides extensive capabilities for manipulating ENDF files and data. Author-
ized users may obtain it for a fee through the Radiation Safety Information
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Computational Center: http: //www-rsicc.ornl.gov/ or at the NEA Data Bank:
http: //www.nea.fr/. NJOY introductory documentation is freely available
through Los Alamos National Laboratory: http://t2.]anl.gov/njoy/, and
http: //t2.1anl.gov /codes/ .

2.12.6 EXTRACTING OR PLOTTING A CROSS SECTION
FROM AN ENDF FiLe

It is often convenient to have cross-section data in simple parallel column
format, rather than in the compressed ENDF format.

There are several ways to extract a cross section from an ENDF file, short
of writing one’s own code to read the file.

* Most sites (especially LANL T2 and NNDC) permit downloading
ENDF data automatically extracted in parallel column format, usually
six or ten columns wide.

* A utility program LISTEF, written by C.L. Dunford at BNL-NNDC,
extracts all data from an ENDF file and expands them into parallel
columns. A version of this code is included in the CD-ROM accom-
panying this book.

* To extract one-dimensional data only (i.e., a cross section vs. energy,
but not a differential cross section as a function of incident particle
energy and outgoing particle angle), one can use the simple code
ENDFI1D included on the CD-ROM.

* The NEA maintains a free, useful utility, Janis, which can extract,
display, and compare data.

Plots of cross sections are available at the LANL-T2 site. The NEA Janis
routine also produces plots. The LLNL Monte Carlo transport codes TART
and EPIC, discussed presently, include a good display package, EPICSHOW,
to plot photon, electron, light ion, and neutron cross sections. The ZVView
program at the ITAEA will create any plot with many options, http: //www-
nds.iaea.org/ndspub/zvview/.

2.12.7 THE EvALUATED PHOTON DATA LiBRARY IN ENDF FORMAT

After the digression to general data, we now again focus on incident
photons and discuss the EPDL database. Owing to the popularity of the
ENDF format, the EPDL library, originally in ENDL format, has been
made available in ENDF format. In that format, it contains the following
quantities:

* Photoionization cross sections from individual electron subshells
(K’ Ll, LZ’ L3» M17 M2, etC.)
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* For each subshell, the photoionization edge energy and the fluorescence
yield

* Atomic photoionization cross section (as distinct from photoexcitation),
which is the sum of all subshell photoionization cross sections

* Coherent (Rayleigh) scattering cross section

¢ Incoherent (Compton) scattering cross section

* Nuclear-field, electron-field, and total pair production cross sections

* Total cross section (=sum of photoelectric, coherent, incoherent,
nuclear pair, and electronic pair)

* Incoherent scattering function S(¢g), from which one can construct the
incoherent differential cross section

* Coherent scattering form factor F(q)

* Real and imaginary parts of coherent anomalous scattering factors f(E)
and f>(E), from which, together with F(g), one can construct the coher-
ent differential cross section

Functions of incident photon energy E (i.e., all quantities except S(g) and
F(q)) are given for energies from 1 eV to 100 GeV. As reaction identifiers in
the ENDF format were established long ago with no idea that the ENDL
library would ever be transcribed to it, some parameters in ENDL format
could not be carried over. Thus, the EPDL library in the ENDL format still
contains some quantities not in the ENDF format.

2.12.8 THe ENDL DATA LiBRARY AND I1S FORMAT

The Evaluated Nuclear Data Library has been compiled over many years,
starting in the late 1950s. It has been documented in many paper reports,
carrying the general number UCRL 50400, but recently has moved to elec-
tronic form. The EPDL is only one part of ENDL. ENDL also contains
electron—atom cross sections and energy loss (EEDL), atomic relaxation
data (EADL), and atomic excitation data (EXDL).

The EPDL97 database in its original ENDL format contains all the
quantities put in ENDF format (given earlier) and the following additional
quantities on all 100 elements:

» Average energy of outgoing particles (e.g., average Compton electron
energy or average positron and electron energies following pair produc-
tion as a function of incident photon energy).

* Average energy left in the residual atom following photoelectric
absorption. From this and the average energy of outgoing particles
one can construct the energy transfer and kerma.

* Photoexcitation cross sections and photoionization cross sections.
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LLNL has also constructed a Monte Carlo electron—photon transport code,
EPIC, using the EPDL database, and a Monte Carlo neutron—photon transport
code TART. TART dates from the 1970s, spearheaded largely by E.F.
Plechaty, but the current versions of EPIC and TART were written by
Dermott E. (Red) Cullen. TART is distributed by RSICC at ORNL. In addition
to neutron cross sections, the EPDL database is provided with the TART code at
a reduced set of energies, suitable for plotting. A good, fast plotting routine,
EPICSHOW, is included, enabling one to quickly view all major and minor cross
sections as a function of energy and print them out in tabular form at the
included energies. Forthcoming versions of EPICSHOW should include all
energies of the original ENDL database.

2.12.9 ComrArisoN OfF NIST aND LLNL PHoTtON DATA

Experimental measurements do not exist for all interaction processes on all
elements at all energies. Cross-section databases must therefore be compiled
from what data do exist and from calculations. Such calculations are required
for photon interaction cross sections on ions in their ground states or on
neutral atoms and ions in excited states, for which there are few, if any,
measurements. These latter cross sections are needed, for example, for astro-
physical and laboratory plasma applications.

Therefore, databases, even for neutral atoms, can differ based on those
experiments and calculations in which the compilers have faith and choose for
their foundation. Each database represents one possible interpretation of the
available data and computations.

Even within NIST, two different compilations below about 400 keV,
XCOM and FFAST, each developed for different purposes, may differ in
total cross section by several percent [NISTb]. In general, however, we have
found EPDL97 and XCOM to agree in the total cross section and in each
major cross section (that process which is dominant at a given energy) to
better than about 1%.

In addition to the comparison of Rayleigh scattering angular distribution
in Figure 2.15 and Figure 2.16, we mention here a quick comparison of angle-
integrated cross sections between the two major compilations, EPDL97 and
NIST XCOM.

In general, the two datasets agree to significantly better than 1% on total
cross section (sum of photoelectric, coherent, incoherent, and pair produc-
tion). This means that at any one energy, the two compilations for the
dominant cross section at that energy also agree as well. However, the lesser
cross sections differ by more. As an example, Figure 2.73 shows both
compilations on aluminum. The solid lines are the EPDL97 data, shown
here, as in Figure 2.4, from 10 eV to 100 GeV. The dots are the NIST data,
which are given on the NIST web site from 1 keV to 100 GeV. Below about
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FIGURE 2.73 Comparison of Al cross sections in two databases. (Solid lines:
EPDLY7. Dots: http://physlab.nist.gov/PhysRefData/Xcom/Text/XCOM.html.)

30 keV, the photoeffect dominates, and the two compilations agree very well
on that cross section. Nevertheless, the Rayleigh cross section at low energies
disagrees considerably, at least near x-ray edges. The NIST XCOM model
does not yet fully account for the anomalous scattering that causes significant,
sometimes wild, variations in the coherent cross section near edges.
Likewise, above a few hundred MeV, the Compton cross sections disagree
by an ever-increasing amount, growing to nearly 5% at tens of GeV. Thus, if an
application requires accurate cross sections for a nondominant process, such as
Compton scattering at hundreds of MeV, or Rayleigh scattering below tens of
keV, the user must inquire more deeply as to which data compilation is more
nearly correct for that process at those energies. Table 2.5 shows numerical
comparisons from the two main libraries at a few energies. Both databases are
continually updated. Websites should be checked for the latest release.

2.12.10 OTHER DATA SOURCES

Links to photon—atom cross-section data can be found at the Lawrence Berke-
ley National Laboratory Center for X-Ray Optics sites: http: //www-cxro.
Ibl.gov/optical_constants/ and http: //www-cxro.lbl.gov /optical_constants/
web.html. Various tabulations of form factors and scattering functions can be
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found at these sites. As mentioned, current work on elastic photon—atom
scattering is compiled at http: //www-phys.llnl.gov/Research/scattering,/.
Other available data sources are summarized in [Cu97].

2.13 LARGE CONTOUR PLOTS

Four large, color contour plots (11”x17"”) are available that graph useful
photon parameters. They are in high-resolution PDF format on the accom-
panying CD (and would require a printer capable of handling 11” x 17" paper).
They are

Total photon cross section. Photoelectric + Rayleigh (= “elastic”
= “coherent”) + Compton (= “Incoherent”) + pair production, in two units:

* Total photon cross section in barn/atom. (lbarn = 10-2* cm?).
A smooth function of Z and E.

s Total photon cross section in cm’/g. While o (barn/atom) is smooth,
contours are jagged here because A(Z) is a jagged function of Z.

The Compton cross section g is proportional to the number of electrons in
the material. This causes the H cross section (cmz/g) to be nearly twice that of
He. This fact would cause contour lines to bunch near Z=1. To avoid this
problem, the H cross section graphed in cm®/g is 1/2 the actual H cross
section. All other elements are graphed at their correct value. The same ploy
is used on graphs of charged particle stopping powers.

* Mean free path against total scattering (g/cm®) = 1/o (cm?/g). This
duplicates information in the previous graph. However, displayed con-
tour values are not always the inverse of those on the ¢ (cm? /g) graph,
and hence are not in the same position. Therefore, the two graphs allow
more precise interpolation than one graph alone.

* Photon number fluence-to-kerma conversion factor. Units of rad
(element) per 10° photons / cm?. Dose is geometry dependent and must
be calculated separately; dose equals kerma under “charged particle
equilibrium.”

These graphs duplicate Figure 2.53 through Figure 2.55 and Figure 2.59 of the
text, but on a larger and more accurate scale. When printed in color, they are
easy to read accurately enough for use in simple calculations.

2.14 DATA ON THE CD-ROM

Although EPDL97 contains cross sections down to 1 eV, we have included on
the CD-ROM cross sections only at energies above 100 eV. There are several
reasons:
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* The libraries EPDL, EEDL, EADL, and EXDL have been compiled by
LLNL to be a self-consistent set for use in electron—photon transport
codes. In this application, self-consistency is more important than
absolute accuracy. (Hence, some photoelectric edges differ from other
standard compilations.) The libraries are not intended to be accurate
cross sections for arbitrary applications. Nevertheless, the cross sections
at the energies presented are believed to be reliable for free atoms.

* Notwithstanding applications to atomic gases, as mentioned in Section
2.1, free atom cross sections at low energies give inaccurate results in
applications in solids, in liquids, and in diatomic or molecular gases.

* EPDL97 cross sections at low energies were compiled and intended
only to support calculations of coherent anomalous scattering factors for
use in electron—photon transport calculations, not as true, evaluated
atom cross sections for arbitrary application.

* Documentation [Cu97] blatantly states, “Between 10 eV and 100 eV it
is neither safe nor accurate to use these data” in arbitrary applications.
And below 10 eV, the warnings are even sterner.

» Users desiring cross sections below 100 eV can get them by actually
downloading EPDL97 from one of the sources listed earlier. The pain of
this chore may encourage them to read the documentation, where there
is sufficient warning about the data’s uncertainties. Were the low-
energy cross sections provided on the CD-ROM accompanying this
book, the temptation to use them would be too great to prevent their
use in inappropriate applications.

Paraphrasing the discussion in Cullen et al. [Cu97], above about 1 keV the
cross sections appear to be reliable and safe to use. From 100 eV to 1 keV, the
experimental and theoretical cross-section data contain some uncertainties.
However, in this energy span, their application appears to be limited only by
that uncertainty, at least in noncondensed atomic media. In noncondensed
molecular media, the cross sections are again inappropriate because of level
shifts from interactions with neighboring atoms. In condensed media, their
application is further limited by interactions with neighboring atoms, as per
the caveats in Section 2.1. Whereas the LLNL group chose to include the low-
energy data anyway in EPDL97, hoping some numbers would be better than
none (and requesting user feedback), the NIST group has chosen to present
numbers in XCOM only above 1 keV. Another difference between the two
compilations is that numerical cross-section values are presented in EPDL97
to seven significant figures, whereas the NIST tabulation presents them to
three significant figures. Recall that the purpose of the EPDL cross-section set
is for use in electron—photon transport calculations and is designed to be
consistent with electron cross sections in the separate EEDL electron—atom
cross-section database.
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The cross sections in the NIST and EPDL97 databases are for photons
incident on a single, isolated, cold atom. Differences in K and L edge energies
between gas phase and in a solid are compiled by Deslattes et al. [De03].

In spite of the reservations about the use of free atom cross sections below
a few hundred eV we have chosen to present numbers down to 100 eV in the
hope that the reader will apply them responsibly. That we have chosen to use
the LLNL EPDL97 numbers rather than NIST XCOM numbers is in no way
to be construed as a technical judgment about the correctness of one set over
another. Rather, it is because only EPDL97 has a consistent set both below
and above 1 keV. Above 1 keV, one should feel just as free and secure using
the NIST cross sections.

As documented in [Cu97] the partial cross sections are to be interpolated
logx—logy, that is, power—law interpolation between tabulated points. The
energies at which the cross sections are tabulated in the CD-ROM files are
chosen to adequately resolve energy dependence.

The included data are

* Fluorescence yields of K shell and average fluorescence yields of L
shell and M shell for all elements
* Fluence-to-kerma conversion functions in all elements as a function of
photon energy
* Photoatomic cross sections in all elements as a function of photon
energy (both in units of barn/atom and in cm”/g)
 Total photoelectric ionization cross section (from all shells)
» Coherent scattering (Rayleigh elastic scattering) cross section
* Incoherent scattering (Compton scattering) cross section
* Cross section for pair production from the nucleus
* Cross section for pair production from atomic electrons
* Total pair production cross section (nuclear + electronic)
* Total cross section (photoelectric 4 coherent 4 incoherent + pair
production)
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3.1 INTRODUCTION

In striking an atom, an electron may

¢ Flastically scatter without loss of energy and leave the atom undis-
turbed. Above a few hundred keV, elastic scattering is sharply peaked
in the forward direction.

¢ Emit a photon while scattering from the nucleus; the electron continues
with reduced energy (Bremsstrahlung). The projectile may also emit a
photon while scattering from an atomic electron.

* Inelastically scatter by raising an atomic electron to an excited state,
while the original projectile continues with reduced energy (excitation).

¢ Kick out one of the atomic electrons and ionize the atom. Two electrons
exit the interaction region. The more energetic of the two is considered
the primary electron (ionization).

Bremsstrahlung and the excitation and ionization processes contribute to the
energy loss of the projectile. Energy loss by excitation and ionization is
referred to as collisional energy loss. Energy loss to Bremsstrahlung photons
is referred to as radiative energy loss.

In passing through matter, as a result of the single-atom interactions given
above, an electron will interact with many atoms along its path, giving rise to
the following:

* Many successive elastic scatterings without loss of energy, which
substantially deviates the electron from its original straight-line path
(multiple scattering)

* An overall mean energy loss rate by excitation and ionization and
Bremsstrahlung that will eventually bring the electron to rest (mean
collisional or radiative stopping power)

These two effects control the behavior of an electron in passing through
matter.

Apart from these two effects a third effect is the creation of and energy loss to
Cerenkov radiation in optical materials if the electron velocity exceeds the phase
velocity of light in the medium. This, however, turns out to be a small contributor
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to energy loss. Jelley [Je53] found the stopping power due to Cerenkov radiation
to be only about 0.1% that due to collisional energy losses for velocities near c.
We therefore neglect Cerenkov radiation as a contributor to stopping power.
Jackson [Ja75] and Birkhoff [Bi58] discuss energy loss to Cerenkov radiation as
a function of the material optical index of refraction.

The range of electrons of energy <1 keV in most matter is less than
1074 g/ cm?. In solids, this is a sufficiently small distance (<10~* cm) that
details of the motion of such low-energy electrons are seldom of interest. In
gases, however, especially at low pressure, these low energies may indeed be
of interest; in Section 3.9 we discuss slow electrons in air. In most of this
chapter we concentrate on energies higher than about 1 keV.

Transport of electrons through matter is the subject of a number of codes.
EPIC, ITS (Integrated Tiger Series), MCSet, Penelope, and Casino are some of
them. The SRIM site, primarily intended for the transport of ions, is developing
a collection of electron transport tools (http: //www.srim.org/SREM.htm).

We first consider elastic scattering on a single atom; multiple scattering is
discussed later.

3.2 ELASTIC SCATTERING OF AN ELECTRON
FROM AN ATOM

We present order of magnitude estimates for the elastic scattering of an
unpolarized electron from a neutral atom at any incident velocity (relativistic
or nonrelativistic) and then show the compiled data.

At high energies and relatively large scattering angles, the incident elec-
tron scatters from the nucleus by Coulomb scattering. Screening by the atomic
electrons affects scattering only at small angles when the electron passes at a
large impact parameter. At lower energies, screening is important even at
large scattering angles.

The theory of elastic and inelastic scattering of structureless charged par-
ticles from atoms has been presented in a number of studies (e.g., [Be32, Be33,
MaS6a, Ma56b, Be64, Mo65, In71, Mo85]). Here we review only enough to
remind the reader of the basic theory and to make understandable the magnitude
of numerical data based on much more careful calculations with detailed atomic
wave functions.

3.2.1 CouLoMB SCATTERING FROM A BARE NucLEus

Consider an electron of momentum 7k incident on an atom in state o, usually
the ground state. It interacts via the Coulomb potential

Ze? Z &2
v=-T Y (3.1
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with the nucleus at the origin (first term) and with the Z atomic electrons at 7;
(second term). Consider it to elastically scatter through angle 6 to final
momentum h?,’ k'=k, k'-k = kPcosf. In first-order perturbation theory (the
Born approximation), and ignoring electron spin, the amplitude is [Be64]

L 2m (. | _ier - ik
f=- yym F Jq,lfo(T)e K V(r, r)ek Yo(7) dr d3r, (3.2)
where =7, 5, .... I’y represents the coordinates of the Z atomic electrons,

dr=d*rd%r,. .. &%,

The nonrelativistic Equation 3.2 will be relativistically correct if the factor
2m/h* is replaced by 2ym/h*, where y=(1-17/c*)~'/? is the electron rela-
tivistic factor and v the electron velocity, so that the momentum is
hk =Tk’ = ymv. This factor arises from the relativistic expression for the
density of states and may be incorporated in the definition of f to preserve the
usual relation do/dQ) = | f | expressing the differential cross section in terms of
the scattering amplitude [Fe61, §23; Ne66, Ch.8; Mo85].

Temporarily ignoring the term in the atomic electrons in V, consider
scattering from only a bare nucleus, V:—Zez/ r. The factors in 7 integrate
to 1, and f becomes

d’r, (3.3)

where ¢ =k — k is the momentum transferred to the atom, and we have
inserted 7y, as mentioned, to make it relativistically correct. The integral
evaluates to 4/q”.

Therefore, in the laboratory system, the Rutherford differential cross sec-
tion for the classical scattering through an angle # of an electron (here of zero
spin) of kinetic energy E = (y — 1)mc” on a heavy bare nucleus of charge Ze is

d(T o 2 Zzl”g
(E)R_ 7= ¥2B*(1 — cos 6)* G

where B =v/c, and r,=e¢*/mc*=2.818 fm is the classical electron radius.
The cross-section magnitude is set by 72=0.0794 barn. Electron spin is not
included in the classical Rutherford formula. When spin is taken into account,
the equation is replaced by the Mott formula

do Z2r(2) R , 1 | |
40~ 780 —cosey | PN 3 z(1—sin=6) sin~
(dQ)M Y281 — cos 0)’ B~ sin 20+Trot/3 ( smze) smze}

(3.5)
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[Mo65]. The factor 1—32 sin® % 0 accounts for electron spin in the first Born
approximation, and arises automatically upon using Dirac spinors for the
incident and outgoing electron wave functions. The term in waBZ is one
term beyond the Born approximation in the quantity «Z, where
o =e”/hc=1/137 is the fine structure constant.*

At large angles the Mott cross section is smaller than the Rutherford. In Fe
at E=1 MeV, the differential cross section at § = /2 is about 0.62 times the
Rutherford expression. Nuclear recoil, important at hundreds of MeV where
the electron relativistic mass becomes comparable to the nuclear mass, and
interaction with the nuclear magnetic moment are also not contained in the
Rutherford or Mott formula [Mo65]. In addition, at a few hundred MeV the
electron probes the nuclear charge distribution, which is characterized by a
nuclear form factor that is not included. Both the Rutherford and Mott
differential cross sections diverge in the forward direction, and their respect-
ive total cross sections, o = f4w dQ(do/dQ), also diverge.

3.2.2  SCATTERING FROM A NEUTRAL ATOM

Shielding by atomic electrons, however, prevents the Coulomb divergence in
the forward direction; for scattering on a neutral atom the total cross section
and the differential cross section at all angles are finite. An estimate for elastic
scattering from a neutral atom is obtained by approximating the potential of
the nucleus and the atomic electrons by a screened Coulomb potential
V(r) =Ze exp(—r/a)/r in place of the nuclear Coulomb potential itself (and
in place of the actual potential equation 3.1), where a is a screening distance
comparable to the atomic radius. The magnitude g of the momentum transfer is
given by q2 = 2k2(1 —cosf)= e sin2(9 /2). Maximum momentum transfer
iS @max = 2k. The amplitude is then

2ymZe*  g*d?

1 2ym
2@ 1+ ¢a?

f= — Jd3i*ei‘7'?eV(r') =—

4w 2 (3-6)

and the cross section for incident, relativistic, spin % particles is [Mo065]
d 1
d—g - |f|2<1 — B?sin’ 50)

2ymZe? : q*a* ? 2 .1
( o > <1+q2a2 1 — B%sin 20 3.7

*Equation 3.5 is McKinley and Feshbach’s approximation to the complete Mott formula. [Mc48].
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The first factor in the second line is just the Rutherford cross section. The
factor (1—f> sin2% 0) is a result of electron spin as before. The factor
containing ¢”a® is unity for an unscreened charge (¢ — o) or for a large
momentum transfer; but at low-energy or small-momentum transfer (large
impact parameter) it reduces the cross section to below the Rutherford value,
and it makes finite both the differential cross section in the forward direction
and the total cross section.

3.2.3 TotaL CRrROSS SECTION

Integrating Equation 3.7 over all solid angles, one obtains an estimate for the
total elastic electron—atom scattering cross section:

do
g = J4w Edg
o (vZa\? (B + ak)* B s }
_4Tr<ka0> {1+(2ak)2 Ry In[1+ (2ak)*] ¢,

(3.8)

where a, :712/me2 =0.529 A is the Bohr radius. Using 7k = yBmc, the
maximum momentum-transfer parameter (Zak)2 = (qmaxa)2 can be written as
(2ak)* = 4('y232/0c2)(a2/a§), and so is a large number except for 8 < a (E <
15 eV). Ignoring such low energies, we have approximately

2 2
o=4m <Z§a) =41 (agza) . 3.9

At nonrelativistic energies, o scales as 1/E, and at relativistic energies
saturates to 4m(aZa)®. As a < aO/Zl/ 3 (see later), the order of magnitude of
o above a few hundred keV (B = 1) is ¢ < 41'r(o¢Zz/3a(,)2 ~ 1.9x10*2*/3
barn.

A better estimate for the numerical coefficient is obtained by using the
Thomas—Fermi model of the atom to judge the magnitude of a. In this model
[Sc55],

~0.8854,

7173 (3.10)
Therefore we have
Z4/3
o =147 x 104F (barn). (3.11)

This discussion provides a qualitative guide to realistic cross sections. The
scaling with energy and the magnitude turn out to be reasonably accurate.
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FIGURE 3.1 Electron—atom total (solid) and large-angle (dashed) elastic cross sections
on five atoms as a function of incident electron energy. (Data from EEDL.)

In Al, for example, from Equation 3.11 we expect o at relativistic energies to
saturate to ~4x 10> barn, and at 1 keV (8% =3.9x10~>) Equation 3.11 predicts
about 1 x 10® barn. Both estimates are borne out by data and more accurate
calculations. Figure 3.1 presents data on the total elastic cross sections of five
elements (solid curves) from the Evaluated Electron Data Library (EEDL)
compiled by Lawrence Livermore National Laboratory (LLNL) [Pe91].

However, for large Z or low energies the Born approximation becomes
invalid. As seen in Figure 3.1 for U, the low-energy behavior is not well
approximated by 1/E, and the high-energy total elastic cross section is about
2% 10° barn, whereas Equation 3.11 predicts 6x 10° barn.

3.2.4 DirrerenTIAL CROSS SECTION

Combining the ¢* dependence in Equation 3.7, we obtain

do 2yZa?/a, g 5 . o1
G _ (2yed/ho) () )
a0 <1+q2a2 Bsin®3
2 2 2
_ (Zro) 1 —pB*sin® 16 .
')’Bz [1 —cosf +%0§]2 (3.12)
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Except for the spin factor (I—stin% 0), this differs from the Rutherford cross
section, Equation 3.4, only by the screening angle 6

o L o? (aQ)Z
s k2a? - ,},232 a
0[2 22/3
~ 3282 (0.885) (3.13)

The last form here has used the Thomas—Fermi expression for a. At relativ-
istic energies, 6, is very small, so the differential cross section differs sub-
stantially from the Rutherford or Mott expression only near the forward
direction. For § < 1, Equation 3.12 reduces to

do 7z \° 1
g0 3.14
a0 (vﬁz> & 1 67 G-19

When written in this form, 6 is sometimes called a cutoff angle, but we
reserve this term for 6. introduced later for the separation between small-
angle scattering and large-angle scattering.

3.2.5 DirrerenTIAL CROSS SECTION AT 6 =0

In exactly the forward direction, the differential cross section becomes

Zr,

2
W) = 2459?7234, (3.15)
S

do
@(0 =0) :4<

For relativistic energies, the forward scattering amplitude increases as E>. At
100 MeV on Fe, it is 2x 10" barn/ster. This enormous differential cross
section persists only out to the small, energy-dependent angle 6. At 100 MeV
on Fe, 0,= 1.2x10~*=0.007°. From Equation 3.12 the cross section for
scattering at angles less than 6, is

0 d Zr, \’ Zay’
0(<05)=21TJ dﬂsinB—U:%r( Lo ) —2 2 G
0 dQ YB~ b5 B

just one half the total cross section (Equation 3.9). Nearly the entire remaining
half occurs at angles less than a few 6,. Essentially all the scattering occurs at
angles less than or of the order 6y, into a solid angle of the order AQ) ~ ﬂrr@f. At
100 MeV in Fe, AQ ~5x107® ster.
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3.2.6  DirrereNTIAL CROSS SECTION AT LARGE AND SMALL ANGLES

At relativistic energies, the screening angle 6 o< 1/7y. As just seen, for 4 less
than 6, the differential cross section increases in proportion to yz, whereas the
total cross section is independent of y. However, for a given 6 larger than 6,
the differential cross-section, Equation 3.12, drops off as 1/ ¥*. Thus, as
energy increases there is a larger separation between the total cross section
and the cross section for scattering at large angles. The high-energy total cross
section is essentially all due to scattering at angles <#,. For scattering at angles
greater than 6, and at relativistic energies, 62 in Equation 3.12 is negligible,
and the angular distribution is given approximately by the Mott expression
Equation 3.5.

The elastic scattering cross section is > 10 barn (Figure 3.1). As an
electron moves through solid matter of atom density N ~ 10 cm ™2, its
mean free path (mfp) against elastic scattering is 1/No < 10~* cm. This
means it will elastically scatter from atoms about once every time it progresses
1 wm in low-Z targets at relativistic energies and will scatter many times in 1 wm
in high-Z targets or at low energies. In codes that compute electron transport, one
cannot compute each of these scatterings. Because small-angle scattering is
so dominant and yet deflects the particle so little, it is inefficient to compute
each electron—atom scattering in transport codes. Rather, for efficient computa-
tion, small-angle scattering is handled by analytic multiple scattering algorithms
over a convenient path length, while large-angle scattering can be treated
conventionally with each interaction [Be63, Se88].

For this reason, compilations of electron—atom elastic cross sections
tabulate the large-angle cross section separately from the total cross section,
at least at high energies. The LLNL compilation of electron cross sections, the
EEDL, chooses as the transition point between small-angle and large-angle
scattering a cutoff angle 6. defined by

l—m.=1-cosf.=1x10°

(0.=1.414% 1073= 0.081°). Its chosen value is somewhat arbitrary. Scatter-
ing at angles greater than 6, is considered large-angle scattering, and EEDL
digitally tabulates its angular distribution dop 4/dcos 6, as well as its contri-
bution to the total scattering

He dO-LA
= dcos 6.
aLA J,l dcos 6 €08

Scattering at angles less than 6. is considered small-angle scattering. In this
region, the differential cross section is not tabulated from data. Rather, the
functional form given in Equation 3.12 is used, but with a different overall
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normalization, determined by matching to the large-angle distribution at their
common angle 6, to assure that do/d() is continuous at § =6.. Moreover,
instead of Equation 3.13, an improved expression for the screening angle is
employed as follows:

) o 72/3
S y2B% (0.885)°

1/2
1.13 + 3.76(aZ/B)* (ﬁ) 1 . (3.17)

This is Seltzer’s empirical adjustment to Moliére’s screening angle [Se88,
Se91]. The actual differential cross section at small angles is then obtained
by matching the small-angle expression to the large-angle differential cross-
section data at its smallest angle .. This provides the normalization for the
small-angle formula and fixes the differential cross section at all angles. The
total cross section is the sum of the large-angle cross section oy o (for 6 > 6.)
and the small-angle cross section aga (for 8 < 6..). 4 is the large-angle cross
section tabulated from data (and calculations). os, is the analytic integral on
w=cos 6 from u. to 1 (a span of only 1.0x107® on w) of the small-angle
differential cross section Equation 3.12 using Equation 3.17 for 6.

Within the context of the screened Coulomb potential of the form
exp(—r/a)/r, Seltzer’s semiempirical screening angle is tantamount to an
expression for the screening distance a, which is an improvement on the
standard Thomas—Fermi expression Equation 3.10. Because 6 and a are
related by the first equation in Equation 3.13, we have, using Equation 3.17
for 6, the effective Seltzer screening distance

1 0.885a,
Y R AVE

12 —-1/2
1.13+3.76(aZ/,8)2(ﬁ> ] . (3.18)

instead of the Thomas—Fermi Equation 3.10.

It would therefore be more appropriate to use ag in place of a in
Equation 3.6 through Equation 3.12. However, the improvement in the
value of the cross section is modest at best, and other factors, primarily
the inadequacy of the Born approximation for low energies and high Z, have
a larger effect on the differential and integrated cross sections. Seltzer’s 6,
in Equation 3.17, should be used in the simple, adequate form of Equation
3.14 for the differential cross section at small angles, but it is best to obtain
the normalization from the fitting procedure discussed earlier. Figure 3.1
shows the total and large-angle elastic scattering cross sections on several
elements as a function of energy, in barn/atom. Figure 3.2 shows the same
quantities in cm?/g.
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FIGURE 3.2 Electron—atom total (solid) and large-angle (dashed) elastic cross
sections on five atoms as a function of incident electron energy. In sz/ g. (From
EEDL.)

3.2.7 ANGULAR DISTRIBUTION

At high energies, the differential cross section is remarkably peaked in the
forward direction. For example, in Fe at 100 MeV, Figure 3.1 shows that
the total cross section is 10? times the large-angle cross section. Thus, 99% of the
scattering is due to small-angle scattering and occurs in a forward cone com-
prising only ~10~® of a sphere. The differential cross section drops more than
four orders of magnitude in less than 1.4 mrad, from 6 =0 to 6~ 0.08".

At large angles (6 > 6., the shape of the angular distribution in Al is shown
in Figure 3.3. Plotted is f(u)=[dopa/dcosO]/opa =27[dopa/dQ]/0LA,
M = cos 6, normalized to jf tf(n) du = 1. Scattering is nearly isotropic at 10
eV and becomes increasingly forward peaked at higher energies.

As an illustration, Figure 3.4 shows the absolute differential cross section
on Al at four energies. It includes all angles, showing the extremely rapid
drop-off (~1/6") at high energies, as 6 increases. At 100 MeV, the differential
cross section at 8 = 1° is down 9 orders of magnitude, and at § = 10° is down
13 orders of magnitude, from its peak at 6 =0.

As noted in Chapter 2, compilers of databases select, from all those
available, measurements and computations believed worthy of contributing
to the particular library. Each database represents one possible interpretation
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FIGURE 3.3 Normalized angular distribution of electron—atom elastic scattering on
isolated Aluminum atom at several energies, for 6 > 0.08° (large-angle scattering).
Isotropic at 10 eV, and increasingly more forward-peaked at increasing energies.
Above 30 MeV, fis about 9.8 x 10° at 0.08°. (Data from EEDL.)

of the data and calculations. Elastic electron differential scattering cross
sections have also been compiled by NIST as well as by LLNL. The latest
NIST collection is Standard Reference Database 64, NIST Electron Elastic-
Scattering Cross-Section Database, which presents differential cross sections
vs. scattering angle for incident electron energies from 50 eV to 300 keV
(http: //www.nist.gov/srd /nist64.htm). These NIST data appear to be in ex-
cellent agreement with the EEDL data. Recently, Jablonski, Salvat, and
Powell have presented a comparison of electron scattering calculations
[Ja04].

3.3 INELASTIC SCATTERING OF AN ELECTRON
FROM AN ATOM

The inelastic scattering cross section is determined by the off-diagonal matrix
elements of the interaction Hamiltonian. The nonrelativistic scattering amp-
litude for exciting the atom from state O to state » is, instead of Equation 3.2,

1 2m

fo=-1-3 lej;(rr)e*f’?’ V(r, Dy (r) dr & (3.19)
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For excitation, both i, and s, are bound. For ionization, ¢, = k"7 , where
k" is the ionized electron momentum. In all cases, the T dependence of ¢y, and
V, and ¢, for excitation, limit the integration region, and the off-diagonal
matrix elements between the atom ground state and an excited or ionized state
are not very different in value from the diagonal matrix elements correspond-
ing to elastic scattering. Thus at all energies, the excitation or ionization cross
sections are not widely different from the elastic cross section, and at high
energies inelastic scattering also approaches a constant value not very differ-
ent from the elastic scattering cross section. Excitation and ionization cross
sections tend to be comparable to one another, and are slightly lower than
elastic cross sections in most elements. The theory of excitation and ioniza-
tion of atoms by fast electrons was worked out by Bethe [Be32, Be33] and
is summarized by Massey [Ma56b], Bethe [Be64], Mott and Massey
[Mo65], Inokuti [In71], Moiseiwitsch [Mo85], and by Schattschneider
[Sc86]. Recent ionization cross-section data are reviewed by Bartlett and
Stelbovics [Ba04].
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The cross sections for excitation or ionization of a particular electron
shell are generally of interest only in applications in which one needs details
of the subsequent relaxation of the atom. More often one needs the total
excitation or ionization cross sections from the atom as a whole and energy
lost by the electron in each interaction. The EEDL compiled by LLNL
tabulates both the total excitation cross sections and subshell ionization
cross sections.

Figure 3.5 shows excitation and ionization cross sections for Al and Pb, in
barn/atom, taken from EEDL. Below 1 MeV, excitation is generally about
twice as large as ionization, and above 1 MeV, it is comparable to ionization.
The excitation cross section is that for excitation from any level to any other.
The ionization cross section is the total ionization cross section, the sum of
the ionization cross sections from all shells.

Figure 3.6 shows the mean energy lost per collision in an excitation or
ionization collision, in Al and Pb, in eV /collision. In an ionization collision,
the energy lost from the primary goes into the ionization potential of the
ejected secondary electron and its subsequent kinetic energy. By excitation, a
typical energy loss per collision for all elements is of the order 10 eV. By
ionization, a typical energy loss per collision for all elements is an amount
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FIGURE 3.5 Cross section for ionization and excitation on an isolated atom. Al and
Pb. (Data from EEDL.)
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FIGURE 3.6 Mean energy loss per ionization collision or per excitation collision in Al
and Pb. (Data from EEDL.)

that slowly increases from less than 10 eV when incident electron energy E <
30 eV to only a few hundred eV when E > 100 MeV.

Of greater interest is energy lost per unit columnar mass traversed, MeV
per g/ cm?. The relations for ionization and excitation collisions are

dE /ds]
dE/ds|

(MeV cm?/g) = NoTionEion,
(MeV sz/g) = Nga'excEexc’

ion

exc

where N, =N/p=N,/A is the number of target atoms per gram, N = atom
number density (cm ), p is the material density (g/cm’), N, is Avogadro’s
number, A is the material atomic weight, 0., = T;on(E) is the ionization cross
section, Oy = Texc(E) is the cross section for excitation, E;,, (MeV /collision)
is the mean electron energy loss per ionization collision, and E,,. is the mean
energy loss per excitation collision.

When expressed in MeVem? /g, the curves take the shape shown in Figure
3.7 for Al and Pb. Per unit mass, more is lost in low-Z elements than in high-Z
by both excitation and ionization, whereas the cross section per atom, shown
in Figure 3.5, is larger in high Z. Although in a given element o, and o;,, are
comparable, above ~1 keV the energy loss is dominated by ionization, as
there, E;on > Eexe-
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FIGURE 3.7 Mean energy loss rate by ionization or by excitation in Al and Pb. (Data
from EEDL.)

3.4 ELECTRON ENERGY LOSS

Electrons lose energy by interacting with both nuclei and atomic electrons.
From elastic scattering off nuclei they lose little energy, but may scatter
through large angles. From atomic electrons, they both lose energy (to
excitation and ionization) and scatter in angle. In addition, at high energies,
when scattering from either nuclei or electrons, they lose energy by radiative
processes (Bremsstrahlung), emitting photons.

As an electron passes through matter, the mean rate of losing energy,
dE/ds, is its (mean) stopping power. It has lost all energy and stops after a
track length called the (mean) range

R = J(dE/ds)*ldE. (3.20)

In Si, a 1 MeV electron loses energy at a rate of about 1.5 MeVem? /g and has
a range R =0.55 g/cm2:0.23 cm. In sea-level air, a 1 MeV electron has
R=4m.

Energy loss of a charged particle is a probabilistic process; particles lose
energy at more or less than the average rate dE/ds. Spread about the mean
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energy loss rate is called straggling. According to Equation 3.20, the range
R is defined as the track length of a particle that always loses energy at the
mean rate; an actual particle may travel somewhat more or less than R. As a
result, energy loss straggling leads to range straggling.* Working with only
the mean rate is called the continuous slowing down approximation (CSDA).
Thus, the mean range R is also called the CSDA range Rcspa. Electron range
straggling amounts to about 10% to 15% of the CSDA range [Be53]. The
theory of straggling for electrons, mesons, protons, and alpha particles, and its
effects in Silicon, has been presented by Bichsel [Bi88].

In addition to losing energy to atomic ionization and excitation, electrons
that are energetic enough also lose energy to Bremsstrahlung, the radiation
from their slowing down. This process is more important than collisional
processes above the critical energy, the energy at which collisional and radia-
tive energy losses are equal. The critical energy is about 95 MeV in air and
10 MeV in Pb (to be seen in Figure 3.10 or Figure 3.11 in Section 3.5.1, dashed
curve labeled 0.5).

The term stopping power refers to the effect of the medium in slowing
down the projectile; it is the energy lost by the electron in passing through the
medium, and is usually expressed in MeVem? /g or MeV/cm. The term
collisional stopping power is the sum of the energy losses caused by excita-
tion and ionization processes alone (not including Bremsstrahlung). The
energy deposited along the track would be the same as stopping power if all
secondary particles stopped in the medium. However, the term usually means
energy deposited locally, that is, within a small distance of the electron track.
Energy lost by the primary to ionization is taken up first by the struck electron
binding energy, and then goes into its kinetic energy, which ionizes further
and hence deposits its energy within a short distance, contributing to local
energy deposition. The atomic shell vacancy left by the struck electron may
be filled by capturing an electron outside the atom itself or by Auger transi-
tions within the atom. If the vacancy is filled by a free electron, a fluorescence
x-ray is emitted; it either escapes the (small) target or is captured at a
relatively long distance, and hence does not contribute to local energy depos-
ition. If the vacancy is filled by Auger or Coster—Kronig transitions, the
ejected electrons are of low energy and deposit their energy locally.

As most secondary electrons have a range short compared with the
primary, local energy deposited is approximately the same as the collisional
stopping power minus the average energy in fluorescence x-rays. It is often the
quantity of interest (as opposed to ionization or excitation losses separately,

*The literature uses the word straggling in various ways. Early experiments passed monoenergetic
MeV electrons through thin slabs of metal. The exiting electrons had a wide range of energies.
This is sometimes referred to as energy straggling, but it is primarily due to elastic scattering
causing each electron to undergo a random walk, which produces a spread in track length, and
therefore in residual energy, before the electron exits.
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and as opposed to the total stopping power, which includes Bremsstrahlung).
However, in addition to the fact that fluorescence x-rays deposit their energy at
some distance, energetic secondary electrons (called delta rays) from a direct
ionization collision may actually travel some distance before losing all their
energy, thus, local is a relative term. In a target larger than the mfp of fluores-
cence x-rays and the range of delta rays, global energy deposition is the same as
(global) stopping power. However, as delta rays and fluorescence photons
deposit their energy at a point removed from where they were born, energy
deposition occurs at a different point from where the original energy was lost.

To focus attention on local energy deposition, one may define a restricted
collisional stopping power as collisional energy loss to a charged projectile
caused by atomic energy transfers less than a specified value A. The defin-
ition specifies an energy cutoff, not a range cutoff. But then, all energy loss by
restricted stopping power is deposited about the projectile track within the
range R(A) of an electron of energy A, and hence all energy loss by restricted
stopping power is deposited locally. Berger and Seltzer [Be82] discuss
restricted stopping power and present some data.

The term Linear Energy Transfer (LET) is sometimes used, often in engin-
eering and biological disciplines. Its precise definition has evolved over the
years since first introduced by Zirkle [Zi40] and by Zirkle et al. [Zi52] in a
biological context. The ICRU has devoted a report to its specification
[ICRU70]. The usefulness of a certain definition is context-dependent. The
current definition of LET is the same as that of restricted collisional stopping
power, the energy deposited by transfers of less than some value A. Unfortu-
nately, the energy deposited by energy transfers less than A is only part of the
energy deposited locally; secondaries more energetic than A may also deposit
some energy at a radius less than R(A), because of scattering. However, since
very energetic secondaries are relatively rare, only those with energy moder-
ately greater than A would contribute significantly. Very often, LET is taken
simply to be the (unrestricted) collisional stopping power. A new quantity, the
energy loss of an energetic primary that results in energy deposited within a
specified cylindrical radius from the particle track, would be a useful quantity
for applications (such as the effects of energetic charged particles on micro-
electronic components, where distances less than a micron matter; or the
ionization by charged particles in biological materials). Its computation
would be considerably more complicated than that of restricted stopping
power, as one would have to follow the trajectory of more energetic second-
aries. It is tantamount to determining the radial profile of energy deposited by
an energetic primary electron by all generations of secondary, tertiary, and
other, ionizations.

As in the two previous equations relating dE/ds|ion to Ejon and dE/ds|exc
to E.x., When the cross section is multiplied by the energy loss for that
process, and all processes summed, one has the mean energy loss per g/cm?”
of the electron.
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R defined in Equation 3.20 is the electron track length against mean
stopping power. As mentioned in Section 3.2 and discussed further later,
electrons scatter a great deal; by the time they come to rest, their average
displacement in their original direction of motion can be considerably less
than R. R is the mean range as regards stopping power, but is essentially the
extreme range as regards multiple scattering.

The introductory sections of the much used Berger, Seltzer Tables [Be82]
contain a useful summary of the physics and approximations in the theory of
electron and positron stopping power. Stopping of muons is discussed in, for
example, Groom et al. [GrO1] and is summarized in the biennial Particle Data
Group summary [PDGO04].

3.5 COLLISIONAL ENERGY LOSS

Collisions are caused by the Coulomb field of the incident electron acting on
the atomic electrons and nuclei in the target material. The energy transfer in
Coulomb collisions and estimates of the resulting energy loss to the projectile
are summarized clearly by Jackson [Ja75], in the vein of the classical discus-
sion of the early Bohr, with heuristic quantum mechanical corrections.

3.5.1 AccurAcy oF THE BETHE MEAN STOPPING POWER FORMULA

Shortly after quantum mechanics solidified in the late 1920s, Bethe used
the theory to compute the mean rate at which an electron loses energy by
collisional processes in passing through matter [Be30, Be32, Be33]. His
result is the Bethe mean stopping power formula for an electron of kinetic
energy E,

dE
Ly(E) = — -
4 2 g
723 PV Vsl B S D O N (RN AN
m2 212 y 7 y: 8 Y

(3.21)

where N is the density of material atoms, y= 1+ E/mc*=1/(1—1"/c})"/? is
the usual electron relativistic factor, / is the material mean excitation energy,
and other symbols have their usual meaning. Since atomic binding energies
are not accounted for in Equation 3.21, the expression is intended for energies
greater than a few keV. Figure 3.8 graphs Equation 3.21 (with 6 =0) for Al
and Pb, along with current best calculations of mean stopping power. For Pb,
Lg(E) is accurate only above 100 keV (deviations above 1 MeV are due to the
density effect, discussed later). For lower energies, more accurate calculations
are used; see the summary in Berger and Seltzer [Be82]. If N is cm73, Lgisin
MeV/cm; if N is g, Lg is in MeV cm?/g.
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FIGURE 3.8 Electron mean collisional stopping power (excitation -+ ionization) in Al
and Pb. Solid: tabulated data in LLNL EEDL electron cross-section database. Dashed:
Bethe mean stopping power formula.

Equation 3.21 is based on the Mgller cross section (electron scatter-
ing from a free electron) and hence is intended to be valid only when
energy transfer is larger than binding energies, that is, at relatively high
incident energies. As K shell binding in Al is 1.55 keV, Ly becomes in-
accurate below a few keV in low-Z elements, and below some tens of keV
in high-Z elements. & is the density effect parameter introduced later by
Swann [Sw38] and Fermi [Fe40]. Bethe’s original equation had & =0.
A concise summary of the theory and approximations is in the introductory
sections of [Be82].

The general behavior as a function of electron energy can readily be
understood. For nonrelativistic velocities, Lz behaves as 1 /vz, the logarithmic
terms varying only slowly. The momentum impulse Ap delivered by the
projectile’s field e/ r2:e/ (b*4+v°1%) to a target electron at a given impact
parameter b is Ap = f[e2 /(b*+v*)]dr o 1/bv, because the time over which
the field acts is ocl /v. As a result, the energy transfer to an atom at b, AE
Ap* o 1/b*, and the energy loss behaves as 1/v7.

The logarithmic terms arise in summing the energy transfer contributions
to all neighboring atoms. With N atoms/ cm’, the number of atoms per linear
centimeter in the annular ring between b and b + db to which the projectile
can transfer energy is N2wbdb, and the energy transfer to all of them is
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proportional to [AEN2whdb o [(1/b)°hdb o In(bmax/bmin)- Dmax is the
maximum impact parameter at which the projectile can impart at least
the atomic excitation or ionization energy and therefore transfer more than
Zero energy. b, is the minimum impact parameter which can be considered
consistent with the uncertainty principle. Jackson [Ja75] shows that
bmax ~ Y/{w,), where {w,) is the logarithmic average of the atomic shell
frequencies, and that by, ~ the larger of ¢*/ymv® and (/mc) \/2/(y — 1).

Consequently, the stopping power behaves as 1 /v2 for nonrelativistic
energies, reaches a minimum as v — ¢ (E ~ 1 MeV), and thereafter increases
only logarithmically with energy. The actual increase with increasing energy
is somewhat slower because of the density effect discussed presently, para-
meterized by the quantity & in Equation 3.21.

I, the target mean excitation energy, is an average over all atomic shells.
Different contributions from individual electron shells introduce shell correc-
tions to the Bethe theory. These corrections are especially important at low
energies and high Z, where inner shell ionizations do not contribute. Crude
estimates of the error introduced by omitting shell corrections at 100 keV
range from less than 1% for low Z to ~3% in Au. At 10 keV, errors appear to
be a few percent at low Z to ~20% in Au [Be82].

In spite of the low-energy 1 /v2 behavior, accurate calculations and data
above 10 keV show that on a given element the electron collisional stopping
power varies by only a factor of 10 from 10 keV to tens of GeV, with a minimum
of 1 MeV cm?/g-1.5 MeV cm?/g near 1 MeV in most materials. In addition,
with the exceptions of H and He, at a given energy the collisional stopping power
varies by only a factor of 3 as Z varies from 3 to 99. Figure 3.9a plots the
collisional stopping power for CH, and six elements vs. E, and Figure 3.9b for
selected energies as a function of Z. Data for the figures were taken from standard
tables [NIST].

For electrons, minimum ionization occurs near 1 MeV or kinetic energy
~2mc?. As the Bethe formula, Equation 3.21, holds with only slight modifi-
cations for ions as well, where it is known as the Bethe-Bloch formula, ions
also exhibit their minimum ionization near the same velocity or kinetic
energy ~2Mc?, where M is the ion mass. Electrons or ions (or muons, etc.)
at energies near the minimum of the collisional stopping power, for instance,
with kinetic energy near twice their rest energy, are known as minimum
ionizing particles. A name for such particles evolved because in practice
many electrons and heavy ions occur near that energy (nuclear betas, cosmic
rays, etc.). Electrons near 1 MeV, protons near 2 GeV, and alpha particles
near 8 GeV are minimum ionizing.

dE/ds is a function of Z and E, and so forms a surface over the Z, F plane.
Collisional mean stopping power in all elements at all energies can be
displayed in a contour plot similar to the photon cross section contour
plots of Chapter 2. This graph is shown in Figure 3.10, for energies from
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FIGURE 3.10 Mean collisional stopping power contours (ionization + excitation).
Superimposed in heavy dot—dash lines are contours of the fraction (radiative stopping
power)/(total stopping power). (Data from EEDL.) This graph, in color and 11"x17"
paper, is available in high-resolution Adobe pdf format on the accompanying
CD-ROM. See Section 3.11.

1 keV to 1 GeV. Data for this figure are taken from the EEDL
compilation. The minimum energy loss plateau near 1 MeV in all elem-
ents (1 MeV cm?/g for high Z to ~1.7 MeV cm?/g for low Z) is evident.
H and He reach 3 MeV sz/ gor4 MeV sz/ g. The same quantity is shown
in Figure 3.11 with data taken from the tabulation by NIST, from 10 keV to 1
GeV.

Irregular structure at Z= 86 and at several other elements in both figures
is caused by the jump in atomic weight at those elements. When energy loss is
expressed as MeV per collision, there is no irregularity. At a fixed energy
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FIGURE 3.11 Mean collisional stopping power contours (ionization + excitation).
Superimposed in dot—dash lines are contours of the fraction (radiative stopping
power)/(total stopping power). (Data from [NIST].) This graph, in color and
11"x 17" paper, is available in high-resolution Adobe pdf format on the accompanying
CD-ROM. See Section 3.11.

below 1 MeV, as a function of Z, Figure 3.10 shows an approximate 10% jump
in energy loss in two elements, Z=46 (Pd) and 77 (Ir), relative to their
immediate neighbors. This is peculiar to the LLNL data set; it does not
occur in NIST data.

In Figure 3.11 one sees an increase in collisional stopping power at
the gases, Z=1, 2,7, 8,9, 10, 17, 18, 36, 54, and 86, not seen in the LLNL
data in Figure 3.10. This is because NIST has computed the density effect
parameter 9 (see later) and the stopping power of gases at their STP densities,
~1073 g/cm3. o is therefore smaller and the stopping power larger, than
neighboring solids. However, LLNL, in the EEDL database, has presented



194 An Introduction to the Passage of Energetic Particles through Matter

the stopping power for gases at a density near 1 g/cm’. This database
is intended for use in electron transport codes. When elements that are
gases at STP (H, N, O, etc.) occur in solid or liquid compounds, a nominal
density for them of the order 1 g/ cm? is appropriate in those cases of transport
through the condensed media in which they are constituents. This high density
is not appropriate for actual gases. As discussed later, this choice causes at
most a few tens of percent difference in energy deposited (by collisional
stopping power) and causes very little difference in total stopping power
because Bremsstrahlung dominates at high energies where the density effect
is important.

The same effect, the increase in collisional stopping power in gases where
the density effect is small, increases the total stopping power (collisio-
nal + radiative). Therefore, the ratio (radiative)/(total) has dips at the gases.
This causes the local rises in the ratio curves in the NIST Figure 3.11 but not
in the LLNL Figure 3.10. The same will be seen in later contour graphs.

3.5.2 Density EFFecT

Overall, the mean collisional stopping power Lp is proportional to the atom
number density N. All other factors in curly brackets in Equation 3.21 are
independent of N except the quantity d.

Experiments on high-energy cosmic rays in the 1920s and 1930s showed
the actual stopping power in condensed media to be less than the original
Bethe formula (Equation 3.21 without 8) or its ion counterpart, the Bethe—
Bloch formula given in Chapter 4. Swann pointed out [Sw38] that the
dielectric constant in solids will weaken the field of the projectile and reduce
the projectile’s ability to transfer energy to target atoms in distant collisions.
This would reduce the stopping power.

The radial Coulomb field in vacuum of an electron of velocity v, in the
plane normal to its velocity and passing through the electron, at radius 7 is

ye

Ey=y (3.22)

A few atoms distant from a nonrelativistic electron (y = 1) passing through a
solid, say, at impact parameter r=b; =10 A, this field is Eo = 1.4x10°
(V/m). Nearby atoms are polarized by the field, so that the actual field at
by is E=Ey/s,, where &, is the material relative dielectric constant. E applies
a force eE=0.144/¢, (eV/ A) to an electron in an atom at lateral distance b.
A force of this magnitude does not distort the atom very much; the atom
experiencing this force will not rob the projectile of kinetic energy. However,
when the projectile is relativistic, y > 1, and eE can be many eV per A,
enough to excite or ionize atoms near the electron path, contributing to the
electron excitation and ionization stopping power. Then, Eq, E, and their differ-
ence can be substantial. The effect of this difference on collisional stopping
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power is known as the density effect, since it becomes important at relatively high
material densities (and at high energies). The effect was first pointed
out by Swann [Sw38] and calculated by Fermi (Fe39, Fe40), with later
developments by Wick [Wi43] and by Halpern and Hall [Ha40, Ha48]. A
brief account is given by Jackson [Ja75] (see also Bethe and Ashkin, [Be53]
Crispin and Fowler, [Cr70]; Berger and Seltzer, [Be82]; and Sternheimer
et al., [St82, St84].)

This polarizing density effect is conveniently incorporated in the Bethe
stopping power formula via the parameter 8. 8 is a function of the element
(through the ionization potential /), material density, and particle energy,
6 =46(1, p, E). Thus, tables of electron collisional stopping power must specify
the target density at which the stopping power is tabulated and should
specify what value is used for /.

0 can be expressed in terms of the material dielectric constant over all
frequencies or in terms of the atomic energy levels and oscillator strengths
[St52, St82], but the general expressions are not very illuminating. The
expression simplifies in the relativistic limit, y> 1, to

2 2
Y oy } ~1, (3.23)

SZIn{ 2

[Be82] where w,, is the plasma frequency of all electrons, wlz,:41're2NZ/m,
and N is the atom number density. 7w, is between 10 eV and 100 eV for
elemental solids and <1 eV in STP gases.

For y>> 1, the logarithm term in Equation 3.21 is 1n[y3(mcz)2/ 212]; at
high energy, the largest term in curly brackets in Equation 3.21 increases as
3Iny except 8. When & (Equation 3.23) is subtracted from it, the / dependence
drops out and a term 2Iny is subtracted. One is left with ln[y(mcz)z / 2(hw1,)2],
and at high energy the curly brackets increase only as Invy instead of 3Invy,
making it appear that the density effect should reduce the stopping power by a
factor of 3. However, because (mcz)2 /2( hwp)2 >107, its log is greater than or
comparable to Iny up to ~5000 GeV, and the reduction in stopping power
due to the density effect is actually modest, rather than a factor of 3. In Al,
for example, hw,=32.8 eV, and / =166 eV. At 1 GeV, 8 =10.92, whereas
the logarithm term in Equation 3.21 is 38.1. All terms included, in this
example the collisional stopping power including the density effect is 0.69
times the Bethe value without the density effect correction. In gases, when the
density effect is taken into account, near 1 GeV, the collisional stopping
power may be ~0.9 times the Bethe value with 6 =0.

As energy increases, the stopping power of electrons is reduced by the
density effect but it continues to rise slowly. As will be seen in Chapter 4, for
ions the density effect reduces stopping power, and at a sufficiently high
energy, levels it off to a constant value, the Fermi plateau. The reason for
the difference between electrons and ions lies in the maximum energy the
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projectile can impart to an atomic electron. An electron can impart half its full
energy to a target electron, but a heavy ion can impart only a small fraction of
its own energy.

The effect of 8 on collisional stopping power can be tens of percent, but
the effect on electron total stopping power (collisional plus radiative) is
minor. Figure 3.8 shows the collisional stopping powers in Al and Pb,
computed by the Bethe mean stopping power with 8 =0 (dashed lines) and
with & at its correct value for normal solid densities (solid lines). In each
element, differences above 1 MeV are caused by the density effect. At 1 GeV,
the difference is ~30%. However, at these high energies where d is important,
the primary energy loss mechanism is Bremsstrahlung. At 1 GeV in Al, 93%
of the stopping power is radiative; in Pb, 99% is radiative. The density effect
therefore has greater consequences on energy deposited in the material than
on energy lost to the projectile.

3.5.3 5-Ravs

In an ionization event caused by a primary electron of energy E, the struck
electron may be ejected with energy anywhere from 0 to E/2 (neglecting
binding energy). The more energetic of the two outgoing particles is consid-
ered the primary. Therefore, the ejected electron (called the knock-on elec-
tron) may have sufficient energy itself to travel some distance. Energetic
knock-ons are called &-rays, or (first-generation) secondary electrons, and can
do further ionization at some distance from the primary electron track. The
number and energy distribution of §-rays themselves are therefore of interest.

3.5.4 ENErRGY AND NUMBER DISTRIBUTION OF 3-RAYS

The production cross section on a single target electron for a secon-
dary of kinetic energy w, large compared with its binding energy (Mgller
scattering), is approximately [Be53]

do  oomc?

—=—, 3.24
dw  Bin? 3.24)

where B¢g=v/c of the primary, and 00:27r(e2/mc2)2:0.499 barn. Many
more low-energy secondaries are produced than high-energy ones. Maximum
secondary energy is W =E/2.

Per primary electron of energy E, we seek the number of secondaries
produced per g/ cm? that have energy greater than w, when w is much greater
than binding energy. The energy loss rate to secondaries with energy
greater than w is

dE
ds

w—dw =

" do N,oomc?
Ne J dw ngln(Wmax/w), (3.25)

>w
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so that the energy lost to secondaries with energy between w; and w, > w is

dE

dE _ Ngoome
ds

2
e In (w2/w1) (3.26)
Bo

wi—wy

In the &-ray spectrum, there is the same amount of energy in each decade of w.
Here, N, is the number of electrons per gram.

Energy dependence drops out of Equation 3.25 if we ask for the loss to
o-rays with energy greater than a fixed fraction of E or of wpy,, w=
EWmax =EE /2, with ¢ < 1. It is

dE
ds

_ Nyogme?

—= In(¢™") (3.27)

>EWmax

All relativistic primary electrons of energy E lose energy at the same rate to
knock-on secondaries with energy greater than a fixed fraction of E.

Arbitrarily choosing ¢é=1/e=0.368, and noting that N g(romc2 =
(Z/A)N sogmc* = 0.154(Z/A) (MeV cm?/g), we have

dE 27
— == 0077 MeV cm?®/g (3.28)

\
>0.184E

As 2Z/A =1, all relativistic primary electrons lose energy to 3-rays with
energy greater than about 0.18F at rate about 0.08 MeV cm? /g.
The average energy of a secondary with energy greater than w is

o JE/ZW d—gdw JE/z dﬁdw*E In(E/2w)  WWnax ln(wma">
— ), dw w o dw T 2(E2W) =1 wpax — W w

(3.29)
The number n(>w) of secondaries produced with energy greater than w is of
interest in applications, for it determines the maximum extent of ionization
radially from a narrow beam. m(>w) is defined by direct integration of
Equation 3.24, or by
wn(>w) = dE/ds|s

Then, from Equation 3.25 and Equation 3.29,

nGw) = (3.30)

dE/ds|_, _ Nyogme? (1 2)

B, \w E
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primary electron, in any material.

n(>w) is plotted in Figure 3.12. For example, for any primary with £ > 1
MeV, there is about 1 secondary produced per g/ cm? with energy greater than
0.07 MeV, and about 0.2 secondary with energy above 0.3 MeV. In the figure,
we have kept the correct value of By, but have set Z/A =1, so Ny =N,/2.
Therefore, the graph applies to any material, but n(>w) is slightly too high for
heavier elements.

Equation 3.30 shows the number of &-rays saturates for high incident
energies. No matter how energetic, no relativistic electron will produce, per
g/cm?, more than N,ogmc® /w = 0.154(Z/A) /w = 0.07 /w 3-rays with energy
greater than w(MeV) (dashed curve in Figure 3.12).

Consider, as a relevant example, betas streaming through air. The figure
also plots on the right axis the CSDA range of electrons of energy w in air. If
one asks for d-rays with range greater than, say, 10 cm in STP air, the range
curve shows their energy must exceed 0.09 MeV. The number curves then
show that any primary of energy greater than about 0.5 MeV will produce
about 0.8 d-rays per g/ cm? with energy greater than 0.09 MeV and hence with
the requested range. Alternatively, per meter of path in sea-level air, any
relativistic electron produces about 0.1 d-ray with a range > 10 cm. As
discussed briefly, these relatively low-energy &-rays are ejected at a rather
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large angle. Thus, a narrow beam of relativistic betas in air will be enveloped
in a cloud of secondary electrons extending out to many centimeters.

Similarly, the number of 8-rays produced per g/ cm? with energy between
Wi and Wy > W) is

( ) Nga'omc2 1 1
W —Wy)=—"— | —— —
e 2 B; W, wa

00711
a B(z) w1 %) ’ (331)
with w in MeV.

3.5.5 ANGULAR DIsTRIBUTION OF d-RAYS

Kinematically, the equal mass collision between the primary and the atomic
electron means that both electrons exit in the forward hemisphere, and non-
relativistically, when one exits at polar angle 6 (0 < 6 < 7/2), the other exits
at right angles to it (in the lab frame), at #' = /2 — . The energy of one is
w=E cos’0, and the other is E cos’¢ =E sin’0 = E—w.

For relativistic electrons, however, the w—6 relation is

Ecos? 6
w = s
1 4 (E/2mc?)sin’ @

(3.32)

which throws knock-ons more forward than in the nonrelativistic case. w/E
vs. 6 is shown in Figure 3.13. In this figure, the lower half, w/E <0.5,
represents the d-ray of energy w, the upper half the scattered primary of
energy E—w=E(l—w/E). The &-ray always exits at a larger angle and
smaller energy than the scattered primary. Nonrelativistically, the secondary
always exits at 6>45° but for a relativistic primary both the scattered
primary and the secondary d-ray can exit at <45°.

For E =10 MeV, for example, if we inquire of a primary that scatters at,
say, 12°, the figure shows it has wprim/E =0.7, or is 7 MeV. Therefore, the
secondary is wg. = 10—7 =3 MeV. Taking wg../E =0.3, the figure shows it
exits at 25°. If both exiting electrons have 5 MeV, each exits at 17° relative to
the primary. At 10 MeV, 17° is the maximum angle at which the scattered
primary can exit, and the minimum angle at which the 8-ray can exit.

Similarly, for an £=1 MeV primary, Figure 3.13 shows that &-rays of
energy w=0.1 MeV are produced at 65°, and will indeed penetrate to a
maximum cylindrical radius of the order of their CSDA range of 10 cm
(multiple scattering will make their average radial extent significantly less).

By inserting Equation 3.28 in Equation 3.26, we obtain the number of
d-rays, per g/cmz, produced at an angle less than #. This is shown in



200 An Introduction to the Passage of Energetic Particles through Matter

10 [ ! ! ! ! ! ! !
0.9 W\ NN SRR SRRRRR SRR FRRRRRS b b
0.8\ -\ <N\ SR e bt S S

07F NN NN
06 : N - TMeVN

wE

0.5 == ===lm = Am == = =X = E e A = e b e m e — e o el
L : : 3 100\ - :% Secondary |
0 et NN N NN

0 (deg)

FIGURE 3.13 In electron—electron collision, the energy w of the outgoing particle,
primary or secondary, normalized to the incident energy E, as a function of the polar
angle 6 of the outgoing particle. For example, a 1 MeV primary scattered to 600 keV,
w/E = 0.6, exits at 30°, and the 400 keV secondary, w/E = 0.4, exits at 41°.

Figure 3.14. Except for Z/A differing from % it holds for all materials. The
figure shows that no matter what the primary energy, and no matter what
the material, there is never produced more than 0.1 3-ray per g/ cm? at less
than 45°. Similarly, if one wishes more than 0.01 &-ray at less than 25°, one
needs £ > 9 MeV.

3.6 RADIATIVE ENERGY LOSS

When an electron is deflected by scattering from a nucleus or from an atomic
electron, it is briefly accelerated and can emit radiation. Its accompanying
energy loss is the radiative stopping power of the target material, and is
known as Bremsstrahlung. The cross section was first presented by Bethe
and Heitler [Be34] in the Born approximation and with the electron described
by the Dirac equation. Thorough summaries of the underlying theory are
given in [Be53, He54, Ev55, Ja75, Be82].

3.6.1 BREMSSTRAHLUNG CROSS SECTION

The cross section for producing a photon of energy k is commonly given for
the separate cases of a nonrelativistic incident electron and for a relativistic
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FIGURE 3.14 Number of 3-rays produced, per primary electron per g/ cm?, at polar
angle less than 6, in any material.

one. Screening of the nuclear Coulomb field by atomic electrons is important.
For the extreme relativistic (E.R.) case with no screening, the cross section for
an electron of kinetic energy E to produce a photon in energy interval
(k,k+dk) is

_ =20pr — o
dkdk (o))

k E2 3E,

E? 2F 2EE
dor dk {1 N } [2111 oFo
mc* k

— 1} (ER) (3.33)

where E,=E + mc? is the incident electron total energy, E' =E — k is the
scattered electron kinetic energy, and E,=E' + mc* =E, — k is the scattered
electron total energy. op = aZ*rt =73 / me?)? /137 is a convenient Brems-
strahlung cross-section unit. The cross section for producing low-energy
photons diverges approximately as 1/k. In this case of no screening, the energy
loss in dk, k(do/dk)dk, diverges as Ink, but this divergence no longer occurs
when screening is taken into account. Cases in which there is partial or complete
screening were separately computed by Bethe and Heitler, and formulas for
them are summarized in Bethe and Ashkin [Be53] and Heitler [He54].

In the opposite limit, the cross section for a nonrelativistic (N.R.) electron
on an unscreened nucleus is [He54]
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do 8 % mc?

° me
dak 398 % E "

2
[‘/E+ VE — i] (N.R.) (3.34)

Here too, the cross section for producing low-energy photons diverges ap-
proximately as 1/k, and the energy in photons also diverges as Ink. For both
nonrelativistic and extreme relativistic cases, screening by atomic electrons
makes the energy transfer for small & finite. However, the 1/k divergence of
the cross section for the emission of low-energy photons (the infra-red
divergence) persists in the Born approximation, and is resolved only when
higher-order corrections are included [He54]. Equation 3.33 and Equation
3.34 together are known as the Bethe—Heitler formula.

Scattering with the emission of Bremsstrahlung may also occur from
atomic electrons as well as from the nucleus. It is approximately the same
as the previous formulas with Z=1. Thus, the full atomic cross section is
proportional to Z(Z+1), with minor corrections noted [Be53, He54].

Including screening effects on nuclear Bremsstrahlung, and scattering
from atomic electrons, one can present the cross section for producing
photons of energy greater than some minimum k,,. This is the k integral of
do/dk and behaves roughly as Ink,. The EEDL database tabulates this
integrated cross section for k,, =0.1 eV. Figure 3.15 shows it as a function
of incident electron kinetic energy E in several elements, with the factor
Z(Z+1) scaled out. The maximum photon energy in each case is E. At
low energies, the 1/E dependence in Equation 3.34 dominates. At energies
above the minimum near 1 MeV, the cross section increases roughly as InFE,
as the upper limit of the integral of Equation 3.33 is E.

3.6.2 RADIATIVE STOPPING POWER

For an electron of kinetic energy E, the number of Bremsstrahlung photons
with energy between k; and k, is approximately proportional to [dk/k ~
In(kp/ky). That is, in Bremsstrahlung, there are roughly equal numbers of
photons per energy decade (as opposed to equal energy per decade in d-rays).
The distribution of photon energy, kdo/dk, is roughly a constant up to
maximum energy E.

The mean rate at which the electron loses energy to Bremsstrahlung in
a target of atom density N, (g7") is the radiative stopping power,
Ngfgk(do/dk)dk (MeV cm?/g). It is shown in Figure 3.16a as a function
of electron energy E for several elements, and in Figure 3.16b as a function of
atomic number at selected energies. Contours for all £ and Z are in Figure 3.17.
Also in Figure 3.17 are contours (dot-dash) of the fraction of radiative to total
stopping power. The critical energy corresponds to the curve labeled 0.5. It
is greater than 100 MeV for Z <7, and less than 10 MeV for Z > 80.
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photons with energy greater than 0.1 eV. Maximum photon energy in each case is E.
(Data from EEDL.)

For relativistic electrons, Equation 3.33 when integrated on kdk shows
that the unscreened, nuclear radiative stopping power is approximately pro-
portional to the electron energy E,~ E. Thus, the energy loss rate is propor-
tional to the energy, dE/ds= —F/X,, and the energy drops a factor e in a
fixed distance. That distance is called the radiation length, usually denoted by
X,. It is given approximately by [Be53]

1 , 183

It is an important parameter for extreme relativistic electrons, in which almost
all the energy loss is to Bremsstrahlung. X, is about 36 g/ cm? in air or water,
and about 5.8 g/ cm? in Pb. Thus, a 1 GeV electron beam is reduced to about
370 MeV in 285 m sea-level air, or in 36 cm water, or in 0.5 cm Pb.

Per atom, the Bremsstrahlung cross section and energy loss are roughly
proportional to Z(Z+1), whereas collisional energy loss is < Z. As the atom
density per gram, N,/A, is roughly proportional to 1/Z, Bremsstrahlung
energy loss in bulk matter, when expressed per g/ cm?, is more nearly
proportional to Z, and collisional energy loss is roughly independent of Z.
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vs. Z for selected energies. (Data from [NIST].)
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In Bremsstrahlung off a nucleus, momentum need not be conserved
between the incident electron and the outgoing electron plus photon. The
recoiling nucleus can take up any amount of momentum with essentially no

energy penalty.

3.6.3 ENERGY AND NUMBER DISTRIBUTION OF BREMSSTRAHLUNG PHOTONS

As with knock-on secondary electrons, the average number of photons pro-
duced per g/cm2 and their energy distribution, or at least their average
energy, is of interest in radiative energy loss. Their energy distribution is



206 An Introduction to the Passage of Energetic Particles through Matter

discussed in [Be53] and [He54]. Because of the infrared divergence, their
average number is infinite, their average energy zero, the product finite, such
that the energy lost from the primary electron to photons is finite.

With k the Bremsstrahlung photon energy, let do/dk be the differential
(in photon energy) cross section (nuclear and electronic) on an atom, given
in first approximation by Equation 3.33 or Equation 3.34. At low energies,
k — 0, do/dk diverges as 1/k. There are approximately equal numbers of
photons per decade of k, and therefore, most radiative energy loss goes into
relatively few energetic photons. The distribution of energy in photons,
kdo /dk, is only a slowly varying function of k.

The full energy spectrum of Bremsstrahlung is given by Heitler [He54,
§25], and is tabulated for all elements in [Se86]. Figure 3.18 shows how
kdo/dk differs from a constant for Be, Al, and Pb, for 1 MeV, 5 MeV, and
10 MeV electrons.

The number of photons with energy greater than k, or between k; and k,,
and their average energies are of interest. The radiative energy loss of an
electron of kinetic energy E is

Normalized photon spectrum

[~ " E= Egjeciron (MeV) ~vu -+ """" P

02 T

0.1

00 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I
0.0 041 02 03 04 05 06 07 08 09 1.0
(Photon energy)/(electron energy), KE

FIGURE 3.18 Bremsstrahlung energy spectra data for Be, Al, and Pb at incident
electron energies 1 MeV, 5 MeV, and 10 MeV. Plotted is kdo/dk normalized to its
value at k= 0; only the shape is significant in the figure. (Data from [Se86].)
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dE E do

LgB) = — =N k—dk, 3.36
a®) <ds>radialive gJO dk ( )

where N, is the number of target atoms per gram, and is the quantity plotted in
Figure 3.16 and Figure 3.17. Radiation to photons of energy greater than k,
L,4(>k), is given by the same expression with the lower limit replaced by %,

E

d
Lrad<>k)=NgJ i

. Jdk (3.37)

The number of photons emitted per g/ cm? with energy in (k,k + dk) is (dn /dk) -
dk=N,do /dk - dk, whereas the number with energy greater than  is

E
d
n(k) = N, J d—(/:dk. (3.38)
k

To generate useful plots, we now approximate the k& dependence of do/dk.
Figure 3.18 shows kdo/dk is more nearly proportional to (1—k/E) than
independent of &, so we set

kdo /dk = [k do/dk]o(1 — k/E). (3.39)
Using this in Equation 3.36, we obtain its value at k=0

[Nk do/dk]y = % (3.40)

in terms of the known radiative energy loss rate. The remaining integrals in
Equation 3.37 and Equation 3.38 can now be done. The loss rate to photons of
energy greater than k is

2
Luaa(>K) = (1 —2) Lua(E). (3.41)

The number of photons produced per g/ cm? with energy in (k,k + dk) is

dnk)  do 2Ly k\ dk
d—kdk—Ng dkdk— E <1 E) = (3.42)
while the number with energy greater than £ is
2L paa(E
n>k) = rad(E) [In(E/k) — (1 — k/E)]. (3.43)

E
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In Figure 3.19a, we plot n(>k) for Al and Pb, using tabulated values for
L..q(E). For example, in Al, for a 10 MeV primary electron, there are about
0.32 Bremsstrahlung photons produced per g/ cm?” with energy greater than 10
keV, but only 0.03 with energy greater than 3 MeV.

Similarly, the number of Bremsstrahlung photons produced per g/cm2
with energy between k; and k, > k; is

2La4(E) ky — ky
Nk — ky) = = |In (ko /ky) — . (3.44)
E E
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FIGURE 3.19 (a) Number of Bremsstrahlung photons with energy greater than &,
produced per g/ cm? in Al and Pb. (b) Average energy of photons so produced.
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The average energy k of photons whose energy is greater than k is

Lia(>k)  E (1 — k/E)?

k= n(>k) 2 In(E/k) — (1 —k/E)’

(3.45)

independent of material. k is shown in Figure 3.19b. For a 10 MeV electron in
any material, the average energy of photons with energy greater than 3 MeV
is 5 MeV.

3.6.4 BREMSSTRAHLUNG ENERGY SPECTRUM DATA

Detailed measurements and comparisons of theories have been done by
Seltzer and Berger for the energy spectrum of Bremsstrahlung photons in
all elements [Se86]. Figure 3.18 plots a selected set of those data for Be,
Al, and Pb at three electron energies. In the figure, we have divided the tabu-
lated spectra by their value at k=0, and plotted these normalized spectra.*
Equation 3.40 shows how the value of kdo/dk at k=0 is related to the
known radiative energy loss rate under the approximation kdo/dk=
[kdo /dk]o(1—k/E). Figure 3.18 shows that the dependence is not exactly
(1—k/E). However, for purposes of estimating Bremsstrahlung from energetic
electrons, the curves as presented in Figure 3.19 using the approximate (1—k/E)
dependence are quite satisfactory.

3.6.5 ANGULAR DISTRIBUTION OF BREMSSTRAHLUNG PHOTONS

Because of momentum take-up by the recoiling nucleus, the incident electron,
the photon, and the outgoing electron need not all lie in one plane. The
angular distribution of photons emitted in Bremsstrahlung is therefore com-
plicated. It simplifies for relativistic energies, which is usually the case of
interest [Be53, Section 2.B.3]. Most of the quanta emitted by an electron of
high-energy E are emitted at small angles. The average angle of emission is
about

I’)’lC2

Poe = E e

(3.46)

independent of the energy of the emitted photon. The larger E, the more
forward-directed are all photons.

3.6.6 RADIATIVE YIELD

The radiative yield Yx is the fraction of an electron’s initial energy that is lost
to radiation by the time the electron has come to rest. The remainder is lost to

*Tables in [Se86] give the scaled cross section (8%/Z%) kdo/dk (8 = v/c of the incident electron).
As k — 0, these have various values, not near unity, for different elements and for different E.



210 An Introduction to the Passage of Energetic Particles through Matter

collisional excitation and ionization. The energy lost to radiation of an
electron of kinetic energy E is

dE (dE/ds)aa JE Loa(E) .,
Ew=|l—) ds= |24 = dE', 3.47
d J (ds>md : J @A) Jo Lra(E) 347)

and the radiative yield is Yr = E,,q/E. Here, L;,g = (dE/ds);aq is the radiative
stopping power, Equation 3.36, and Lty = (dE/ds)roi=(dE/d$)pea +
(dE/ds)con is the total stopping power.

Yr is shown in Figure 3.20a for several elements vs. E, and in Figure
3.20b at selected energies as a function of Z. Contours of Yy, for all £ and Z are
shown in Figure 3.21. A 10 MeV electron entering aluminum, for example, at
first loses energy to radiation at a rate of about 0.28 MeV sz/ g (Figure
3.16a), about 15% of its total loss rate (collisions plus Bremsstrahlung). As it
slows down, Bremsstrahlung becomes a smaller fraction of its stopping
power. By the time it reaches the end of its range (~6 g/ cm?), a total of
only 0.75 MeV (7.5%) has been lost to photons (Figure 3.20a) and 9.25 MeV
to collisions.

3.6.7 PHOTON NUMBER YIELD

We have discussed the rate of production of photons of a given energy when
the electron has energy E. The number of photons produced in energy interval
(k,k + dk), per g/ cm? traversed, is (dn(k) /dk)dk. As the electron slows down
and comes to rest, the cumulative sum of these photons is the photon number
yield Y.

In Chapter 2 we discussed the creation of an electron flux by a photon flux
by photoelectric absorption, Compton scattering, and pair production (the 1%
rule). Electron radiative energy loss gives rise to the opposite process:
creation of a photon flux by an electron flux via Bremsstrahlung. The photon
production rate is given in Equation 3.42. As the Bremsstrahlung spectrum
diverges for k — 0, one can speak only of the number of photons of energy
greater than a specified value.

Let dn/ds=m(>k) be the number of photons with energy greater than
k produced per g/cm?® at electron energy E. Then the yield of photons of
energy greater than & from an electron that has come to rest starting with
initial kinetic energy E is

dE/, (3.48)

dn Jdn/ds dE — JE nCck)
ds

Ya(>k) = Jd” = J_ds ~ JdE/ds & Lra(E)

where n(>k) is given in general by Equation 3.38 and in our approximate fit
by Equation 3.43. Using the fit, Y, is plotted in Figure 3.22 for Al. The upper
panel (a) shows the total number of photons Y,(>k) with energy greater than
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FIGURE 3.21 Contours of electron radiative yield for all elements.

k, for selected initial electron energies. The lower panel (b) shows the same
quantity as a function of electron energy, for selected values of k. By the time
it comes to rest, a 10 MeV electron in Al has emitted about 0.22 photons of
energy greater than 1 MeV.

The average energy of these photons is also of interest and is shown in
Figure 3.23. The 0.22 photons of energy greater than 1 MeV from an initial 10
MeV electron have an average energy of 2.3 MeV.
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energy greater than & vs. & for selected electron energies E; (b) vs. E for selected k.
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Likewise, the number yield of photons in energy interval (k,k + dk) is

dY,(>k)
dk

_ dk (¥ dE' Lua(E")

Tk L E' Lo (E)

E /
dk:ko dE”_dn(®)

yn(k)dk = — L DralE) dk

21 = k/E) (3.49)

For a given material, approximations or fits of L,,4(E)/Lt(E) as a function of
E will permit a simple expression for y,(k). For example, over a wide energy
range in Al, the ratio of radiative to total stopping powers is roughly propor-
tional to electron energy E:

1 Lrad (E )

— ~0.015 MeV~!, AL 0.1 MeV < E < 30 MeV (3.50)
E Lt (E)

In Be, this ratio is roughly constant at 0.005 MeV ' over an even wider range,
0.05 MeV< E < 100 MeV, indicating that Be has a photon number yield only
about one-third that of Al over these energies. With fits like these, one can
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obtain an approximate expression for the differential photon number yield
over interesting energies.

3.6.8 ExampLe oF THE UTILITY OF PHOTON NUMBER YIELD: PENETRATION
OF AN ALUMINUM SLAB

Photon number yield Y,(k) is discussed in relation to shower theory for
extremely energetic electrons (Ro41, Be53). Here we discuss an example of
its utility for less energetic electrons.

Electrons are stopped in Al after they have traveled about one range
against total mean stopping power. If the Al slab is thicker than the range,
those incident electrons cannot penetrate to the other side.

However, energetic electrons can transfer their energy to Bremsstrahlung
photons, which penetrate further than the electrons themselves, and can convert
back to other electrons by Compton scattering. These second-generation
electrons can then exit the far side of the Al slab. In this way, electrons can
exit the far side even if the slab is thicker than the primary electron range.

Here we show a simple, approximate, analytic way to understand the
process, and obtain the rough dependence on the primary electron energy.

3.6.9 ALUMINUM PARAMETERS

Figure 3.24 shows the mean forward range of electrons in Al (calculation of
the mean forward range is discussed later; Figure 3.30a in Section 3.8 is their
CSDA range). Figure 2.55 shows the mfp of photons. A 5 MeV electron, for
instance, has a mean forward range of about R, =1.8 g/ cm? and a maximum
(CSDA) range of about R=3 g/ cm®. The mfp of a 1 MeV photon is
~16 g/ cm?, much greater than R.

Thus in a thick slab, we have the picture sketched in Figure 3.25. Mono-
energetic electrons entering from the left with kinetic energy E, penetrate to a
mean depth equal to their mean forward range R,¢(E,), and a maximum depth
equal to their CSDA range R. Along the way, photons of energy less than E,
are emitted. The flux of photons builds up out to R(E,). After that, only the
photons continue, where they slowly, continuously interact by the photoelec-
tric effect, by Compton scattering, and by pair production, ejecting new
electrons. At electron energies usually of interest, Compton scattering is the
dominant process.

Bremsstrahlung produces photons of energy from 0 to E,. We need not be
concerned with those low-energy photons, the mfp (against the photoeffect) in
Al of which is short compared with R(E,), for they will be converted in a short
distance to low-energy electrons, the range of which is also small compared
with R(E,) and hence will not contribute to the secondary electron flux at an
interesting depth.
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FIGURE 3.24 Approximate electron mean forward range in several elements.
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FIGURE 3.25 Depicting primary electrons producing Bremsstrahlung before the end
of their range, and the photons reconverting to electrons by photoelectric, Compton,
and pair production scattering. For simplicity, multiple elastic scattering of the inci-
dent electrons is not shown.
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3.6.10 FIrRST APPROXIMATION

Let the monoenergetic primary electron flux be f,(E,) (electrons/ cm? /sec) at
kinetic energy E,, and let Y be the number of photons produced per primary
electron with energy great enough to penetrate to interesting depths beyond
the primary electron range (at £, =5 MeV that corresponds to k greater than
k,~0.03 MeV). Y=Y,(>k,) is the photon number yield of interest. Then
beyond the primary range the flux of photons is

fy = Yfo(Eo) (photons/cm” /sec) (3.51)

This photon flux creates Compton electrons at a rate f,,/A¢ (electrons/g/sec),
where Ac (g/ cm?) is the mfp against Compton scattering.

In steady state, the forward-directed flux of Compton electrons (the
secondaries that may exit the far surface of the Al slab) is just their mean
forward range R s times their production rate:

v RufY
S p— Rm —_— = 0 p— 0s . 2
fo = R 5= 1 o = & (3.52)
where
R
'3 Ac (3.53)

is the ratio of forward-directed secondary electron flux to primary flux.
& as a function of E, is the quantity of interest, at least in this simp-
lified discussion. The secondary electron flux is the primary flux times
the photon number yield Y, times the ratio Ry¢/Ac of electron to photon
ranges.

As a numerical example, consider an incident electron of E, =35 MeV; its
ranges R,r and R were given earlier. Present considerations apply when slab
thickness exceeds R. Suppose slab thickness is 10 g/ cm” ~ 3R.

The number of Bremsstrahlung photons with energy greater than 0.03
MeV is obtained from Figure 3.22a, ¥ =0.45 photons per electron. Their
average energy is k,,~0.6 MeV (Figure 3.19b). At this energy, Compton
scattering dominates photoelectric absorption, and pair production is not
possible; therefore, the mfp against Compton scattering is the same as the
mfp against total scattering. From Figure 2.55 this mfp is Ac(kay) =13 g/ cm?.
From Figure 2.24, in Compton scattering the average electron energy at this
photon energy is T,, = 0.36 k,, =0.22 MeV. The mean forward range of this
average Compton electron is R, =0.032 g/ cm? (Figure 3.24). Putting these
numbers into Equation 3.53, find
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FIGURE 3.26 Number of electrons exiting a thick Al slab (1.5"), per incident
electron, by conversion of incident electrons to Bremsstrahlung, and back to electrons.
Solid curve is computed by the ITS Monte Carlo code (Doughty and Hawxhurst,
[Do01]). Dashed curve is the analytic approximation of Equation 3.59.

0.032
f:Txo.zxs =1.1x1073, (3.54)

somewhat larger than the value 8 x 10~* from a calculation with the Integrated
TIGER Series (ITS) codes (Ha92, Do01) (see solid curve in Figure 3.26).
Given the crudeness of the procedure and the use of an average Bremsstrahlung
photon energy, one is pleased with better than a factor of 2 agreement.

3.6.11 IMPROVED APPROXIMATION

Although the previous discussion provides a crude first estimate, it is not
difficult to improve on it with a more thorough semianalytic calculation. The
dependence on E, can be obtained, and the contribution from all photon
energies k can be included without having to introduce a value for k.
Equation 3.49 is the number of photons y,(k)dk in energy (k.k + dk).
These attenuate in an mfp At against any scattering, and so at a distance s
beyond their birth, the photon number is reduced from y,(k) to
ya(k)exp(—s/Aro). As the mfp of all but the least energetic photons generally
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exceeds the electron range, s may be measured from the end of the range of
primary electrons.

The mfp of Bremsstrahlung photons is A(k). The Compton electrons
have average energy T,,(k), and a mean forward range R,¢(T,,). Summing
over all k, we have for the ratio &, as an improvement to Equation 3.53,

£ E
[ g Bt T k) yagum 1 J °dE Lug(E) 5
g B kain ak AC(k) ¢ k % E L1y (E) 2(1 k/E) (3.55)

Interchanging orders of integration,

2(1 — k/E)e™*/Aa® —(3,56)

6 o JEO d_E Lyaa(E) JE % Rt (Tay (k)

o E Ltot(E) )iy K Ac(h)
This integral is an expression for the number of secondary electrons, per
incident electron, that are created by Bremsstrahlung of the primaries. It is not
yet an expression for the number of electrons that penetrate a slab; slab
thickness has not entered. However, if the slab is thick compared with
maximum electron range R(E,), yet thin or comparable with the Compton
mfp of an average Bremsstrahlung photon, Equation 3.56 is the number of
electrons that penetrate the slab. As the Compton mfp is much greater than the
electron range, a wide span of thicknesses falls in this category.

Over an interesting energy range of the incident electron, say 1 <E, <
15 MeV, we may obtain a rough approximation to the integral Equation 3.56.
For present purposes, to illustrate concepts, we sacrifice accuracy for simpli-
city, and approximate the dependencies of the various factors in the integrand
by simple power laws, allowing the integral to be evaluated. However, this
prepares us to expect imperfect dependence on E,,.

To approximate the Compton mfp Ac(k), we appeal to the Compton cross
section in Figure 2.40, which is 1/A¢. Recalling there are many more low-
energy Bremsstrahlung photons than high-energy photons, so that our
approximation to A should emphasize lower energies, a rough fit to
1/Ac(k) over the interesting energy span is proportional to 1/\/k, or

Ac(k) ~ Ak, (3.57)

where A; =16 g/ cmz, and with k£ in MeV. A fit to T,,(k) is obtained from
Figure 2.24; we use the approximation Tav(k)/kz0.42kl/ 3, or Ty~
0.42k*. We then fit the mean forward range R,«(T) in Figure 3.24. The
Compton electrons have lower energy than the Bremsstrahlung photons, so
we use a fit appropriate for energies relatively low compared with E:
Rm(T) =~ 0.3T"*, with energies in MeV. These crude approximations are
motivated by a desire to reduce Equation 3.56 to a simple expression; better fits
would result in a more accurate but more complicated expression for &(E,).
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Concentrating on photons with a large enough mfp to produce Compton
electrons far enough downstream, we may ignore the attenuation factor
exp(—s/Artoy)- Then with these fits, the k integral in Equation 3.56 is evaluated
to be 3.0x 1O*3E1'433, so that

Fo Lra
£=3.0x10"3 J dEEY433 = (3.58)

9
0 LTot

where we have now safely replaced k.,;, by 0. We may invoke Equation 3.50
to approximate the ratio L;,q/Lt, and obtain

£=19x107°E% (3.59)

with E, in MeV. In this approximation, £ is proportional to E-**. Equation 3.59
is plotted in Figure 3.26 (dashed line).

This simple calculation shows that the total current transmitted through a
slab thicker than the incident electron range, but thinner than the Bremsstrahl-
ung photon mfp, is nearly proportional to the incident electron energy to the
power 2.43. Equation 3.59 agrees reasonably with the results of ITS simula-
tions. Figure 3.26 compares expression (Equation 3.59) with the ITS calcu-
lation for slab thickness 10 g/ cm? [Do01]. The simple estimate is surprisingly
good above an incident electron energy of 5 MeV. Near E, ~ 1 MeV the
lower-energy Bremsstrahlung photons can be absorbed too soon; the factor
exp(—s/ Ao should be restored and will reduce the 1 MeV transmission to a
value closer to the ITS results. The Monte Carlo simulation shows that the
transmission of 1 MeV electrons is only about half our estimate.

This exercise, of course, is not intended to exhibit much accuracy, but
is to illustrate the physics of electron—photon—electron conversion and the
utility of photon number yield, and to show how relatively simple analytic
calculations can provide estimates and physical understanding of Monte
Carlo results.

The penetration of a target thicker than the primary electron range is an
(somewhat extreme) example of the different positional dependence of stop-
ping power and kerma vs. energy deposition.

3.7 TOTAL ENERGY LOSS AND MEAN RANGE AGAINST
TOTAL STOPPING POWER

The sum of collisional and radiative energy losses is the total stopping power.
It is shown in Figure 3.27a as a function of electron energy for several elements
and in Figure 3.27b as a function of Z for several energies. Figure 3.28 shows
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for several elements; (b) vs. Z for selected energies.
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FIGURE 3.28 Electron collisional, radiative, and total stopping powers in aluminum.

the total for Al, with its collisional and radiative components; they are equal at
50 MeV (critical energy). Contours for all £ and Z are shown in Figure 3.29.

The CSDA mean range R, Equation 3.20, against total stopping power is
shown in Figure 3.30a for several elements as a function of electron energy E,
and in Figure 3.30b for several energies as a function of Z.

Contours of the CSDA range R(Z.E) for all elements over an interesting
range of energies are given in Figure 3.31. In essentially all materials, a 1 MeV
electron has a track length of between 0.6 g/ cm” and 0.8 g / cm?. The ratio
R/E varies by only about a factor of 20 over the entire range of Z and E.

Except for energy loss straggling, the CSDA range R represents the
maximum path length taken by an electron. In most instances, the spreading
of the electron position owing to multiple scattering is much more important
than the spreading caused by energy loss straggling, especially at lower
energies and near the end of its path. Regarding the ways of using electron-
stopping power in Monte Carlo transport calculations, see [Be88b].

3.8 MULTIPLE ANGULAR SCATTERING

In addition to losing energy, electrons scatter in direction, and undergo a
directed random walk. Their mean forward progress will then be less than
their total track length.
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FIGURE 3.29 Electron mean total stopping power in all elements. Elements are
at STP densities. Superimposed in dashed lines are contours of the fraction (radiative
stopping power) /(total stopping power). Humps in these lines are at STP gases, and are
caused by larger collisional stopping power in denominator. (Data from [NIST].) This
graph, in color and for 11" x 17" paper, is available in high-resolution Adobe pdf
format on the accompanying CD-ROM. See Section 3.11.

Multiple scattering often dominates electron motion in passing through
matter. For an energetic electron, scattering effects build up as the electron
slows down. At first, when still at high energies, the scattering causes a colli-
mated beam to diverge only slowly in angle. By the time it has lost a significant
fraction of its energy, the mean deviation from its original direction is no
longer small and the forward progress occurs by a random walk.
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FIGURE 3.31 Contours of electron CSDA range against mean total stopping power
(collisional + radiative) in all elements. (Data from [NIST].) This graph, in color and
for 11" x 17" paper, is available in high-resolution Adobe pdf format on the accom-
panying CD-ROM. See Section 3.11.

An 800 keV electron has barely enough energy to penetrate a 1/16” Al
slab. This slab thickness is 0.43 g/ cm?, the mean range R = Rcspa against the
total stopping power of an electron of that energy. Because of scattering,
however, the vast majority of incident electrons will not exit the slab. By the
time the electron is only 0.12 g/ cm? into the Al, an originally directed pencil
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beam has diverged to a mean angle of about 1 rad, and thereafter proceeds
through the slab as much by diffusion caused by repeated scattering as by dint
of its original momentum. Along its tortuous path, stopping power brings it to
rest before exiting. Its average penetration depth is only about 0.2 g/ cm?, less
than half the slab thickness. In order for a pencil beam to pass through a 1/16"
Al slab and exit still well enough collimated to resemble a beam, with a
divergence angle of no more than, say, 20° (divergence cone half angle), the
electron energy must be > 6 MeV. These statements will be substantiated in
the following.

Because of scattering (and energy loss straggling) an electron will end
up at the end of its track distributed in a cloud about a mean end point.
The particle’s mean forward progress in its original direction is called its
projected range or its mean forward range (sometimes the average
penetration depth [Fe96, Ta98b]. The ratio (projected range)/(CSDA
range) <1 is called the detour factor. It is a useful figure of merit
indicating the relative importance of multiple scattering in relation to
stopping power. Semiempirical formulas for the electron detour factor or
projected range are given by Tabata and coworkers [Ta96a, Ta98b] and
earlier references cited therein. For heavy ions, but not for electrons, the
detour factor is tabulated in [NIST].

The track length R can be larger than the projected range by a factor of 5 or
more for high-Z targets, even at several MeV, but for low Z at several MeV,
the track length is closer to 1.5 times the projected range. As mentioned, the
mean range R (Equation 3.20), is the mean range against stopping power, but
is the maximum range as regards scattering. Scattering can so reduce the
projected range relative to R, that some authors call R the extreme range.
Tables of the CSDA range R may therefore be of limited use and must be
applied carefully in a given application.

Along with mean stopping power, data on lateral and longitudinal
straggling (due to both scattering and spread in energy loss rate) of ions
are commonly tabulated (e.g., in the SRIM code [SRIM] or in [NIST].
Scattering affects electron motion much more severely than ion motion,
but its effects are less frequently tabulated. The reasons are due to the
interest in ion straggling arising from the need for accurate ion implantation
in semiconductors; energy loss placement in medical ion beam therapy; and
because, for electrons, it is not clear which of the many possible quantitative
measures of the distributed electron cloud is the most useful. For the most
part, one uses Monte Carlo computer simulations of electron transport. More
recently, however, Tabata and coworkers in Japan and Austria have
provided empirical analytic formulas for electron distributions and ranges
in most materials [Ta96a, Ta96b, Ta98a, Ta98b, ID03]. The Monte
Carlo code ITS (Halbleib et al., Ha92) is commonly employed for energetic
electron transport, and the code mc-set (Monte Carlo Simulation of Electron
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Transport, http: /www.napchan.com/), developed for application in electron
microscopy, is useful for less energetic electrons (<30 keV). Akkerman and
Gibrekhterman have presented a comparison of various Monte Carlo
schemes [Ak85]. Berger and Wang discuss multiple scattering and energy
loss straggling effects in Monte Carlo calculations [Be88a].

Stopping power and range-energy tables are commonly given. Stand-
ard tables of electron-stopping power and range have been prepared
by LLNL, and by Berger and Seltzer [Be82], updated at [NIST], and are
summarized here.

As a 10 keV electron has a range of the order of only a few pm in solids,
there is often little interest in smaller energies. But in low-pressure gases, the
motion of lower-energy electrons can be of interest. Energies below 10 keV in
low-pressure air are discussed later in this chapter.

3.8.1 WiLLiams, MoLIERE, AND GOUDSMIT-SAUNDERSON
SCATTERING

Since the elastic cross section exceeds 10* cm? /g (Figure 3.2), the
mean distance between scatterings above 1 MeV is less than 10~* g/cm2,
and less than 107> g/cm? near and below 100 keV. Thus, an electron
need transit a distance only of order 107> g/cm? (a few microns of Al) to
suffer many scatterings, and the multiple small-angle scattering theory is
applicable.

The three treatments of electron multiple small-angle scattering in wide use
are that of Williams [Wi39, Wi40], who employed the Born approximation
(see also Williams [Wi45], and Bethe [Be46]); that of Moliere [Mo47, Mo48],
who found that one could use the WKB approximation rather than the Born
approximation to circumvent low-energy and large-angle limitations imposed
by the latter; and that of Goudsmit and Saunderson [Go40], who use an exact
expansion in spherical harmonics. Williams’ is useful for estimates and
analytically simple. Moliére’s improves on large-angle scattering. Goudsmit
and Saunderson’s is exact at all angles, but less tractable analytically. The
general theory of multiple scattering is reviewed in a number of places [Ro52,
Be53, Be63, Bi58, Mo65, Ja75] with further original references contained
therein. Here we summarize Williams’ treatment.

3.8.2 WiLLiams’” THEORY

The conventional treatment of Williams’ method uses the Rutherford cross
section for individual electron—atom scattering, and assumes the scattering
angle 6 < 1. With it, the probability that, in passing through a thin layer dx of
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matter with atom number density N, the electron will scatter once through a
small angle in the interval (6, § + d6) is

d 2 Z2’2 8 ZZ 2 de

20) d0 = N dx "R dp = N dx— 210 §ing dg = Ndv—e e 2
do y?*B*(1 — cos 6) y2B* 6

(3.60)

and, for small-angle scattering, the mean square scattering angle occurring in
dx due to a single scattering is

(0% 4, = J 2(0)6°do
Omax 2.2
_ Ndx J 8wlry ,do
Omin 7234 03

8 Zz 2 max
= N T o gy (Omex).
')/ZB emin

(3.61)

O min 1s a small-angle cutoff arising from atomic screening introduced to handle
the small-angle divergence in the Rutherford cross section. It is usually taken of
magnitude O, ~ A/a=aZ"”?/yB, in which A=7/p is the electron reduced
wavelength, and a ~ a,/ Z"3 is the distance from the nucleus at which electron
screening is important. a, = / me® =0.529 A is the Bohr radius. But had we
started with the small-angle cross section in the form of Equation 3.14 already
incorporating screening effects, rather than the unscreened Rutherford cross
section, the minimum angle 6, (Equation 3.17) arises naturally. 6,,;, can thus
be taken to be f; one need not introduce it separately.

Omax is the largest angle to be considered a small angle in a single
scattering. Various models differ in the evaluation of this angle. Historically,
two experimental regimes were distinguished. One was the theory of multiple
scattering in the passage of an electron beam through “thin foils,” meaning
the foil was thin enough that energy loss to the electron was negligible but
that many small-angle scatterings occurred [Be53]. Then E could be held
constant in the calculation. The other was the opposite limit of scattering in a
thick medium. Here, as mentioned, scattering is severe and builds up to a
divergence angle exceeding 1.

In the thin foil, it is assumed that angles remain small. 6,,,, is treated as
that angle for which there is only one collision with 6 > 6, in traversing the
entire foil of thickness ¢. Then, Gﬁm is found to be [Be53]

2.2
> t4'rrNZ o _ e
max — 4 — Y1max’
v’B

proportional to .
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A second approach to setting 6,,.., preferred here, applies to electrons
continually progressing through material of any thickness. That is to notice
that at high energies a maximum scattering angle occurs because of the finite
radius r, of the nucleus. With r,, ~ O.SroAl/ 3 the approximate nuclear radius,
an estimate is [Ro52, Ja75]

Omax = X /1y & 280/ yBA' = 0y max.

At lower energies where 6,,,,x exceeds 1 rad, the maximum angle is taken
instead as 1 rad. The regime in which 6,,,,, should be 1 is common, for in air
(A = 14.5) or Al the electron must be more energetic than 50 MeV or 60 MeV
for A/r, to be less than unity. Thus, 0, for use in the equation is taken to be

(3.62)

280
Omax = min {1, ]

YBA'3

Rossi [Ro52] discusses other less common models for choosing 6,,.x-

After choosing minimum and maximum angles for single scattering, the
main goal of the theory is to determine how the mean angle of scattering
increases with distance traversed. As the electron progresses through the
medium, successive scatterings are independent, and by general principles
their variances add, and the distribution becomes normal. Thus, (¢) at x+dx
is equal to (6%) at x plus (6*) 4, and the distribution in angles after many
scatterings is Gaussian,

dn/do = (2/(6*)0 exp (— 6%/(67)),

with mean square angle (6). (6°) itself is obtained by summing the contri-
butions (6% ) 4, from Equation 3.6 over all layers dx. The result is the rate at
which (6?) grows as the electron moves through the medium,

2 2
d(%) _ BuN,ZZ + g | <9m> | 3.63)

ds Ay2B* 0

Here, N is replaced by N, /A, the target density per gram, and s is in g/cm?.
The growth in <02> due to elastic scattering from the nucleus is proportional to
72, whereas the contribution from atomic electrons is proportional to Z. Hence
7% has been replaced by Z(Z + 1) to include scattering from atomic electrons.

In Equation 3.63, 6, is given by Equation 3.17 and 6,,,,x by Equation 3.62.
The expression is approximate because of the arbitrariness in defining 6.,
and, especially at low energies and high Z, because the Born approximation is
of questionable validity. However, Williams’ theory is valid to lower energies
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than the conventional limit of the Born approximation because that approxi-
mation is valid to lower energies at small scattering angles than it is at larger
angles. The theory is useful for estimates. For an initially parallel pencil beam
of electrons of energy E, Figure 3.32 shows the rate of growth of the mean
square angle of divergence, d(6%)/ds, for several elements. The rate of
growth in most materials is of order 1 rad* cm?/g for electrons of 2 to 8 MeV.

Being a function of Z and E, d(#)/ds can be represented by contours in
Z,E space as was the case for cross sections and stopping powers. This
contour plot is shown in Figure 3.33, in units of rad® per g/cmz. In these
units, d(6%) /ds varies from roughly 10~* to 10* over most energies of interest
and over all elements.

At relatively low energy, where the stopping power is large, the scattering
rate builds up rapidly as the electron slows down. Therefore, in applications,
the stopping power, Figure 3.29 should be consulted along with d(6%)/ds. If
the angle growth is considered at an energy at which stopping power is large,
one must take into consideration the simultaneous declining energy.

As an example, we may reconstruct the conclusion at the beginning of this
paragraph, that a narrow 800 keV electron beam will diverge by about 1 rad in
0.12 g/cm? of Al From the figure one sees d(6?) /ds is about 8 rad” per g/cm?,
so that in 0.12 g/cm?, the beam will grow to (6?) ~ 8x0.12 =1 rad”. At the
same time, the electron is seen to be losing energy at the rate 1.5 Mchmz/ g,
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FIGURE 3.32 Rate of growth of mean square angle of deflection d(6?)/ds, in
Williams’ electron multiple scattering theory.
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Williams’ election multiple scattering, growth of mean square angle
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1072

FIGURE 3.33 Rate of growth of mean square angle of divergence, d(6*)/ds (rad*/
g/cmz) due to electron multiple scattering according to Williams theory.

and so will lose only about 1.5 x 0.12 ~0.18 MeV. If it lost much more
during the distance over which the 1 rad estimate was made, we would have to
take into account both that the scattering rate was increasing as the energy was
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decreasing, and that the electron path over which one needs the energy loss is
greater than the linear depth of penetration.

One can also read from the graph that if we wished the beam to diverge in
0.12 g/cm? of Al by no more than 6, = (6 >% equal to say, 20°~0.3 rad,
then (%) must grow to no more than ~0.1 rad®, and d(#?)/ds must therefore
not exceed 0.8 rad® cm? /g. The figure then shows the beam energy must be
3.5 MeV or greater. Alternatively, for a 1 MeV beam to diverge by no more
than 0,,,; = 20° in passing through an Al foil, the foil must be no thicker than
0.02 g/em*=7.4x 10" cm.

Although approximate, the Williams theory agrees with the more correct
Goudsmit—Saunderson theory to a few percent [Mo65]. It is much simpler and
useful for estimates.

3.8.3 ANGULAR SPREAD VS. ENERGY LoOss

As an electron progresses, its energy decreases and its angular spread in-
creases. The rate of increase of (6%) as E decreases is given by

d(6*) d@*)/ds
dE  |dE/ds|’

(3.64)

Taking angular increase from Equation 3.63 and collisional stopping power
dE/ds from the Bethe formula Equation 3.21, one has

d(6*) 4zZ+1) I
dE mc2'y2ﬁ2 ’
In (emax/gmin)

{ . } ’

(3.65)
r

where { ...} is the curly brackets in Equation 3.21. The Bethe formula and

Equation 3.65 are valid approximately above several tens of keV. Restricting

attention to energies <70 MeV in low-Z materials and <20 MeV in high-Z
materials, 0,,,,, may be replaced by 1.

Using E = (y—1)mc?, Equation 3.65 becomes
2
_ A0 _ @D
dy v2—1

(3.66)

Longmire noticed that the ratio I' is very nearly independent of E and Z over a
wide span of energies [Lo73]. '=0.27 + 0.02 from 1 keV to about 50 MeV in
light elements, and from several tens of keV to about 20 MeV in heavy
elements. Then d(¢%)/dy behaves as 1/E for nonrelativistic energies, and as
1/E? for relativistic energies.
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For constant I the full solution for any initial energy 7, to any final energy yis

yo—lerl)

Ty (3.67)

(0*) =2I'Z+ 1) 1n<

In the nonrelativistic case, as a directed beam of electrons slows from
Eo = (yo—1)mc* to E, its mean square angle grows from zero to

(0*) =2I'(Z+ D) In (%) (Ey < mc?) (3.68)

The spread in angle is controlled by the fractional energy loss. Every non-
relativistic electron loses significant memory of its initial direction ({67)
equals, say, 1) by the time its energy has dropped to E = &E,, where
&=exp[—1.85/(Z + 1)]. Here we have stretched the validity Equation 3.63
by applying it for (6%) ~ 1.

In the relativistic case, as a beam slows from vy, to 7y, with y also
relativistic, its mean square angle grows from zero to

1 1

(6%) _4F(Z+1)(y > 4F(Z+1)(%>. (E,E,>mc®)  (3.69)

o

For small energy losses, y,— v < 7., the mean square angle is proportional to
the energy loss divided by the square of the incident energy.

A simple application is to the passage of relativistic electrons through a
thin foil of material Z. For the transmitted beam to diverge by no more than
a small angle 6, = \/(6%), Equation 3.69 shows its energy loss must be less
than

(0°)ES

AE=——"""2° _
AT (Z + 1)mc?

(3.70)

favoring high incident energies and low-Z foils. To keep a 10 MeV beam from
diverging to no more than 6,,;=0.1 rad in passing through a typical plastic
foil ((Z) ~ 6), Equation 3.70 says its energy must drop by no more than 0.26
MeV. Since its stopping power is about L =2 MeV cm? /g, the foil must be no
thicker than t=AE/L=0.13 g/cm’.

If the beam is nonrelativistic, and we still require 6,,;,=0.1, Equation
3.68 says its energy must drop to no less than 0.9974FE,, or by 0.26 keV, if
E,=100 keV. As its stopping power is about L= 3.6 MeV cm?/g, the foil
must be no thicker than 1=AE/L=7x10"" g/cm?.
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3.8.4 PARAMETERS CHARACTERIZING THE SCATTERED ELECTRON
DisTRIBUTION IN A THICK MATERIAL

In a thick target material, the mean square scattering angle <92> grows to
exceed unity, and a theory of multiple small-angle scattering is no longer
applicable. The electron motion changes from a slowly diverging directed
motion to a random walk at all angles through the material, including signifi-
cant backscattering. As mentioned, the electrons then stop in a diffuse cloud,
caused both by the scattering and by straggling of the stopping power. The
electron advance in the original direction of motion is much less than the CSDA
range R, and the mean depth of penetration of the cloud is called the mean
forward range, or the mean projected range, or sometimes the average
penetration depth. We use the term mean forward range and denote it R ;.

Alternatively, if the target is of finite thickness #, electrons with R greater
than # may penetrate and be transmitted. For a given energy, one inquires of the
transmission coefficient T(t), which is the fraction of incident electrons that are
transmitted, as a function of slab thickness. For a strongly scattering target
(high-Z material), R must greatly exceed the thickness for any appreciable
fraction of electrons to fully penetrate. The difference here from the trans-
mission through a thin slab discussed earlier is that the electron energy is not
at all nearly constant.

Thus, there are a number of pertinent quantities characterizing electrons
entering a thick target, and each of them is of interest in various applications.
These quantities are:

1. The distribution of the stopping end points of primary electrons.

2. The distribution of deposited charge. This differs from the distribution
of end points of primary electrons because energetic knock-on second-
aries (8-rays) have been displaced forward from their parent atoms and
because Bremsstrahlung from primary electrons is absorbed deeper in
the material, separating electrons from parent atoms at much greater
depths and causing the charge distribution to be more forward-shifted
than the distribution of primary end points. At high energies (= several
MeV), the electron and positron from pair production caused by
Bremsstrahlung photons stop at different ranges, also causing charge
separation. The deposited charge distribution is especially important
for determining the fields created in a dielectric target material.

3. The distribution of dose of the primaries and displaced secondaries.
Dose distribution is important in medical applications, in electron
beam irradiation studies, in effects on electronic components, in heat-
ing of shielding material, and in various industrial applications of
electron beams.

4. The already mentioned number of primaries, 7(¢), that fully penetrate a
slab of thickness .
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Related to each of these quantities, one can define several weighted mean
average ranges that provide a rough measure of their characteristics. Before
discussing them, recall two standard ranges:

® The CSDA range Rcspa or simply R is the track length against mean
stopping power, defined in Equation 3.20. Except for energy loss
straggling, it is the maximum depth of penetration of a primary electron.

* The scattering range R is the depth at which multiple scattering has
increased a beam’s angular divergence “significantly,” usually taken to
mean (6%) = 1 rad”. It can thus be defined by

R d<62>
ds = 1.
Jo ds ’

With these at hand, consider first the distribution of end points of the primary
electrons.

The distribution with depth z at which primary electrons come to rest is
the mean forward range distribution ry(z). Then, the mean forward range

defined earlier is
Rus = JZ"mf(Z) dZ/erf(Z) dz.

rme(z) is also called the projected range distribution and commonly denoted
by rp [Ta96a]. In the case that the electrons enter a thick material from
vacuum, some electrons will scatter back into vacuum. As collisional stopping
power is nearly independent of Z, but d(6*) /ds is proportional to Z*/A ~ Z,
high-Z materials can scatter electrons by large angles while they have pene-
trated much less than an electron range, allowing them to backscatter more
readily than electrons in low-Z materials. For 3 MeV electrons, less than 1%
will backscatter from a Be target, whereas some 34% backscatter from a
Pb target.

Figure 3.34 shows the distribution of end points, r,«(z), of 3 MeV
electrons in several thick elemental solids. The ordinate, .y, is in units of
stopped primary electrons per g/cm2 per incident electron. The incident
electrons that backscatter do not contribute, and so the normalization of the
distributions is less than unity. The graph was generated using the very useful
empirical analytic fits devised by Tabata and coworkers in Japan and Austria.
They are contained in the electron—material interaction database (EMID) via an
algorithm readily accessible on the Web at the Institute for Data Evaluation and
Analysis [IDO03].

A number of effective ranges have been defined to characterize the
distribution r,¢(z) for an electron of given energy. The first five listed here
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ned directly in terms of r,«(z) or its integral, whereas the sixth and
are defined in terms of dose, and the eighth from multiple scattering:

* The mean forward range R, was defined earlier; it is the average depth
of penetration. The detour factor is the ratio R¢/Rcspa < 1.

* The most probable depth (or most probable projected range) Ry, is the
depth at the peak of the r,(z) curve.



Electrons 237

* The median depth R,q is the depth beyond which one half of primary
electrons stop:

Rimed 1 (>

J rmf(z) dz =~ J rmf(z) dz.

0 2 Jo

* The projected range straggling parameter AR is the full width at half
maximum of r,¢(z).

The number of electrons that end up beyond z is

o0

NC>z) = J rme(z) dZ’.

z

N(>z) is plotted along with r,¢(z) for Fe in Figure 3.35.

* The extrapolated range (or extrapolated depth) R., is obtained by
extrapolating to the axis the tangent to N(>z) at the steepest part
where it is falling. As this steepest point is at z=Ry,,, Rex may be
expressed in terms of Rp,p,

NG Rup)

Rex =R —_—
¢ mp Tmf(z = Rmp)

1.4 T T T T T T T

Depth z (g/cm2)

FIGURE 3.35 Mean forward range distribution r,¢(z) of 3 MeV electrons in Fe, and
its integral N(>z) from z to oo. The most probable range Ry, and the extrapolated
range R., are indicated.
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It is a measure of the practical maximum depth of penetration; very few
electrons penetrate beyond R.,. Figure 3.35 shows that it is 1.23 g/ cm” in Fe
at 3 MeV. (Alternatively, the extrapolated range can be defined in terms of the
number transmission curve 7(¢) instead of N(>z) [Ta96b].)

* The depth of maximum dose R.4. D(z) is the depth—dose distribution.
The depth of maximum dose is the depth z at which D peaks.

* The practical range Ry,. Whereas N(>z) is the number of electrons that
stop beyond z, D(>z) is the dose deposited beyond z (discussed pres-
ently). The practical range is obtained by extrapolating to the axis the
tangent to D(>z) at the steepest part where it is falling. It is a measure of
the practical maximum depth at which dose is significant; little dose
occurs beyond R, This range is of value in medical applications in
which the placement of energy deposition is critical. It can be defined in
terms of Ry, D(z=Rq), and D(>R ) just as Rex is defined in terms
Of Rmp, "'mi(Z = Rmp), and N(>Ry,p). (Rp, 1s not to be confused with the
average of the projected range distribution (or the mean forward range
distribution), which, as mentioned, is occasionally denoted as rp,(z)).

* An average depth of electron penetration R,, (or the average reach of
electrons), which is the average of the maximum depth of penetration
over all electrons. This parameter has recently been introduced [La98].
In the course of slowing down and scattering, an electron trajectory may
pass a deep point and then scatter back to come to rest at a shallower
point. Thus, the distribution of maximum depths of penetration is
deeper than the distribution r,,¢(z) of end points. This distribution, and
its average, have been found useful in studies of electron beam irradi-
ation [La98, La99].

These ranges parameterize the general behavior of the interactions of fast
electrons with thick targets. In addition to the above ten range parameters, one
may specify the fraction of incident electrons that scatter back through the
incident surface, the backscattering coefficient hy (or the number—reflection
ratio). Also of interest is the average energy (Eys) of backscattered electrons
when incident electrons have energy E,. The electron energy backscattering
coefficient hg =hx (Eps)/E, (or the energy-reflection ratio) is sometimes
specified instead. Clearly, hg < hy, as no backscattered electron has energy
greater than E,. Experimentally measured backscattering coefficients are
useful in their own right, and are of value because they provide a test of
Monte Carlo scattering models. See the discussion in the compilation by the
ICRU [ICRU96].

The backscatter coefficients apply to backscattering of the incident primary
electron. The secondary emission coefficient, or the secondary yield, is the
number of secondary electrons ejected per primary. Data on secondary yields
and backscatter coefficients have recently been collected by Joy [Jo95].
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TABLE 3.1
Range Parameters (g/cm?) and Dimensionless Reflection Ratios for
3 MeV Electrons in Four Elements

Range Parameters Be Al Fe Pb
Scattering range R 1.277 0.715 0.452 0.177
Mean forward range R,,¢ 1.32 0.919 0.739 0.504
Average reach R, 1.35 0.996 0.80 0.52
Median range R eq 1.38 0.98 0.77 0.475
Most probable range Ry, 1.45 1.00 0.76 0.38
Extrapolated range R.x 1.78 1.43 1.23 0.836
Depth of maximum dose R,,q 1.00 0.56 0.39 0.21
Practical range Ry, 1.52 1.12 0.93 0.66
CSDA range R 1.866 1.887 2.02 2.42
Projected range straggling parameter AR 0.71 0.82 0.83 0.69
Number-reflection ratio iy 0.0045 0.0419 0.115 0.344
Energy-reflection ratio /g 0.0014 0.0166 0.0525 0.1993

Numerical values for most of these parameters at 3 MeV in Be, Al, Fe,
and Pb are given in Table 3.1. Numerical values in Table 3.1 were obtained
mostly using the online interactive EMID site [IDO03].

The end point distribution r,,¢(z) and the dose-depth distribution D(z) are
perhaps the most commonly used quantities. Figure 3.36 illustrates the dose
distribution D(z); the depth of maximum dose R,,,q; the dose deposited at depths
greater than z, D(>z); and the practical range Ry, for a 3 MeV electron entering
Fe. Figure 3.37 compares the dose distribution D(z) of 3 MeV electrons in
several thick elemental solids. These were obtained from empirical fits by
Tabata et al. [Ta98a], who constructed useful analytic approximate fits to
extensive Monte Carlo calculations with the ITS code for electron energies
from 0.1 MeV to 100 MeV. The calculations themselves are recorded in Tabata
et al. [Ta94a], and analytic fits up to 20 MeV are accessible in a usable form at
the EMID site [IDO3].

On comparing Figure 3.34 and Figure 3.37, several differences between
the end point distribution r,,/(z) and the dose distribution D(z) are immedi-
ately apparent. First, the dose begins immediately at z =0, whereas very few
electrons end up at z=0, so that r,¢{(0) =~ 0. Second, partly as a result of the
first, D(z) peaks at a shallower depth than does r,(z). Third, also partly as a
result of the first, dose distribution is more spread out than the end point
distribution, especially for low Z in which electrons penetrate more deeply.
Fourth, dose occurs beyond the CSDA range R as a result of Bremsstrahlung.
This is more pronounced at high energies and high Z.
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FIGURE 3.36 Dose distribution D(z) of 3 MeV electrons in Fe, and its integral D(>z)
from z to co. The range of maximum dose R4, and the practical range Ry, of electrons
are indicated.

Tabata and coworkers have devised empirical fits to the distributions and
mean ranges, obtained by careful comparison with extended Monte Carlo
computations.

D(2): Tabata et al. [Ta98a]

rme(z):  Tabata et al. [Ta96a, Ta71]

Rt Tabata et al. [Ta96a] and Tabata and Andreo [Ta98b]
Rcspa:  Tabata et al. [Ta96b]

Detour factor R,¢/Rcspa: Tabata and Andreo [Ta98b]

In addition to empirical fits, dose profiles for electrons from 0.1 MeV to 100
MeV have been computed [Ta94a] with the ITS code in a number of elem-
ental targets and mixtures of interest, such as water, tissue-equivalent plastics,
air, and other plastics; and charge deposition profiles for the same energies
and targets in [Ta94b].

We present here the empirical fits to the CSDA range and the detour factor.

3.8.5 EmriricAL Fit TO THE CSDA RANGE

Tabata et al. [Ta96b] present the following very useful approximate func-
tional form RgtSDA for the CSDA range as a function of electron kinetic
energy E = mc’r and Z:
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FIGURE 3.37 Dose distribution D(z) of electrons normally entering several elemental
solids, in units of MeV cm? /g per incident primary electron. Backscattered electrons
do not contribute. Within the accuracy of the formulas the integral under each curve is
incident electron energy times [1—(backscattering coefficient)]. It is 2.17 MeV for Pb
at 3 MeV. The CSDA ranges are indicated as solid dots, the mean forward ranges as
open squares. For higher Z, dose beyond Rcspa is caused by Bremsstrahlung, and is
effectively zero for low-Z and lower incident energies. (Data from Tabata’s EMID
algorithm [IDO03].) (a) Linear-linear. (b) Log—linear.

i {ln(l + 7) 4TSS }

R = 3.71
CSDA B () 1 + CeT ( )

where B is similar to the stopping number:

T T
B=2In|—5—— In(1+4+=). 3.72
n(]/mcz—i—Cﬂ') + n( +2> (3-72)



242 An Introduction to the Passage of Energetic Particles through Matter

[ is the material mean excitation energy as it appears in the Bethe stopping
power formula. cq, ...., ¢; are functions of material atomic weight A and
atomic number Z:

1 =diAJZ®, ¢y = dyZ%,

c3 = d5 — d6Z, Cq — d7 — de,

cs =dy —dioZ, c=di1/Z",

c7 = dizZM. (3.73)

The constants d,, are given in Table 3.2.

Figure 3.38 compares RYp A from Equation 3.71 to the CSDA range tabu-
lated by NIST [NIST] in several elements. In the important range from 10 keV to
100 MeV, the fit is mostly within 1% of the NIST range, which is adequate for
almost all applications.

3.8.6 EmpIricAL FIT TO THE MEAN FORWARD RANGE

Tabata and Andreo [Ta98b] have also constructed a semiempirical formula,
R,f,‘ff, for the mean forward range, or, rather, the detour factor R,,¢/Rcspa- It is

Rfit (Z = 121 N -1
m _ |4 cr( )( .+C3T) . (3.74)
Rcspa 1+ cy76s

Here,

c; =0.3087, ¢, =0.6384,

TABLE 3.2

Values of Constants in Fit to CSDA Range

n d, n d,

1 3.60 8 1.303 x 107*
2 0.9882 9 1.02441

3 1.191 x 1073 10 1.2986 x 10~*
4 0.8662 11 1.030

5 1.02501 12 1.110 x 1072
6 1.0803 x 10~* 13 1.10 x 10°°
7 0.99628 14 0.959

Source: [Ta96b].
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FIGURE 3.38 The ratio of R34 (Equation 3.71) to the NIST CSDA range for four
elements.

and c;3 to cs are functions of Z:
ey =k ZRRMZ ey =y )78, 5 = keZV (3.75)
The constants k;- - -k; are:

k; = 0.00585, k, = 0.547, k3 = 0.0571, ky = 0.1012,
ks = 0.1026, k¢ = 1.0576, k7 = 0.0234

For Rcspa in Equation 3.74, one could use RS A fit or one could use the
numerical data from NIST. Using the latter, Figure 3.39 shows the fit (Equa-
tion 3.74) to the detour factor for several elements. It agrees remarkably well
with extensive Monte Carlo computations for 1 MeV < E <50 MeV. It is
intended for condensed media, not gases, since the full density effect is
included in the data to which the functional form was fit.

3.8.7 LONGMIRE TREATMENT OF MULTIPLE SCATTERING AND MEAN
ForRwARD RANGE

Williams’ multiple scattering theory is seldom used in Monte Carlo codes
because the more accurate Moliére or Goudsmit—Saunderson theories are no
more difficult to implement numerically. Nevertheless, the analytically sim-
pler Williams theory is convenient for approximate analyses.

In electromagnetic applications involving Compton electrons, it is the
electron mean forward range against multiple scattering that is important,
for that determines both the mean charge separation and the steady-state
current of Compton electrons. The analysis is made difficult because near
the end of an electron’s range, the angle of deviation from its original
direction is not small. In seeking a simplified treatment, Longmire suggested
that the Williams theory could be extended in an approximate way to obtain
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FIGURE 3.39 Fit, Equation 3.74, to detour factor, the ratio R,s/Rcspa of the mean
forward range to the CSDA range of electrons in several elements. Computed with the
online algorithm in http: /www3.ocn.ne.jp/~tttabata/[ID03]. It is intended for con-
densed media, and confirmed accurate for 1 MeV < E < 50 MeV.

an estimate for the mean forward range. Rather than using fits to Monte Carlo
data, the approach is physically motivated, albeit somewhat heuristic.

Equation 3.63 was extended by Longmire and Longley [Lo73, Lo78a,
Lo78b] to (A*) not small compared with unity by introducing the obliquity
factor

1
cos 6)
1

~1+ 3 (6%)  for small(6?). (3.76)

=1

7 has the advantage of being allowed to get large, unlike (62). 7 relates the
mean forward progress dz of a directed beam of electrons to an increment ds
in track length by dz = (1/%)ds. Following Longmire, the equation for 7 is
taken over from that for small (6°),

dn

1 d(6%)
ds 2 ds

(3.77)

Energy loss and scattering rates can now be expressed in terms of forward
progress dz, rather than track length ds,
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dE dn  d(6?)
— =L, — = 3.78
dz " Az~ " 2ds G.78)

Integrating the first of these gives the mean forward range
E
o dE

Rh,=|dz=| —. 3.79
f J ’ Jo nL ( )

Replacing i by 1 reproduces the full CSDA track length R =Rcspa of
Equation 3.20. The required expression for n(E) is obtained by noting

dp 1 dg 1 d() 2L (Z+1)

dE~ mc*dy 2mc2 dy  m 2—-1°

(3.80)

where Equation 3.66 has been used. Integrating with constant I", we obtain

Ty (3.81)

n1+(z+1)1“1n<7"_ ! 7“)

for the growth in mean square angle as an electron slows from v, to v, similar
to Equation 3.67 except that (92> need no longer be small compared to 1.

The integral for R5,¢, Equation 3.79, with 7 given by Equation 3.81 has been
done numerically using the stopping power L tabulated in [NIST]. The results
for R s, and the fit R from the EMID algorithm, Equation 3.74, using Rcspa
also tabulated by NIST, are shown in Figure 3.40. They agree remarkably well
over the full span of plotted energies, including well below the original 1 MeV—
50 MeV for which Equation 3.74 was intended. References [Lo73, Lo78b]
compare Réf with earlier data and with Monte Carlo calculations, and show
good agreement.

In view of the broad spread in ry(z), one seldom needs R, to great
accuracy. Because the EMID expression R is known to agree very well with
extensive Monte Carlo computations, and because RE ¢ is so close to it, one
may feel comfortable using either one for the mean forward range. Because
RE,; requires a numerical integration whereas R is a simple fit, one may
prefer the latter for fast work. In simulations in which particles are advanced
in time as their energy decreases, the integral equation 3.79 may be advanced
as well, and may be just as simple to implement as Equation 3.74.

3.8.8 RANGE 10 A SPECIFIED ANGULAR DIVERGENCE

I" is not truly constant, and a more general form of the obliquity factor
equations allows one to use stopping power data without introducing the
ratio I'. One obtains an approximate representation for the mean square
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FIGURE 3.40 Comparison of Longmire model for mean forward range, Equation
3.79, (dashed) with the empirical fit of Tabata and coworkers, Equation 3.74 (solid).
The latter is intended for 1 MeV < E < 50 MeV, but the two models agree quite well
over a wider energy span. Below a few tens of MeV, the Longmire range tends to be a
few percent greater than the empirical fit.

angle (6%) of beam divergence as a function of depth of penetration or as a
function of electron energy.

Let L=L(E) = dE/ds|towm be the total electron-stopping power (colli-
sional plus radiative), and let W(E) = d(6*) /ds be the growth rate of the mean
square angle of divergence.

While electrons move a distance ds along their trajectories, they lose an
energy dE=Lds, and advance on average a forward distance dz =
(cosf) ds = (1/m) ds=dE/nL. At the same time, 1 grows at rate dn/ds =1W,
and 7 changes by dn = %(W/ L) dE. The two equations

dz = iLdE,
“’V7V (3.82)
dn = —dE
=5

relate the penetration depth z and mean square angle of divergence <92> to the
energy loss. Starting with an electron of energy E,, and integrating the
two equations together, one obtains z(E) = depth when the energy has been
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FIGURE 3.41 Approximate electron penetration depth at which a pencil beam has
diverged to an rms angle of 20° (cone half angle).

reduced to E, and n(E) = obliquity factor when the energy has been reduced
to E. The latter then gives the root-mean-square divergence angle
Orns = \/<02> = cosfl(l/n). M or (92> may likewise be considered as a func-
tion of z. If the integration is continued to E = 0, the resulting depth z(E = 0) is
the mean forward range R,,;. One need assume nothing about the behavior of
the ratio I" or the ratio W/L, but the price paid is that numerical integration is
required.

If the integration is continued to, say, 6., =20°, one obtains an estimate
for the depth of penetration at which a parallel beam has fanned out by a
substantial mean angle. This range, R(20°), is shown in Figure 3.41 for several
materials. In air, a pencil beam of 1 MeV electrons will diverge to an rms angle
of 20° in about 0.032 g/cm2 (about 26 cm at sea level). Similar graphs can
be prepared for any angle. The full mean forward range R,,; was shown in
Figure 3.24. In air, R is about 0.3 g/ cm?® at 1 MeV. Note that at the same
energy, the full CSDA range in air against stopping power alone is 0.5 g/ cm’.

3.9 CROSS SECTIONS IN SELECTED ELEMENTS

Most frequently, it is the stopping power or range of electrons that are the
useful quantities. These have been presented in the preceding sections. An
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important exception occurs in Monte Carlo transport codes, which use actual
cross sections.

Although most often used in those codes, it is instructive to see cross
sections for representative elements. Electron—atom interaction cross sections
on five elements, H, C, Al, Fe, and U, are presented in this section in Figure 3.42a
through Figure 3.42e.

We previously discussed the small-angle and large-angle elastic scattering
cross sections. The distinction between the two is most important at relatively
high energies, where small-angle scattering dominates. The graphs show both
the large-angle cross section and the total (small angle 4 large angle) elastic
cross section. Recall that the separation is defined at 1 — cos #=10"°, or
0=0.081°.

All cross sections are obtained from the LLNL library, EEDL. The ENDF
format contains only the large-angle elastic cross section. One could compute
the small-angle one following the rules in Section 3.2. However, the total
elastic cross section is contained in the older ENDL format. As stated, the
Bremsstrahlung cross section is that for producing photons of energy greater
than 0.1 eV. The excitation cross section is the total, the sum over excitations
from any shell to all other shells. The ionization cross section is also the total,
the sum of ionizations over all shells.
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FIGURE 3.42 (a) All electroatomic cross sections on H. Elastic large angle cross
section is shown separately, along with the total elastic. Bremsstrahlung is the cross sec-
tion for producing photons of energy greater than 0.1 eV. These individual cross
sections are to be sharphy distinguished from energy loss rates due to each process.
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each process.
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3.10 ELECTRONS IN LOW-PRESSURE AIR

The CSDA range of a 10 keV electron in air is about 2.9x10™* g/cmz, or
about 0.24 cm at STP. Its path length before significant multiple scattering,
say Oums=+/(#?) =1, is of the order 0.1 cm. Although there may be
circumstances in which this short distance is important, it is more likely
that the physical motion of an electron of energy of the order 10 keV in air
is of concern at low pressure in the laboratory or at high altitude in the
atmosphere, where the range may be many meters.

Although it departs somewhat from our focus on more energetic electrons,
the behavior in low-pressure air is not infrequently of interest. Therefore, for
reference, we collect graphs for the energy loss, scattering, and ranges of
electrons with kinetic energy E <30 keV in air. At these energies, radiation
energy loss (Bremsstrahlung) is negligible compared with collisional energy
loss. Longmire has presented similar quantities for electrons from 10 keV
to 5 MeV in air and other materials [Lo72].

3.10.1 ENErGY Loss RATE

In a diatomic gas, electrons suffer energy loss to elastic, rotational, vibra-
tional, electronic, and ionization collisions. Including all these processes,
Figure 3.43 shows the mean energy loss rate

L(E) = dE/ds (MeV cm?/g)

as a function of electron energy E for electrons in air (here 0.79N, + 0.210,
by number). The pronounced peak near 2.5 eV is due to the N, vibrational
resonance. Also shown in the figure is the Bethe mean stopping power
formula, Equation 3.21, in air. It is inapplicable below a few keV, and is
seen to be accurate only above 100 keV. In atmospheric applications, the
stopping power is sometimes called the electron loss function.

The processes included in the correct L of Figure 3.43 include all those
mentioned earlier, with separate treatment of Rydberg states.

Specifically, for N,, the elastic momentum-transfer cross section above
0.01 eV is from [Wa82], and below 0.01 eV is from [Ph85a]. Above the
available data range (200 eV), we extrapolated with a power law o ~ 1/E 136,
Rotational cross sections are the standard Gerjuoy—Stein cross sections
[Ge55] with a quadrupole moment of 1.04 (in units of ea’, where a, is the
Bohr radius). Vibrational cross sections are from the measurements by Schulz
[Sc64, Sc73] with the normalization suggestion of Haas [Ha57]. A low-
energy tail (0.29 eV-1.7 eV) for the v=0 to v=1 transition was added as
suggested by Englehardt et al. [En64], with numerical values by Kieffer
[Ki73] (v is the vibrational quantum number). Electronic excitation and
ionization cross sections were obtained from Archer [Ar89], and agree with
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FIGURE 3.43 Electron mean energy loss rate (loss function) in air, including elastic
recoil, and rotational, vibrational, and electronic excitations, and ionization (solid
curve), compared with the Bethe mean stopping power formula (dashed).

those in the Defense Nuclear Agency Reaction Rate Handbook [DNAS83], and
with the compilation in [Wa82].

For O,, we use the momentum-transfer cross section of [Wa82] corrected
by Kieffer’s low-energy tail [Ki73] and renormalized as suggested by Phelps
[Ph85b]. There is no definite resolution of the O, rotational cross sections
[Sc73, La80]; we again use those of Gerjuoy—Stein with quadrupole moment
1.8. Vibrational cross sections are from [Li71] and [Ph85b]. Electronic and
ionization are again from Archer [Ar89]. These cross sections, and the mean
stopping power, have been in common use, for example, in the auroral
physics community. A more recent survey of e—N, and e—O, cross sections
has been prepared by Majeed and Strickland [Ma97].

As electron energy increases from zero, first elastic scattering, then
rotational, vibrational, electronic, and ionization excitations are available to
it, and its energy loss per centimeter increases dramatically.

The electron mean track length R is, as in Equation 3.20,

E !

R(E) = J (3.83)

o L(E)
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Below about 100 eV, the rapid increase of L with energy means that an
electron of E <100 eV loses most of its energy early in its path, and R is
only a slowly varying function of E. In addition, below 100eV, elastic
scattering is the most probable process, and CSDA range is not a useful
measure of actual electron motion.

3.10.2 RANGE AGAINST ENERGY LOSs

Numerical integration of dE/L in Equation 3.83 from E;| to E gives an
electron’s path length along its trajectory, R, in slowing down from E to E;.
R is shown in Figure 3.44 for £, =03 eV, 1 eV, 3 eV, 10eV, 30 eV, and 100
eV. Below 100 eV, the stopping power behaves very roughly as L ~ EZ.
Consequently, the range ~1/E—1/E, and is nearly independent of E so long
as E > E,. This explains the flatness of the curves below a few hundred eV
down to 0.3 eV, 1 eV, or 3 eV. The range to 3 eV is much greater than to 10
eV because there is a dramatic local drop in stopping power between 3 eV and
10 eV, just above the N, vibrational spike and before electronic excitation sets
in. A 300eV electron has a track length of 107° g/ cm? (0.6 cm at 1 torr)
before its energy is reduced to 100 eV and then an additional 10 by the time
its energy is down to 10 eV. By an initial energy of 10 keV, the range is
independent of E;. R(10 keV) ~ 3 x 10~* g/cm2 (1.8 m at 1 torr).

However, for these low energies, the electron mean forward range
R¢ is significantly less than its CSDA range R, because of elastic scatter-
ing. Ryr and the mfp against momentum-transfer scattering are discussed
presently.

3.10.3 ANGULAR SCATTERING

The momentum-transfer cross section due to elastic scattering (also called the
diffusion cross section),

O = Jdggas (1 — cos ) dQ (3.84)
is the relevant measure of change of forward momentum in an elastic collision.
It provides the useful measure of a low-energy electron’s motion in air.
For example, in a fluid treatment of electrons, elastic collisions change
the fluid velocity u by du/dt = —vyu, where vy, =N (ou) is the momentum-
transfer collision frequency, N = air molecular density, and (---) denotes an
average over the energy spectrum.

Figure 3.45 and Figure 3.46 show all e—N, and e—O, cross sections
below about 200 eV [Wa82]. Elastic momentum-transfer scattering dominates
below about 100 eV. Figure 3.47 shows o, more fully for N, and for O,. The
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FIGURE 3.44 Trajectory path length, Rcspa, of electrons in air from high energy to
various final energies E;. R is the mean forward range against elastic scattering of
electrons of energy greater than 1 keV. A, is the mean free path against momentum-
transfer scattering; dashed portion above 100 eV is unreliable. At 1 torr, below about
100 eV, A, is less than 0.1 cm.

O, momentum-transfer cross sections of [Wa82] and of Phelps [Ph85b] differ
below 0.7 eV or above 8 eV, as mentioned earlier in the discussion of energy
loss rate. The discrepancy is not significant in air.

For kinetic energies E greater than about 1 keV, multiple small-angle
scattering dominates the motion. Considering only £ < 60 MeV in air, so that
we can replace 0,,,,, with unity, we have, according to Equation 3.63, for the
rate of growth of the mean square angle (92> relative to the original direction,
per unit track length ds

d(6*)  8mNAZ(Z + )2 <1

o 2 2
P g In E) rad“cm”/g

384keV? E L
= In nonrelativistic

E 73eV
4.89 ,
L — . V. — 3.85
(A Ejm In[58.8(1 + E/mc?)]. B —1 (3.85)

The first form is for any electron energy and for any material, the second
is for nonrelativistic electrons in air, where A =14.5 is the mean atomic
weight of an air atom, Z="17.2 is the average atomic number, and the last
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FIGURE 3.47 Momentum-transfer cross sections in O, and N. (N, and O,-WJ from
Wadzinski and Jasperse [Wa82]. O,-Ph from Phelps [Ph85b].)

form is for relativistic electrons in air (we assume only 8 — 1, E need
not be extreme relativistic). This equation is intended for (%) < 1.
Upon multiplying by air density, Equation 3.85 shows that 115 keV
electrons in sea-level air are growing in mean square angle at a rate of
about 1 rad” in 10 cm, whereas 3 MeV electrons are expanding at a rate
of 0.076 rad® in 1 m.

The increasing angular divergence as energy decreases may be
obtained by applying Equation 3.66 for the case Z=7.2. For air below
100 keV, it is safer to use the actual stopping power rather than the Bethe
formula. Then, the effective I' is more nearly equal to 0.245. Using that
constant value, we find

de*) 4.0
-5 (3.86)

intended for nonrelativistic electrons. Thus, as an electron of initial energy
E, slows down, its angular deviation from its original direction increases
roughly as

E
(0% ~ 4ln<E°> nonrelativistic (3.87)
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and every electron loses significant memory of its initial direction ((6*)
equals, say, 1) by the time its energy has dropped to about 0.78E,. The growth
rate d(#?)/dE is shown in Figure 3.48, computed both from the approximate
equation and from Williams’ d(6?) /ds equation, with the actual air dE/ds = L
from Figure 3.43. We have again stretched the validity of Equation 3.85 by
applying it for (§%) ~1. Equation 3.87 is approximately valid for 400 eV <
E,< 600 keV and can be used as a guide for the angular spread of non-
relativistic electrons slowing down in air.

We add that for relativistic electrons Equation 3.69 holds, and when
E> mcz,

(0%) = 4T(Z + Dmc? (% - Ei) (E.E, > mc?)

11
—45 (E_E_o> (3.88)

The last form is for air andlenergies are in MeV. At sea level, a 3 MeV electron
beam grows to fms = (#*)2=1 rad by the time it has slowed down to £ =1.8
MeV, or after traversing about 0.7 g/cm” = 5.8 m.

3.10.4 ScATTERING RANGE

As discussed in Section 3.8, the scattering range R, defines how far a directed
beam of electrons travels before it has undergone significant scattering. Defining
significant again by (6*) = 1, then according to Equation 3.87 it occurs when
E=0.78E,. Figure 3.44 shows that in air, for E,> lkeV, the CSDA range
behaves approximately as R EZ/ 3, at least up to 100 keV. Thus, in air

Ry ~ [1 — (0.78)°*IR = 0.34R

for initial energy E, > 1 keV. At E,=10 keV, R,=10"* (g/cm?). For
E, < 1keV, R is less than 0.34R.

3.10.5 MOMENTUM-TRANSFER MEAN FREe PATH

The concept of mean forward range was developed in the context of multiple
small-angle scattering. But at low energies, scattering is not sharply peaked in
the forward direction. Multiple small-angle scattering does not apply. Indeed,
the small-angle 6, in Equation 3.17, exceeds 1 in air when £ < 100 eV. The
mean forward range is still a physically meaningful number, but it cannot be
expressed in terms of small-angle scattering as it can for higher energies.
Instead, one introduces the mfp A,,, = 1/No, against momentum-transfer
scattering. A, is the distance an electron goes before significant change in the
component of its momentum in its original direction of motion, where N is the
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FIGURE 3.48 Incremental growth of electron mean square angle in air as energy
decreases. Solid line: Actual mean stopping power and Williams’ d(6%)/ds. Dashed
line: The approximate form 4/E.

density of scattering centers. oy, for air is 0.790,,(N,) + 0.216,(0,). A,, in air
is shown in Figure 3.44. Below 100 eV, A, is less than 0.1 cm at 1 torr. Above
100 eV, the required o, are obtained here by simple power-law extrapolation,
and are of questionable validity.

3.10.6 loNizATION

For reference, Figure 3.49 presents the total ionization cross sections on N, and
O, [Ar89]. At energies below 10 keV, these agree well with data in the DNA
Reaction Rate Handbook [DNAS83] and they agree with the compilation in
[Wa82], which stops at 200 eV. At energies above 1 keV, ionization is the
dominant contributor (along with electronic excitation) to L, and L and R based
on these cross sections agree well with the compilation by Berger and Seltzer
[Be82], especially above a few keV.

3.11 LARGE CONTOUR PLOTS

Seven large, color contour plots (11”x17") are available that graph useful
electron parameters. They are in high-resolution PDF format on the accompany-
ing CD (and would require a printer capable of handling 11”x 17" paper):
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FIGURE 3.49 Total ionization cross sections on ground states of N, and O,. (From
Archer [Ar89].)

Collisional mean stopping power. Mean energy loss to excitations and ioniza-
tions (MeV cm?” /g) in all elements. (approximately equal to the linear energy
transfer). The two main national databases are presented separately:

* Data from NIST eSTAR database (online). 10 keV < E < 10 GeV.
® Data from LLNL EEDL database 1 keV < E < 1 GeV.

There is a one-decade shift in energy scale between the two graphs. For
the density effect correction, NIST uses gas densities at 1 atm and 20°C; in
the LLNL data, densities of elements that are gases at 1 atm and 20°C
are taken to be of the order 1 g/ cm®, more appropriate to solid or liquid
compounds (e.g., O in Si0,). This difference in density causes visible
differences in collisional stopping power between the two compilations
in gases at high energy because of different density effect corrections.
In the LLNL graph, the local increases at elements Z=46 and 77 at all
energies is apparently an error in the data. Hydrogen is plotted at half its
true value, as was the case for photon cross sections.

* Total (collisional + Bremsstrahlung) mean stopping power, dE | ds|rozar-
Mean energy loss of electrons caused by all processes (collisio-
nal +radiative). Here and in the two collisional stopping power
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graphs, the fraction fz of total stopping power that is radiative, fr =
(Bremsstrahlung)/(collisional + Bremsstrahlung), is superimposed in a
few dashed blue contour lines. In any element, the critical energy is the
electron energy at which stopping power due to collisions equals
stopping power due to Bremsstrahlung, that is, where the plotted frac-
tion fr = 1/2. The density effect applies only to collisional stopping
power, and is significant only at high energies. Since Bremsstrahlung
far exceeds collisional stopping power at high energies, differences
between density effect corrections as a result of differences in assumed
density (as of gases) have little effect on total stopping power. Different
density effect corrections do, however, affect energy deposition (actu-
ally kerma) in the material by a passing relativistic electron.

* Full electron range, Rcspa, against total mean stopping power. The CSDA

range = Rcspa = [dE/(AE/ds|rora) = electron full trajectory path length.

* Approximate electron mean forward range, R,y The mean depth of

penetration of electrons in their original direction of motion against
multiple small-angle elastic scattering and total stopping power. Here
and for the next two ranges, R,(20°) and R, (57°), the treatment is ap-
proximate, using Williams’ multiple small-angle scattering formula,
Longmire’s obliquity factor approach to handle relatively large divergence
angles, and stopping power data from NIST (collisional and radiative).
However, limited comparisons with more accurate calculations show
agreement to within a few percent. The scattering rate increases as the
electron slows down.

Electron scattering range to 20°, Ry(20°). Range at which initially
directed beam diverges to an rms scattering angle 6., =
vV (#*) =0.35=20°. Note that (6*)~0.1 here. # is cone half angle
(measured from beam axis). The plot allows one to estimate beam
divergence through a foil. 1 MeV electrons are seen to diverge ~20°
in penetrating 0.02 g/ cm? Al, while they lose only 30 keV energy.

* Electron scattering range to 1 rad, Ry (57°). Range at which initially

directed beam diverges to 6,,; =1 rad. Here (02> is about ten times the
previous one (20°); hence ranges are, roughly, ten times as far.

Similar graphs can be constructed for the range to any angle. Depending on
one’s definition, the 1 rad range, or the 20° range, or the range to any other
chosen angle, may be taken as a measure of how far parallel electrons
propagate before multiple small-angle scattering causes them to diverge
“significantly.”

At 1 MeV in air: R(20°) = 0.032, Ry (57°)=0.22, Rpy=03, Rcspa=0.5 g/cm>

in Pb: Ry(20°)= 0.0045, R(57°) = 0.05, Ry =0.16, Respa = 0.79 g/cm?,
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3.12 DATA ON THE CD-ROM

We provide in the CD accompanying this book numerical cross sections and
stopping powers for electrons in all the elements from 1 keV to 10 GeV.
Documentation, limitations, sources of additional data, and updates on sites
are in each file. The following are included:

e Cross sections from the LLNL database EEDL (barn/atom)
* Small-angle elastic cross section oga(E) (6 < 0.081°)
» Large-angle elastic cross section o 5(E) (6 > 0.081°)
* Total elastic cross section, g + Opa
* Bremsstrahlung cross section for producing photons of energy
>0.1 eV
* Total excitation cross section (sum over all atomic shells)
» Total ionization cross section (sum over all atomic shells)
e Stopping powers from EEDL (to 1 GeV only) (MeV cm? /)
* Collisional stopping powers
(Common gases are computed at a density of the order 1 g/cm3,
appropriate to their presence in solids.)
* Radiative stopping powers
* Total stopping power (collisional + radiative)
* Radiative yield
* CSDA range (g/cm?)
e Stopping powers from NIST (MeV cm?/g)
* Collisional stopping powers
(Common gases are computed at a density of 1 atm at 20°C.)
* Density effect parameter & used in calculation of the collisional
stopping power
* Radiative stopping powers
* Total stopping power (collisional 4 radiative)
* Radiative yield
CSDA range (g/cm?)

At high Z (Z > 30), the NIST collisional stopping power is unreliable
below a few keV.
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4 Protons and
Heavier lons
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4.1 BACKGROUND

After the discovery of a radiation and Rutherford’s use of it to probe the
atomic structure of matter early in the twentieth century, the passage of o
particles through matter became a topic of some concern. Bohr’s early
investigations were entirely classical; but after quantum mechanics became
fully established and Bethe and Bloch obtained good quantum mechanical
expressions, Bohr presented a lengthy review in 1948 [Bo48], concentrating on
classical concepts but including a discussion of the Bethe formula. Bloch’s
corrections to Bethe’s original formulation provided a bridge between Bohr’s
classical development and Bethe’s quantum mechanical one.

After the discovery of fission, interest arose in the passage of truly heavy
ions (fission fragments) through matter. The theory is difficult when the number
of electrons on the ion projectile is not much smaller than the atomic number of
target atoms. The question of electron stripping from the projectile, present
even for protons or alpha particles, became more important. What is the
charge state of the ion as it passes through the target?

Because of the huge mass difference between electrons and ions, a major
difference between the passage through matter of electrons vs. ions is that
multiple elastic scattering has a dominant effect on electron motion, whereas
it is only a small correction to the motion of an ion. As a result of elastic
scattering, the mean forward range of a 1 MeV electron is of the order one-
half its full path length (its CSDA range) in most elements, but the mean
forward range of a 1 MeV proton or heavier ion is only a few percent less than
the CSDA range. The reason is that in colliding with atomic electrons the
heavier ion is hardly deflected, whereas an incident electron can be signifi-
cantly altered in direction. In addition, elastic collisions between electrons
and target nuclei cause multiple small-angle scattering but little energy loss,
whereas nuclear collisions play a lesser role for ions. In this sense, the
behavior of ions in passing through matter is simpler than that of electrons.

Over the years, there have been quite a number of reviews of the theory and
quite a few tabulations of numerical stopping powers. Bohr [Bo48] presented
one of the earliest reviews. Later discussions and summaries are by Rossi
[Ro52], Bethe and Ashkin [Be53], Fano [Fa56, Fa63, Fa64], Northcliffe
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[No63], Uehling [Ue54], the National Academy of Sciences [Na64], Inokuti
[In71], Bichsel [Bi72], Goland [Go73], Sigmund [Si75], Kumakhov and
Komarov [Ku81], and Geissel et al. [Ge82]. Ahlen presents a thorough review
[Ah80], whereas Evans [Ev55] presents a summary. Jackson [Ja75] includes a
clear treatment of energy loss. A quick summary by Berger and Seltzer [Be82] of
both electron and heavy ion energy loss is very informative. The general review
by Ziegler et al. [Zi85] is widely referenced, and contains an excellent historical
summary, as do Ziegler [Zi99a] and the online SRIM site [SR0O3]. Special
attention has been given to the lightest ions, with discussion or data presented
by Andersen and Ziegler [An77], Ziegler [Zi77], Kaneko [Ka93], the Inter-
national Commission on Radiation Units and Measurements [ICRU93], Ziegler
[Zi99a], and by NIST online [NIST].

Widely cited, older compilations are by Barkas and Berger [Ba64],
Bichsel and Tschalaer [Bi67], Northcliffe and Schilling [No70], and Janni
[Ja82a,b]. More recent ones are by Hubert et al. [Hu90] and by Paul and
Schinner [Pa03a]. Scott [Sc63] has reviewed the effects of multiple small-
angle scattering on the penetration of heavy ions. All ion projectiles are
included in the widely used code SRIM [SRO3], which has been used for
calculations and graphs in this book. SRIM is readily available and continu-
ally updated.

Experimental measurements of stopping power, current computer codes,
and tabulated data compilations do not always agree. The theory of ion
stopping power is still evolving, but it is generally thought that calculated
stopping powers can be believed to be about 1% for energies above 1 MeV
[Fa63], and, for light ions, a few percent at the lower energies [Zi99a]. One
may follow a discussion of differences concerning two main databases, NIST
and SRIM, at, for example, [Zi99b] and [Se01]. Paul and Schinner have
presented a recent comparison of data with tables and codes [Pa03b], although
it is not clear that the latest version of SRIM was used in their comparison. At
low energies, some alpha particle stopping power calculations differed by
several percent from SRIM 2000 to SRIM 2003.

High-energy muon stopping power and range tables have recently been
presented by Groom et al. [GrO1]. A general review of muon, pion, and proton
stopping power and ranges is regularly presented in the biennial Review of
Farticle Properties, for example in Bichsel et al. [Bi04].

Despite myriad experimental measurements of stopping power and ion
ranges over the decades, a theory is necessary to interpolate between the
energies and atomic numbers for which data are available and extrapolate to
energies beyond experimental reach. In spite of the enormous amount of work
devoted to the subject, it is still not possible to accurately calculate ion
stopping power truly from first principles. Phenomenological parameters are
required to pin the calculations to data. For example, the mean ionization
potential / is often adjusted empirically. There can be differences in stopping
power between liquid and gaseous phases of a material, or between crystal
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and amorphous phases of a substance. For believable numbers, at some point
normalization is tied to experiment. Because of the excellent reviews, we
state only principal results of the theory.

4.2 PRINCIPAL RESULTS OF ION STOPPING
POWER THEORY

Like electrons, heavy ions may interact with target atomic electrons or with
atomic nuclei. The ion—nucleus collision is primarily elastic Coulomb scatter-
ing. This is true except for energetic ions that can overcome the repulsive
Coulomb barrier and approach the nuclear radius (which is not uncommon
and introduces nuclear elastic scattering; discussed later). Bohr noticed that
by elastic Coulomb scattering of light ions from nuclei, the nucleus will recoil
but relatively little energy is transferred as a result of the target’s large mass.
On the other hand, when the ion interacts with atomic electrons, true energy
transfer can occur. The electrons may be excited or ionized and so absorb
energy from the projectile. The bulk of energy loss is due to ion collisions
with atomic electrons. Only for the heaviest projectiles in the lightest targets
does energy loss by nuclear collisions exceed that by electronic collisions.

Bohr also had the seminal idea that the energy transfer from a passing
heavy ion to an atom would depend on the velocity of the ion relative to the
velocities of the outer electrons in the atom. A characteristic velocity of outer
electrons is the Bohr velocity v, =ac, which is the velocity of a 13.6 eV
electron or a 25 keV proton. If the ion velocity v is much less than v,, the field
of the passing ion presents an adiabatic perturbation to the atomic electron
orbit and little energy is transferred. If the ion velocity is comparable to v,,
there is optimal opportunity to transfer energy to the atomic electrons. If v is
much greater than v,, the energy transfer is reduced because the momentum
transfer is proportional to the time integral of the ion Coulomb field, which is
proportional to 1/v (Section 3.5).

Thus, in the theory of ion energy loss, ion velocity (as opposed to ion
energy) plays a major role. The stopping power of an ion is nearly the same as
that of an electron of the same velocity. This may be seen in the ion and
electron curves in Figure 4.1 which plots the mean collisional stopping power
of electrons and three ions (p, a, Fe) at the same velocity in aluminum, scaled
by an effective charge Z(v), to be defined. Z(v) accounts for the different ion
charge states at different velocities (for a proton with kinetic energy £ > 1
MeV, Z(v) = 1). The electron-stopping power is only slightly less than that of
a proton of the same velocity. The speed of a 10 keV electron is v~ 0.2c,
whereas a proton of that velocity has energy about 18 MeV.

The basic expression for the energy loss rate of an ion passing through
matter is known as the Bethe—Bloch equation. Bethe [Be30, Be32] made the
first fully quantum mechanical calculation of the energy loss, in the first Born
approximation. As the transfer of energy from a passing ion to an atom occurs
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FIGURE 4.1 The stopping power of several ions in Aluminum, divided by the square
of their effective charge Z(v). lons are plotted at the same velocity; on the x-axis, M is
the mass of the particular particle. Except for minor differences, ions of the same
velocity, scaled by their effective charge, have the same stopping power. (e data from
NIST; [SRO3]. p, a, Fe data from SRIM.)

by the Coulomb interaction between the ion charge and the atomic electrons,
the classical expression for energy transfer as a function of ion parameters is
the same as that for a passing electron. Let Z be the ion atomic number and M
its mass, and let Z, be the atomic number of the target atoms. 8 =v/c is the
ion velocity relative to the speed of light. Bethe’s original equation for the ion
collisional stopping power is now usually written [Fa63], [ICRU93, Zi99a]

dE  4mZ%e*Z,
dE _ 4nZ°¢'Z: .,

dx my? ”
2mv? Cc
Lo=1 —In(1-B8H-p*—=—=
= In(l =B - B -
2m*B*y? , C 8
=ln—— - —=—= 4.1
n— B 7 2 4.1

Equation 4.1 is really an extension of the original Bethe formulation, and
includes two correction terms (C/Z, and 6/2); Bethe’s original equation had
C =0 and 6 =0. A straightforward, brief derivation can be found in [Be82]
and a more thorough treatment in [[CRU93]. N is the density of target atoms
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and y= [l—vz/cz]*l/ 2= 1+4E/Mc* is the usual relativistic factor. I is the
average excitation energy of all the electrons in a target atom. / is difficult to
calculate accurately; its proper definition and methods for evaluating it can be
found in Fano [Fa63], Berger and Seltzer [Be82], the NAS [Na64], Ahlen
[Ah80], Ziegler et al. [Zi85], and [ICRU93]. The rough value I =11.4Z, is
sometimes employed for crude work. / occurs in electron-stopping power as
well. The electron mass m appears in the denominator of the outer coefficient
and in the logarithm rather than in the ion mass because the field of the
passing particle imparts a certain momentum Ap to the atomic electrons;
hence the energy transfer is Ap®/2m (see discussion after the Bethe electron
formula, Equation 3.21). Comparing Equation 4.1 with Equation 3.21, the
main dependence on incident particle velocity is the same. (In Equation 3.21,
Z is the target atomic number.) The factor L, for ions is similar to that in the
curly brackets in Equation 3.21 for electrons. (It is conventional for the outer
factor to contain 47 in the ion equation and 277 in the electron equation.) dE /dx
is per cm or per g/cm2 according as N is cm > or g~ '. When g~ ', dE/dx is
referred to as the mass stopping power.

In fact, in both Equations 3.21 for electron-stopping power, and Equation
4.1 for ion stopping power, the mass of the projectile does not occur, only the
projectile velocity occurs. That is, to a first approximation, all ions of the
same velocity, no matter what their mass, have the same stopping power,
weighted by their charge squared, Z%. Owing to electrons stripping off the ion,
an effective charge at velocity v, Z(v), must really be employed instead of its
inherent charge Z. This accounts for the near equality of all curves in Figure 4.1.
A principal cause for the electron-stopping power being different from the
proton is due to the different maximum energies that the different projectiles
can impart to target atom electrons.

Bethe’s Equation 4.1 is intended for ion velocities much greater than v,
(25 keV/amu) and was derived for interactions with a free atom, not for
atoms bound to close neighbors in a solid. The energy parameter / is an
average excitation energy of all electrons in the atom; no account is taken of
electronic shell structure. The term C/Z, is a correction to account for the
different contributions from individual atomic shells. The term §/2 accounts
for the density effect and is significant only at the highest energies
(>hundreds of MeV /amu), and hence, usually only for the lightest ions in
laboratory situations or in cosmic rays. The quantity L,, or rather its gener-
alization L discussed momentarily, is called the stopping number. The Bethe
equation, with the C and & corrections and two other corrections (to L, are
added two other terms, L, — L.+ ZL; +ZzL2), discussed presently is the
Bethe—Bloch equation and is still the basis for stopping power models for
light ions at velocities above hundreds of keV/amu. The equation assumes
that the ion has fixed net charge Z, that is, that the ion is fully stripped of all its
electrons. Unless corrections are included for partial stripping, the equation is
limited to velocities greater than or about 1 MeV/amu, well above v,. Thus,
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with subsequent corrections, it is applicable to ions of energy sufficient to
penetrate of the order 0.01 g/ cm? in all elements.

The quantity (1/N)dE/dx has dimensions of energy X area. It is called the
stopping cross section and is the stopping power per atom. It is sometimes
tabulated instead of dE/dx itself. The stopping cross section of a 1 MeV
proton in Al is 78.5 eV-AZ An appreciation for the magnitude of dE/dx can
be obtained by simplifying the coefficient 47re*ZN / mv* of Z°L,,. Its factors
are readily expressed in terms of fixed constants, and the stopping power
Equation 4.1 can be written as

E_ 015352 AL, (Mev-om? 4.2
F EA_tO(e-Cm/g) (4.2)
Here, the factor Zz/ B% depends only on the projectile. The factor (2Z,/Ay),
where A, is the target atomic weight, depends only on the target and is
approximately unity (except for H). The factor L, depends mildly on the
target material (via / and C and ) and on the projectile velocity. It is slowly
varying, generally being of the order 1 to 20 up to y ~ several hundred. For a
proton of kinetic energy E =3 MeV, L, is about 3.7, and the proton stopping
power in Al (I ~ 165 eV) is approximately 86 MeV—cmz/ g.

4.2.1 MaxiMUM ENERGY TRANSFER IN ELASTIC SCATTERING

When a projectile of mass m,, velocity v= B¢, kinetic energy E, and relativ-
istic factor y= (1—B2)71/ Z=1+4E /mpc2 elastically scatters from a target
nucleus of mass m, at rest in the laboratory, the maximum Kkinetic energy
Tinax = (Vi max— 1)m,c? that can be transferred to the target is given by

Tomax 2(y* = 1)
= — 1 = 4.3
mtcz Ytmax 1 + 2,,}/ + ,.2 ( )

where r=m/m, is the ratio of target mass to projectile mass. Using
¥*—1=+?B?, this is more conventionally written as

zthZ,yZBZ
Thax =————— 4.4
T 2ry 402 @.4)
The nonrelativistic form (y — 1) is
E
T =4 . 4.5)
mp (1 +7r)

When r = 1, the projectile can transfer all its energy, and Equation 4.5 reduces
to Tmax = E. These expressions for T, hold for distinguishable particles. For
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identical particles, the less energetic of the two outgoing particles is considered
to be the target and the maximum energy that can be transferred to it is E/2.

For heavy ions colliding with atomic electrons (r < 1), and when the
projectile is not extremely relativistic (2ry < 1), the denominator is approxi-
mately 1 and Equation 4.5 becomes

E
Tonax = 4’"5(1 +2> 4.6)
mp 2mye

where the target mass m, has been replaced by the electron mass m. Non-
relativistically, the target acquires twice the projectile velocity and a small
fraction of the projectile energy.

The opposite case, in which the projectile is light compared with the
target, applies, for example, in proton or alpha particle scattering from heavier
nuclei. By pulling out 7 in the denominator, Equation 4.5 can be rewritten as

2,202
mp mpc-y-B

Ty =22 O VP
e me 14 2y/r+1/r?

4.7

Considering a very heavy nucleus (r > 1 and 2y/r < 1), the denominator is
again approximately 1 and

E
Tonax = 4’""E(1 +2> 4.8)
my 2mye

In this case, for a nonrelativistic projectile, the projectile backscatters and the
recoiling nucleus acquires twice the projectile momentum.

4.2.2 SHeLL CORRECTIONS

The original Bethe—Bloch formula had C =0, and the only material parameter
was I. There was no accounting for atomic shell structure, and so there were
inaccuracies stemming from the fact that the ion may be fast relative to
atomic electrons in outer shells, but slow relative to inner shells.

That a correction due to different shell binding energies (velocities) is
necessary can be seen by noting that a 5 MeV proton has about the same
velocity as a K-shell electron in aluminum, but is much faster than the outer
electrons. Thus, the range of validity of the original Bethe—Bloch equation
(v > v,) is exceeded for inner electrons by ions of a few or a few tens of
MeV /amu, depending on the target atomic number. This deficiency cannot be
fully offset solely by proper choice of the mean excitation potential /.

The required corrections are included in the term C/Z,, called the shell
correction term. It is written this way for historical reasons; it is not simply
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proportional to 1/Z,. Typical magnitudes and methods of computing C/Z, are
summarized by the [ICRU93] and by Ziegler [Zi99a], to which we refer for
details. C/Z, corrections are not much more than about 6% for light ions
[Zi99a].

4.2.3 THEe Density EFrect

As was the case for electrons, the field of a passing ion is reduced by the
material’s dielectric constant, reducing the field experienced by atomic elec-
trons, and reducing energy loss at high energies. This effect is significant only
at projectile velocities a significant fraction of the speed of light, i.e., at
energies of hundreds of MeV per amu, when the Coulomb field is compressed
and distant collisions contribute most to energy loss.

The corrective effect of 6/2 in Equation 4.1 for protons is discussed in
[ICRU93]. Generally, it is most significant for low-Z targets, but not always.
For a 10 GeV proton, the largest correction is in graphite and there is less than
10%; in silicon it is less than 6%. The theory of the density effect for ions is
the same as that for electrons, and the discussions of Sternheimer et al. [St82,
St84] are to be consulted.

4.2.4 Two FurRTHER CORRECTIONS TO THE BETHE FORMULA

In addition to the shell correction term C/Z, and the density effect parameter-
ized by 6, two additional improvements to the original Bethe equation have
been advanced. The form of the improvements is that the stopping number L,
is replaced by

L=Ly+ZL, +7°L, 4.9)

the beginning of a power series in the projectile atomic number Z. The L, term
is derived in the first-order Born approximation. Both the L; and L, terms
represent corrections to that approximation.

The term in L, is the Barkas correction, accounting for a small difference
in stopping powers between positive and negative ions. It is reviewed exten-
sively by Ziegler [Zi99a]. Barkas and coworkers [Ba56] measured that posi-
tive ions (pions in his experiment) had a slightly larger stopping power than
their negative counterpart. Later, Barkas and coworkers [Ba63] proposed that
the resolution was due to a departure from the first Born approximation. The
effect has been calculated and reviewed often. The work is summarized in
[Zi99a] and [ICRU93]. As expected from the conditions for the validity of the
Born approximation, the Barkas effect is most important at relatively low
energies. It is also greater in high-Z, targets. Calculations show [ICRU93], for
example, that in Ag the stopping power of a 1 MeV antiproton is 80% that of a
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proton. In addition, also in Ag, the stopping power of a 100 keV negative pion
is 70% that of a positive pion.

The L, term is the Bloch correction. As mentioned, the original treatment
by Bethe was in the Born approximation, valid at projectile velocities v larger
than target orbital velocities, Ziac/v < 1, where a = 1/137 is the fine struc-
ture constant. Bloch’s treatment [BI33] was quantum mechanical, but
eschewed the Born approximation and allowed approximately for the distor-
tion of target atom wave functions by the passing projectile. It provides a
correction to the Bethe formula at low energies. The correction is quite small,
being less than 1% in low-Z, materials at energies above 1 MeV /amu and less
than 3% in high-Z; materials at the same energies [Zi99a].

When both the Barkas and Bloch corrections are added,

dE  4m72e*Z,
— == NL

& poos (4.10)

with L given by Equation 4.9, is the Bethe—Bloch equation.

The Bethe—Bloch equation is for mean energy loss. The range against
mean energy loss, as for electrons, is the continuous slowing down approxi-
mation range, in which the ion is considered to lose energy always at the mean
rate. It is given simply as

dE

T @.11)

Rcspa = J

Fluctuations in energy loss lead to fluctuations in range, both called strag-
gling. Straggling is much smaller for ions than for electrons and for many
applications may be ignored. Lindhard and coworkers [Li63] present a gen-
eralized theory of energy and range straggling, and Bichsel has reviewed the
theory in Silicon [Bi88]. Both longitudinal and lateral range straggling are
computed in the code SRIM [SRO3].

4.2.5 CHARGE STATE OF THE ION

In collisions with target atoms, the projectile may lose one or more or all
electrons. Only when fully stripped does it have its full nuclear charge Z. In
further collisions, it may capture one or more electrons, becoming less
positive, so there is an exchange of electrons between the ion and material
atoms as the projectile advances. On balance, it will soon achieve an average
charge. Capturing and stripping of electrons may occur after passing only
hundreds or thousands of atoms, that is, over a range of microns in solids or
less than 0.001 of the ion’s range [Ev55]. That is why, for example, in ion
transport calculation tools such as the SRIM code, when entering the project-
ile it is not necessary to specify its charge state. No matter what its original



276 An Introduction to the Passage of Energetic Particles through Matter

charge state, the ion will achieve its steady state charge at its current velocity
in a short time, long before its energy changes significantly by stopping
power.

The charge state can be expressed in terms of the capture and loss cross
sections. However, the cross sections for losing and gaining one or more
electrons in a collision are very difficult to compute. It is certain that the
capture cross section is much smaller than the loss cross section. Thus, in
the Bethe—Bloch equation one takes Z to be the full nuclear charge of the
projectile. Owing to the difficulties, only phenomenological expressions exist
for the charge state as a function of velocity and target material. The most
widely used one is by Northcliffe [No60], based on the ideas of Bohr:

Z(v) = [1 —exp (— U;—wﬂz (4.12)

Here, Z(v) is the effective (statistical average) charge of the ion at velocity v,
Z on the right-hand side is the full nuclear charge, and v, =«ac is the Bohr
velocity. In the Thomas—Fermi model of the atom, the electron velocity is
proportional to 7%/3. Thus, this expression says that ions are stripped of
electrons whose velocities are less than the projectile velocity. Since the
Bethe formulas are intended for high velocities, it is usual to assume fully
stripped ions and set Z(v) = Z. However, the theory is not satisfactory, and it
has been suggested that Z(v) simply be that value for Z in the Bethe—Bloch
equation that makes it give the correct stopping power (Zi99a). The problem
was further discussed by Northcliffe [No63].

Therefore, Z in the Bethe-Bloch Equation 4.10 is actually Z(v), the
current value of the ion charge. Figure 4.1 is obtained by dividing Equation
4.10 by Z(v), leaving

NL

dE\'_dE/dx _ 4me'Z,
dx)  Zw?  m?

which is a function of only velocity, with minor corrections in L; and L,.

The figure may be extended to other ions. This time in Si, Figure 4.2
shows the progression: stopping powers of several ions in Si as a function of
ion kinetic energy, the usually desired quantity, is shown in Figure 4.2a; as a
function of ion velocity, Figure 4.2b; and as a function of velocity, and
dividing each stopping power by the ion Z(v)* in Figure 4.2c. They collapse
to nearly a single function, with variations at low velocity.

4.2.6 THe Braca Peak

A feature of ion stopping power noticed early in the twentieth century is that
their stopping power is the greatest, and reaches a local peak, near the end of
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FIGURE 4.2 (a) Stopping powers of an electron, proton, alpha particle, and carbon,

silicon, iron, and uranium ions in silicon, as a function of their kine

tic energies. (b) As

a function of their velocities. (e data from NIST. Ion data from SRIM.)
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FIGURE 4.2 (continued) (c) Stopping powers divided by their effective charge, and
plotted at the same velocity. (e data from [NIST]. Ion data from SRIM [SRO03].)

their range. The peak is called the Bragg peak, and is illustrated for o particles
in water in Figure 4.3. A graph of the stopping power vs. residual range is
called the Bragg curve. It is valuable because it is independent of the ion
starting energy and displays the maximum in stopping power. Figure 4.4
shows the Bragg curve for an 8 MeV alpha particle in A-150 tissue-equivalent
plastic, a mock up of human tissue. Figure 4.5 shows the curve for a 2 MeV
proton in the same medium.

The graphs are drawn for an individual ion. For historical and experimen-
tal reasons, purists prefer to reserve the term Bragg peak for the peak in the
stopping power averaged over many ions. This differs from Figure 4.3
through Figure 4.5 because energy straggling and elastic scattering spread
out the maximum and cause the peak to occur at a larger residual range. The
distinction may be pedantic, but it is indeed the average that will occur in
practice. Thus in proton radiotherapy, one must know the actual depth of
maximum stopping power (maximum dose), and this is not accurately given
by the single particle curve. A Monte Carlo calculation, such as one readily
done with the SRIM code, will give a more realistic depiction of the ioniza-
tion and energy deposition profile. It retains the general shape of the figures.
Use may be made of the Bragg peak in selectively depositing maximum
energy, and producing maximum ionization, at a desired depth, by selecting
the ion energy with the range at that depth.



Protons and Heavier lons 279

— T T T T T T
Alpha particle in liquid water ©..............;.. /.

S 5
£20 - 8
N .
§ : 7
> . A
[0} . .
=15 : : 6
& : : ®
2 : : 5=
o N . ~
a : : >
210 - SRRREEE e Feeenend SR SESLELE EE S S ARREETEERRT ELRLE 4 5
g : Stopping Powe : O
s }------ e Ty - ; : 3
@ : : :
Ic] : : :
gos5[...-. P PR eeennn S PPPI TR et KPR, ST A2
= . : :\\ E

ool i 1 004 b o 11Ny

CSDA Residual range (mg/cm?)

FIGURE 4.3 Bragg curve of alpha particle in liquid water. Bragg peak is the max-
imum of the stopping power near the end of the range. As graphed, the particle starts
with kinetic energy 9.5 MeV and CSDA range of 10 mg/ cm? = 0.01 cm. Near the end
of its range, its energy loss rate peaks at four times its starting rate. It deposits about
1.8 MeV in the last 10 wm of its range. (Data from SRIM [SR03].)
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FIGURE 4.4 Bragg curve of alpha particle in ICRU A-150 tissue equivalent plastic.
About 2.1 MeV is deposited in the last 10 wm of the particle range.
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FIGURE 4.5 Bragg curve of proton in ICRU A-150 tissue equivalent plastic. About
0.4 MeV is deposited in the last 6 wm of the particle range.

4.3 ION STOPPING POWER IN COMPOUNDS

To a first approximation, the stopping power of an ion in a compound or
mixture is simply the weighted sum of the stopping powers in its constituent
elements. This is the case for electron-stopping power, and for photon cross
sections. Combining ion stopping powers this way is called Bragg’s rule.
However, as stated previously, energy transfer is greatest when ion vel-
ocity equals the atomic electron orbital velocity. The orbital velocity, how-
ever, is different in the gas phase from the solid or liquid phase; molecular
bonding changes both the orbital structure and electron velocities and so
changes binding energies and stopping powers. As a result, ion stopping
power is also different in gases from solids or liquids of the same material.
In addition, different intramolecular bonds have the same effect. For example,
in a molecule two carbon atoms bound by the C—C single bond will contribute
a smaller stopping power to a proton than will two Carbon atoms bound by a
double C=C bond or a triple C=C bond. Calculations of the effects of this
molecular bonding are difficult, and the theoretical underpinning is complicated.
There are a number of theoretical approaches to modeling the stopping
power in compounds. The SRIM code [SR03] bases its model on a simplified
approach, called the bond and core approach, in which separate consideration
is given to stopping by energy transfers to the outer bonding electrons and to
the inner core electrons. The inner core electrons are unaffected by neighbor-
ing atoms and may be treated by Bragg’s rule. The bonding electrons require a
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FIGURE 4.6 Alpha particle stopping power in liquid water. Dashed curve: computed
by Bragg’s rule from individual stopping powers of H and O. Solid curve: computed
with the core and bond corrections. (All data computed with SRIM [SR03].)

model for disturbance by nearby atoms. The bonding model distinguishes
between electrons that form a single bond, a double bond, or a triple bond
with neighbors. It turns out that bonding in light atoms produces a greater
departure from Bragg’s rule than bonding in heavier atoms. See the online
discussion [SRO3] for details.

Figure 4.6 shows an example of alpha particles in liquid water. The
stopping power computed by Bragg’s rule from individual stopping powers
of H and O is some 6% greater than that computed with proper corrections in
the bond and core model. A larger correction occurs in ethylene, C,Hy, as
reported in [SRO3]. There the difference is 12%.

Bonding corrections tend to lower the stopping power. As there is no
bonding in a gas, the stopping power in the gas phase is usually larger than
that for the same material in a liquid or solid phase. Examples are given at
SRIM online.

4.4 PROTON AND ALPHA PARTICLE STOPPING POWERS
IN SELECTED MATERIALS

Using SRIM, it is easy to construct stopping powers and ranges for any ion in
essentially any material. We present the elements and a few compounds and
mixtures.
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4.4.1 IN THE ELEMENTS
4.4.1.1 Protons

For incident protons (or, effectively, hydrogen atoms), Figure 4.7 shows the
stopping power in ten elements. The hydrogen target stands out with a larger
mass stopping power than that of other elements. The stopping power is
proportional to the number of electrons per unit mass in the target. Since
Hydrogen has twice as many electrons per gram as other elements this
doubles the mass stopping power in H over other elements even before
other factors have been taken into account.

Figure 4.8 shows the stopping power in all elements at selected energies.
Here and in other similar graphs, if hydrogen were plotted at its correct value,
the curves would swing up dramatically at Z=1 relative to Z=2, and would
be more difficult to read. For this reason, all elements are graphed at their
correct stopping powers except for H; the proton stopping power in H is
graphed at half its true value for the sake of readability.

The proton stopping power at all energies in all elements is shown in the
contour graph of Figure 4.9. The plateau (maximum stopping power) near 100
keV in all elements is evident. This and the following contour plots are
available in color in larger scale in the Adobe portable document files
(PDF) on the accompanying CD-ROM. When printed on 11”x17” paper,
the graphs are easy to read to useful accuracy.

104
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FIGURE 4.7 Proton stopping power in several elements vs. energy. Units of
MeV-cmz/g. (Data from SRIM [SRO03].)
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FIGURE 4.8 Proton stopping power in the elements at several energies vs. atomic
number. To avoid line bunching near Z=1 (due to Z/A =1 for H but 1/2 for other
elements), the stopping power for H graphed here is % its actual value (e.g., at 3 MeV,
the graphed value is 140; its true value is 280). All other elements are graphed at their
correct values. Units of MeV cm2/ g. (Data from SRIM [SRO03].)

Figure 4.10 graphs the continuous-slowing-down approximation range,
Rcspa, Equation 4.11, for protons in the same elements. It is shorter in H
because of the increased stopping power just discussed. The range in all
elements at selected energies is graphed in Figure 4.11. Hydrogen is graphed
at twice its actual value for the reason given earlier. Note that a 1 MeV proton
will not penetrate 15 pm of Al.

As mentioned, the effects of straggling and multiple angular scattering are
less important for heavy ion projectiles than for electrons. When they are
included, the mean forward progress of the ion is called the mean forward
range Ry, or the projected range. It is less than Rcspa, and the ratio
Rug/Rcspa is called the detour factor. Scattering and straggling are most
important at relatively low energies: for protons roughly below 1 MeV in
high-Z targets and 100 keV in low-Z targets; for alpha particles roughly below
a few MeV in high-Z targets and a few hundred keV in low-Z targets. This
may be seen for protons in Figure 4.12, which shows the low energy ranges
Rr and Respa in four elements of widely spread Z.

The contour plot in Figure 4.13 gives the proton Rcspa in all elements at
all energies. It is a smooth function of Z at energies above about 1 MeV,
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FIGURE 4.9 Total proton stopping power (electronic + nuclear) in all elements
at interesting energies. To avoid line bunching near Z=1 (due to Z/A =1 for H, but
1/2 for other elements) the stopping power for H graphed here is % its actual value
(e.g., at 0.24 MeV the graphed value is 1000; the actual value is 2000). All other
elements are graphed at their correct values. Units of MeV per g/cmz. (Data from
SRIM [SRO3].)

where the proton velocity exceeds the orbital velocities of most atomic
electrons. Below that energy shell corrections are important. Figure 4.13 too
is on the CD accompanying this book, in color intended for 11”7 x 17" paper.
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FIGURE 4.10 Proton continuous-slowing-down approximation range in ten elements,
vs. energy. The range in hydrogen is plotted at its correct value. Lower curves: lower
axis. Upper curves: upper axis. Range in g/cm?. (Data from SRIM [SR03].)
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FIGURE 4.11 Proton continuous-slowing-down approximation range in the elements
at several energies vs. atomic number. To avoid line bunching near Z=1 (due to
Z/A=1 for H, but 1/2 for other elements), the stopping power graphed here in
hydrogen is twice its true value (e.g., at 10 MeV the graphed range is 0.106 g/ cm?;
the actual range is 0.053 g/ cm?.) All other elements are graphed at their correct values.
(Data from SRIM [SRO03].)
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FIGURE 4.12 Comparison of proton mean forward range (against stopping power and
scattering), dashed curves, and CSDA range, solid curves, in C, Si, Ge, and Pb. Lower
curves: lower and left axes. Upper curves: upper and right axes. The mean forward
range differs significantly from the CSDA range only below about 1 MeV in high-Z
elements, and below 100 keV in low-Z elements, corresponding to ranges less than 10
pm in high Z or 1 pm in low Z. Units of g/cmz. (Data from SRIM [SRO03].)

4.4.1.2 Alpha Particles

Figure 4.14 shows the stopping power of an « in ten elements, over a wide
range of energies. Again H stands out with having a larger mass stopping power.
As was the case for protons, stopping powers among the elements differ most
at lower energies. Figure 4.15 shows the stopping power in all elements as a
function of Z, for selected energies. All elements at all energies are shown as
a contour plot in Figure 4.16. Again, the plateau of maximum stopping
power is evident. The % hydrogen convention has been adopted in Figure 4.15
and Figure 4.16.

Turning from stopping power to ranges, Figure 4.17 shows the alpha
particle Rcspa in 10 elements as a function of projectile kinetic energy, and
Figure 4.18 shows it as a function of Z at selected energies. R,y and Rcspa are
compared at low energies in Figure 4.19. Rcspa in all elements at all energies
is shown in the contour plot in Figure 4.20. Protons and alpha particles
together are shown in Be and Si in Figure 4.21 and Figure 4.22.



Protons and Heavier lons 287

Contours in g/cm?

10%F

102

L R L

101

100

Proton kinetic energy (MeV)

10"

-2
107,

FIGURE 4.13 Proton continuous-slowing-down approximation range, Rcspa, in all
elements at interesting energies. To avoid line bunching near Z= 1 (due to Z/A =1 for
H but 1/2 for other elements), the graphed range in H is twice its actual value (e.g., at
10 MeV, the graph shows 0.106; its actual value is 0.053). All other elements are
graphed at their correct values. Units of g/ cm?. (Data from SRIM [SR03].)
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FIGURE 4.14 Alpha particle stopping power in several elements vs. energy. Units of
MeV—cmz/g. (Data from SRIM [SR03].)

4.4.1.2.1 In Compounds and Mixtures

Proton and alpha particle stopping powers and ranges in selected materials
(air, water, A150 tissue-equivalent plastic, GaAs, InSb, and CdZnTe) are
shown in Figure 4.23 through Figure 4.28. The plastic composition was
given in Chapter 2, footnote in Section 2.11.2.2. Expressed as mass stop-
ping powers and ranges, low-Z materials are not very different from one
another.

4.5 PROTON-NUCLEUS ELASTIC SCATTERING

Thus far we have discussed ion stopping power and range, that is, the effect of
the material target on the ion. Also of concern is the ion effect on the target. It
is a topic of much interest, particularly in semiconductors. Here we discuss
one aspect of the problem of interest in silicon.

For light ions, the stopping power by energy transfer to atomic electrons is
generally much greater than that due to energy transfer to the nucleus.
Electronic transfer creates ionization in the target. However, material damage
is caused by atomic displacement, which in turn is caused by nuclear recoil
following ion—nuclear collisions. The recoiling nucleus is called the primary
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FIGURE 4.15 Alpha particle stopping power in the elements at several energies vs.
atomic number. To avoid line bunching near Z=1 (due to Z/A =1 for H, but 1/2 for
other elements), the stopping power graphed here in H is % its true value (e.g., at 100 MeV,

the graphed value is 94; its correct value is 188). All other elements are graphed at
their correct values. Units of MeV-cm? /g. (Data from SRIM [SR03].)

knock-on atom. For damage, one needs to understand nuclear collisions,
especially elastic scattering.

Nuclear recoil from elastic scattering is a major contributor to primary
knock-on atoms, and is the only available process below the nuclear reaction
threshold. Coulomb elastic scattering is usually the most important contribu-
tor to total elastic scattering. Until recently, many treatments included only
Coulomb elastic scattering. However, nuclear elastic scattering also contrib-
utes, and its amplitude must be added coherently with Rutherford Coulomb
elastic scattering, since the system is left in the same final state in either case.
For an accurate assessment of nuclear recoil, especially its angular distribu-
tion, and for the cross section for a given energy transfer, one must include
nuclear elastic scattering. Updated cross sections are in the ENDF library.

The complete elastic scattering amplitude then is

felas == .fCou] +.fnuclear
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FIGURE 4.16 Total alpha particle stopping power in all elements at interesting
energies. To avoid line bunching near Z=1 (due to Z/A =1 for H, but 1/2 for other
elements), the stopping power for H graphed here is  its true value (e.g., at 10 MeV the
graphed value is 649; its actual value is 1298). All other elements are graphed at their
correct values. Units of MeV per g/ cm?. (Data from SRIM [SRO03].)
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FIGURE 4.17 Alpha particle continuous-slowing-down approximation range in sev-
eral elements vs. energy. Lower curves: lower axis. Upper curves: upper axis. Units of
g/cmz. (Data from SRIM [SR03].)
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FIGURE 4.18 Alpha particle continuous-slowing-down approximation range, Rcspa,
in the elements at several energies vs. atomic number. To present a cleaner graph
near Z = 1, the range in H graphed here is twice its actual value (e.g., at 10 MeV, the
graphed range in H is 0.0088; its actual value is 0.0044). Units of g/cmz. (Data from
SRIM [SRO03].)
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FIGURE 4.19 Comparison of alpha particle mean forward range (against stopping
power and scattering), dashed curves, and CSDA range, solid curves, in solid C, Si,
Ge, and Pb. Lower curves: lower axis. Upper curves: upper axis. The mean forward
range differs from the CSDA range only below about 1 MeV, corresponding to ranges
of only microns. At 1 MeV, both alpha ranges in these four solids correspond to
between 2.6 and 3.6 pm. Units of g/ cm?. (Data from SRIM [SRO03].)

and the elastic cross section is proportional to

‘felas|2 = |fC0u1 "‘fnucleau‘|2 = |fC0ul|2 + 2Re fCoul f:uclear + |fnuclear|2

The Rutherford Coulomb cross section |fcow|” is known analytically. The
more difficult nuclear elastic scattering contribution enters in the cross term
and in | fouclear |2. These two terms enter only as their sum. The sum, 2Re fcou
fouctear + | fauctear |°» is tabulated by itself in the ENDF proton data library. This
sum is to be added to the analytic Rutherford cross section to obtain the total
elastic scattering cross section.

It is instructive to see effects in silicon. Using the nuclear terms from
ENDF, Figure 4.29 shows the elastic scattering angular distribution with and
without the nuclear contribution for a proton incident on Si*®. Incident
energies 24 and 28 MeV are plotted. When nuclear elastic scattering is
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FIGURE 4.20 Alpha particle continuous-slowing-down approximation range, Rcspa,
in all elements at interesting energies. To prevent line bunching near Z=1 (due to
Z/A =1 for H, but 1/2 for other elements), the graphed range for H, at all energies, is
twice its true value (e.g., at 10 MeV the graphed range is 0.0088; its actual value is
0.0044). Units of g/cmz. (Data from SRIM [SRO03].)

included, the differential cross section at angles greater than 40° is several
times the Coulomb cross section. As large scattering angles correspond to
large energy transfers, the correct cross section produces larger energy trans-
fers than the Coulomb cross section alone.
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FIGURE 4.22 Stopping powers and ranges of protons and alpha particles in silicon.
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FIGURE 4.23 Stopping powers and ranges of protons and alpha particles in air. (Data
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FIGURE 4.24 Stopping powers and ranges of protons and alpha particles in liquid
water. (Data from SRIM [SRO03].)
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FIGURE 4.25 Stopping powers and ranges of protons and alpha particles in ICRU
A-150 tissue equivalent plastic. (Data from SRIM [SRO03].)
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FIGURE 4.26 Stopping powers and ranges Rcspa of protons and alpha particles in
gallium arsenide. (Data from SRIM [SR03].)
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FIGURE 4.27 Stopping powers and ranges Rcspa of protons and alpha particles in
indium antimonide. (Data from SRIM [SR03].)
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FIGURE 4.29 Proton on Si*® elastic differential cross section, at 24 and 28 MeV
incident proton energy. Rutherford Coulomb scattering only (dashed), and correct
Coulomb + nuclear cross section. Nuclear data from ENDF/B-6.

The significance of nuclear scattering may also be seen by comparing the
total (nuclear + Coulomb) differential cross section relative to the Coulomb
cross section. Figure 4.30 shows this for 32 MeV protons incident on silicon.
At 60°, the complete cross section is an order of magnitude larger than the
Rutherford cross section, and it is several times larger at almost all angles. In
calculations involving light ion—-heavy ion scattering, such as in studies of
radiation damage effects in semiconductors, it is important to include nuclear
elastic scattering as well as Coulomb scattering. Early studies of proton
displacement damage in silicon, e.g., Burke [Bu86], used earlier experimental
data for nuclear scattering, with results qualitatively the same, but quantita-
tively different from that in Figure 4.30, especially near maximum energy
transfer (backscatter).

Similarly, the cross section for a given energy transfer is larger when
nuclear scattering is included than when it is not. Figure 4.31 shows the cross
section for producing a recoil Si nucleus with energy greater than 300 keV
or greater than 1 MeV when nuclear contributions are and are not included.
At a given proton energy, the cross section is several times the Coulomb
Ccross section.

Figure 4.31 shows that nuclear elastic scattering makes a significant
difference even at a proton energy E of only a few MeV. This fact can be
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FIGURE 4.30 Ratio of Coulomb + nuclear elastic scattering differential cross section
to Coulomb. 32 MeV protons on Si*®. Nuclear data from ENDF/B-6.

appreciated by noting first that the Si nuclear radius is about 4.4 fm [Ev55].
The proton distance of closest approach is rmin = Ze> /E (neglecting the small
difference between the proton mass and the reduced mass), and the proton
wavelength is A =h/\/2M,E). At, say, E=5 MeV, find rpyi, ~4 fm, and
A =12.8 fm. Thus, the proton can readily interact with the nuclear potential,
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FIGURE 4.31 Proton on silicon cross section for Si recoil energy greater than 0.3 or
1 MeV. Coulomb cross section only (dashed), and nuclear + Coulomb cross section
(solid). Nuclear data from ENDF/B-6.
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and nuclear elastic scattering can interfere significantly with Coulomb elastic
scattering. Studies of ion damage in semiconductors must include nuclear
elastic scattering with reliable angular differential cross sections.

4.5.1 NoONIONIZING ENERGY LOSs

In addition to losing energy by knocking out electrons from target atoms, an
incident ion loses some energy to target atom recoil in an elastic collision.
The recoiling atom then hits others, initiating a cascade that deposits energy
in the form of atom displacements, vacancies, and interstitials, rather than
ionization. For incident charged particles, this form of energy deposition is
traditionally referred to as Nonlonizing Energy Loss, NIEL. (For neutrons, it
is more often referred to as nonionizing dose or nonionizing kerma.) As
displacements accumulate over time, clusters and electron trapping centers
form, degrading the performance of semiconductor electronic devices. To an
extent, the damage done tends to be proportional to the energy deposited, i.e.,
to the NIEL; however, there are many exceptions. Damage appears to be
proportional to NIEL for n type semiconductors at all ion energies, but in
other materials it remains proportional to NIEL at high energies but becomes
proportional to (NIEL)? at low energies. Summers and colleagues [Su95]
summarize to what extent damage in semiconductors is proportional to
NIEL. Radiation damage to electronic components is an enormous subject
in its own right, presented in texts such as that of Holmes-Siedle and Adams
[Ho02] and Messenger and Ash [Me92].

The basic mechanism of NIEL is the cascade following from each recoil-
ing atom knocking out further atoms from their lattice sites. The process is
pronounced in neutron irradiation, in which the projectile interacts directly
with the nucleus. We postpone the discussion to Chapter 5 on neutrons, where
the theory of Lindhard and coworkers is discussed.

4.6 LARGE CONTOUR PLOTS

Six large, color contour plots (11”x17") that graph useful parameters, three
for protons and three for alpha particles, are available. They are in high-
resolution PDF format on the accompanying CD (and would require a printer
capable of handling 11”x 17" paper). They are as follows.

4.6.1 PrOTONS

* Total mean stopping power, dE/ds|tom (electronic 4 nuclear). Most
energy transfer from ion to target is via energy loss by collisions with
atomic electrons. Energy loss by collisions with nuclei is much less
important (a portion of it is responsible for the small nonionizing energy
loss). Bremsstrahlung is negligible for ions below a few GeV /amu.
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* Full CSDA range, Rcspa, against total mean stopping power. Full
trajectory path length (g/ cm?).

* Mean forward range, Rs. The mean depth of penetration against total
mean stopping power and scattering. For protons, this differs signifi-
cantly from the CSDA range only for £ < 0.1 MeV. The ratio
Rus/Rcspa = detour factor < 1.

4.6.2

ALPHA PARTICLES

* Total mean stopping power, dE/ds|tow (electronic + nuclear). Nuclear
exceeds electronic only in the low-Z, low-E corner. Here and for
protons, the target atomic shell structure is important at low energies,
causing significant irregularities in a contour plot. Binding energies in
outer electron shells (L, M, N, etc.) are typically 50 to 100 eV.

* Full CSDA range, Rcspa, against total mean stopping power. Full
trajectory path length (g/ cm?).

* Mean forward range, R ;. The mean depth of penetration against total
mean stopping power and scattering. For alpha particles, this differs
significantly from the CSDA range only for £ < few hundred keV.
Proton and alpha particle data computed with SRIM 2003.
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5.1 INTRODUCTION

First discovered by Chadwick in 1932 [Ch32], the neutron and its interaction
with matter have ever since been the subject of intense study. Chadwick first
produced neutrons by bombarding Be’ nuclei with alpha particles from Po
decay, in the reaction a +Be’ — C'?+n. The neutron, of energy several
MeV, was sent through metallic foils and elastically scattered off the metal
nuclei. The recoiling metal ions entered an ionization chamber where they were
identified. The Be’(a,n)C'? reaction is still used as a neutron source today.

Much of physics in the 1930s was devoted to working out the behavior of
neutrons in interaction with nuclei and in their transport through matter.
Nuclear physics came into its heyday, and neutron transport and diffusion
theory were worked out [Fe50, Am59, Am84].

Once the ability of a neutron to fission a heavy nucleus releasing more
neutrons was discovered (1938 to 1939), it was immediately realized that a
chain reaction was possible, releasing huge amounts of energy. Only a few
years later, under the pressure of World War II, the process was made to have
astounding consequences, culminating in August 1945, ending the war.

In the 1950s, the fission process dominated nuclear technology, and the design
of nuclear power plants began [We58, Be70]; nuclear-powered submarines be-
came a reality; and an industry flourished to protect personnel, structures, and
military systems against nuclear weapons.

All these applications rely on neutron interactions with nuclei and the
transport of neutrons through material.

The behavior of neutrons passing through matter is sharply distinguished
from that of all other projectiles (photons, electrons, and ions) in that the latter
interact primarily with atomic electrons in the target material, with their
relatively small nuclear interaction a small correction. On the other hand,
neutrons interact solely with atomic nuclei. Because they are neutral, they do
not interact electromagnetically with electrons (or with nuclei).* They readily
penetrate the atomic electron cloud and reach the nucleus.

*The neutron magnetic moment allows it to interact electromagnetically with the magnetic
moment of electrons or magnetized atoms. Byrne [By94] discusses this weak interaction.
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Left to its own devices in vacuum, the neutron mean life 7 and half-life
2] /2 are

T = 885.7 sec
ty2 = 613.9 sec

against the decay n — p + e + v, [PDG04]. However, a neutron is absorbed in
most gases (e.g., air) in a fraction of a second and in many solids in
milliseconds or less.

There is an enormous variety of possible interactions between a neutron
and most nuclei, depending on neutron energy. The interactions differ from
one isotope to another of the same element. Therefore, in this chapter we
present only selected topics on neutron behavior in matter. A full treatment
would require volumes.

Foremost among the interactions is simple elastic scattering, in which the
neutron elastically bounces off the nucleus, and the nucleus recoils but
remains in its same internal state (usually the ground state). The recoiling
target carries off some energy, and the process reduces the neutron energy.
Except at energies > 1 MeV, the neutron wavelength

h [TMeV
A="= 2 286 fm .1
p E

is large compared with nuclear radii, and so elastic scattering is mostly S
wave and isotropic in the CM system (1 fm=10""* cm = 1 Fermi). Then,
after elastic scattering from a target of atomic weight A, the minimum energy
Emin (backscattering) and average laboratory energy E of a neutron with

incident energy E are
A—-1Y
Emin - Iﬁ E

A? 41 62
E=2 T
A+1D
The neutron has lost an average energy
- 2A
Eost = mE (53)

which is carried off in the kinetic energy of the recoiling nucleus.
On light nuclei, elastic scattering is usually the most probable process
for incident energies below several hundred keV. By repeated elastic
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scatterings while passing through matter, the neutron is reduced in energy
(moderated) until it reaches the thermal energy of its surroundings. A
moderated neutron spectrum results, extending from the original energy
down to 0.01 eV or less.

Many nuclei have internal excited states starting at a few eV up to MeV.
Therefore, at incident neutron energies sufficient to induce excitation, usually
above a few keV, it becomes increasingly likely that the neutron will scatter
inelastically, in which the recoiling nucleus has been put in an excited state.

A third, common process is for a neutron to be captured by the nucleus,
into an excited state of the compound nucleus. That excited state then decays,
usually by emission of one or more gammas and usually in less than nano-
seconds. In that case, one speaks of radiative capture. The cross section for
this process is often written as o, or (n,y) or o. The first notation is not
always clear because nonradiative capture may also occur [e.g., N"%n,p) C'].
The second notation runs the risk of getting confused with the special case of
radiative capture in which only one gamma exits (n,1y). o is perhaps the
safest notation

oy =omly)+o®m2y) +on3y)+--- 5.4

because it is the cross section for capture with only gammas in the final state.
At higher energies, usually above tens of keV, other massive particles may
exit in reactions such as (n,2n), (n,«), (n,np), and so on.

In addition to neutron-induced reactions, neutrons are spontaneously
emitted by some isotopes, usually by spontaneous fission. Half-lives for
spontaneous fission in most heavy elements are billions of years; an exception
is the very useful isotope Cf*°%, with a half-life against spontaneous fission of
only 85 years (half-life against « decay is 2.72 years, for a total half-life of
2.64 years). An exposition of gamma ray and neutron emissions and detection
from radioactive elements may be found in the Passive Nondestructive Assay
of Nuclear Materials manual available from Los Alamos National Laboratory
[LA91].

5.2 NEUTRON ENERGY AND REACTION NOMENCLATURE

Over the years, a nomenclature has evolved to specify ranges of neutron
energies and types of reactions.

5.2.1 NEeuTRON ENERGY RANGES

The energy range designations are not precise. Their names are more sug-
gestive of the consequences of reactions of neutrons in that energy range,
rather than that of the range itself. A fairly standard naming system is
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Energy Range  Name
0-0.025 eV Cold

0.025 eV Thermal
0.025-0.4 eV Epithermal
0.4-0.6 eV Cadmium
0.6-1.0 eV Epicadmium
1-10 eV Slow
10-300 eV Resonance
300 eV-1 MeV Intermediate
1-20 MeV Fast

>20 MeV Relativistic

Neutrons in thermal equilibrium with their surroundings at temperature 7
acquire a Maxwell-Boltzmann energy distribution with mean energy kT
(0.025 eV at room temperature). Thus, neutrons of this energy are called
thermal neutrons, even though such thermal neutrons have a distribution of
energies. Neutrons with energies less than thermal are referred to as cold
neutrons. Cold neutrons can be produced in large numbers from reactor
neutrons (fission spectrum) by passing them down a pipe cooled by liquid
nitrogen or hydrogen or helium until they come nearly to thermal equilibrium
at the reduced temperature.

The next energy range, epithermal, is simply more energetic than
thermal, but the upper energy to which the name applies (0.4 eV) is
defined by the neutron capture reaction in Cd''?. The neutron absorption
cross section of that isotope is very large below about 0.5 eV and drops
rapidly as energy increases; 0.5 eV is commonly referred to as the cadmium
cutoff. The Cd'"® absorption cross section peaks at 0.17 eV at about 55,000
barn. Its value at 0.5 eV is 1150 barn, about midway between that of B'® and
He?. Cadmium, rather than some other element or isotope, is chosen because
it is widely used as a selective absorber due to its large low-energy cross
section and relative absence of resonances (until 18 eV), and rapid drop off,
preventing the absorption of more energetic neutrons. Cadmium is therefore
very useful as a separator of low-energy neutrons (<0.5 eV) and higher-
energy neutrons. The energy range from 0.4 to 0.6 eV is called the cadmium
range. Figure 5.2a in Section 5.3 shows the Cd''? neutron absorption cross
section as a function of energy along with the cross sections of other good
absorbers.

Energies up to 1.0 eV are referred to as epicadmium. At 1 eV the Cd'"?
absorption cross section is 120 barn, having dropped one order of magnitude,
whereas the neutron energy increased only from 0.5 to 1 eV.

Neutrons of energy 1 to 10 eV are loosely called slow neutrons. Usually,
but not always, nuclear resonance reactions begin above 10 eV incident
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energy, so that little of interest occurs in the cross section as a function of
energy for slow neutrons. There are many exceptions in which there are
resonances below 10 eV.

From about 10 to 300 eV, most nuclei exhibit copious resonances, often
spaced by only 1 eV or less. For this reason, neutrons in that energy range are
called resonance neutrons. Actually, nuclear resonances may occur up to
many keV, so the upper energy of resonance neutrons is not well defined.
Not uncommonly, nuclear resonances from a few eV to a few keV are
separated by an amount greater than their widths, so they can be resolved.
Above a few keV their separation is often less, so they cannot be resolved; or,
even if they are actually separated, experiments may not be able to resolve
them. The energy span from the onset of resonances (generally a few eV) to
the limit of resolution is called the resolved resonance region. The span above
that, where resonances at least experimentally are too closely spaced, up to
where resonances actually do overlap so that only an averaged smooth
cross section can be determined, is called the unresolved resonance region.
Examples may be seen in Figure 5.4 in Section 5.4.3 in which the neutron
capture cross sections are graphed in isotopes of gadolinium. Resonances are
resolved for energies of a few eV up to about 10 keV, and the cross sections
are plotted as detailed, wildly oscillating functions of energy. Above 10 keV
resonances cannot be resolved, and only the smooth, average cross section is
tabulated in the ENDF compilation and in the figure.

Nuclear reactions in which other particles emerge, such as (n,p), (n,a),
(n,pd), and so on, usually have a threshold at energies on the order of
1 MeV. At incident neutron energies above the resonance region, but below
particle production, about 300 eV to 1 MeV, neutrons are referred to as of
intermediate energies.

The region above 1 MeV is distinguished both because it is the inter-
esting energy for particle production reactions to begin, and also because
the neutrons produced in nuclear reactions tend to have MeV energies. The
Be’(a,n)C'? reaction is an example. The mass energy released in this
reaction when the alpha particle has no kinetic energy (the Q value) is
5.7 MeV. If the alpha particle is supplied by Po decay, as was the case in
Chadwick’s experiment, it has an energy about 5.3 MeV, which, when
added to the Beryllium reaction Q value, provides a total of about 11 MeV.
Then depending on the direction of the exiting neutron relative to that
of the incident alpha particle, the neutron has an energy between 0 and
11 MeV.

Neutrons from about 1 to 20 MeV are called fast neutrons, the energy
range usually found in neutrons from nuclear reactions. Above 20 MeV
they are referred to as relativistic. A 20 MeV neutron has a velocity 20%
that of light.
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5.2.2 NEUTRON REACTION NOMENCLATURE

The myriad reactions that can occur between a neutron and target nucleus
allow ample room for different categorization schemes in naming them. The
following is common [Ma60].

Total Cross Section

Elastic Non-elastic
Inelastic ~ Fission  Neutron-Producing Neutron-Disappearance
(n,n) (n,n) (n,fis) (n,2n) [e.g., 0'* - 0" Radiative Capture
(nﬂ’p) [016—> NIS] Ty, (n,1y), (n,27y), ....
(na) [C12 — Bef Charged-Particle Producing
(n,n'pa) np), (M), oo onn ...

All processes are first divided into Elastic, and everything else, called Non-
Elastic. The latter is divided into four main categories, one of which is the
inelastic scattering mentioned above.

Alternate naming schemes exist. In the former Soviet Union, the Non-
Elastic processes listed above have been referred to as Inelastic Interactions,
whereas the Inelastic subset of them listed above has been referred to as Inelastic
Scattering [Go76, Gr97].

There is the question of the time scale for the exiting particles to be created. For
example, in radiative capture in nitrogen, Nl4(n,y)N15 , it is observed that about 2
gammas are produced per neutron capture, with a wide distribution of gamma-ray
energies. It is therefore not clear whether this should be considered an (n,1y) or an
(n,2y) reaction. In fact, the neutron is captured in an excited state of le, which de-
excites by decaying through a chain of lower levels to the ground state. Each
transition emits a gamma. Thus, some neutron captures result in 1 gamma ray
(10.829 MeV), whereas some result in 2, 3, or 4 or more gammas of lower energy.
The lifetime of the intermediate excited states is of the order of picoseconds, and so
all gammas exit immediately. In such a case, nuclear reaction databases usually
tabulate the radiative capture cross section, and then specify probabilities for the
emission of the various gammas. In other cases, it may happen that the recoiling,
excited nucleus is in a longer-lived state, with a lifetime of perhaps nanoseconds or
microseconds or longer. Then the particular application dictates whether one
considers the reaction (n,1+y), or (n,2), ... An excited state with a lifetime against
gamma decay longer than about 1 msec is called an isomeric state or an isomer.
Isomers exist with lifetimes from milliseconds to months.

Reduced cross sections are of interest. One defines the radiative capture
gamma production cross section

a84(y) = o(n,1y) + 20(n,2y) + 3o(n3y) + - (5.5)

to be the cross section for producing a gamma when only photons exit.
A neutron or particle production cross section is defined similarly. The photon
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yield, or the gamma yield, or the gamma multiplicity n™* is the mean number
of gammas produced on neutron capture (when no particles other than
gammas are produced),

nrad g;((j’d $2)

Oy

where o, is the radiative capture cross section from Equation 5.4.

When the yield or multiplicity is specified for purely radiative processes, a
gamma production cross section is defined for processes in which a gamma is
produced along with massive particles (a probable process at higher energies):

Opoa(Y) = o(nn'y) + 20(nn'2y) + a(npy) + o(nay) +--- (5.6)

The total gamma production cross section is the sum

rad

Toroa(Y) = T4 (y) + T () 5.7)

Any of the three gamma production cross sections may exceed the total cross
section; not uncommonly, 0pyoq does in narrow energy bands.

Energetic neutrons on light nuclei may cause the target nucleus to frag-
ment (i.e., fission), with no neutron in the final state. In this case, fission is a
neutron-absorbing process. Fission on heavy nuclei (e.g., U) usually results in
more neutrons being produced. In this case, fission is both a neutron-absorb-
ing and a neutron-producing reaction. A neutron disappearance cross section
is defined as the sum of all processes in which no neutron exits:

o(disappear) = o, + o(n,charged particle) + - - - (5.8)

A neutron absorption cross section is sometimes defined as either equal to
o(disappear) or, when fission is considered a neutron-absorbing process, as

o(abs) = o(disappear) + o(n,fis) 5.9

Some of these cross sections are illustrated by neutron interactions on N'4,
shown in Figure 5.1. The two absorption reactions ¢, and (n,p) are exother-
mic and obey the 1/v law up to about 100 keV. The cross section is propor-
tional to the time the neutron spends near the nucleus and so is proportional to
the inverse neutron velocity. At all energies, elastic scattering is the most
probable process.

The ENDF library tabulates the inelastic cross sections for exciting the
first 40 individual excited states of the recoiling nucleus and their sum (n,n’),
the total inelastic cross section. The first two, (n,n’;) and (n,n’,), are shown in
the figure for N along with the sum total (n,n’) for all levels.
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FIGURE 5.1 Principal neutron-N'* cross sections at 300 K. 0, is radiative capture;
the gamma production cross section is larger. Other than o, or (n,p) the lowest
nonelastic process is (n,c), with a threshold of about 0.6 MeV; it is the major non-
elastic process between 2 and 6 MeV. (n,p) dominates below 2 MeV, whereas inelastic
scattering dominates above 6 MeV. (Data from Point2004 (ENDF/B-6).)
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For a projectile of mass m and laboratory kinetic energy Ej,;, incident on a
target of mass M, the center of mass energy available is (nonrelativistically)

M

Ecm =—Eq 5.10
v =y B (5.10)

The first excited state of N'#is at £ 1=2.313 MeV [A]j86]. To excite this state,
the incident neutron must have, inverting Equation 5.10, a kinetic energy
Ep = ((m+ M)/M)E|; =2.479 MeV; this is the threshold for inelastic scatter-
ing that excites the first state of the target, i.e., the reaction (n,n’;). The next
two excited states of N'* are E>,=3.958 MeV and E;=4.915 MeV. These
correspond to the next two inelastic processes, (n,n';) and (n,n'3), with
thresholds of 4.243 and 5.269 MeV, respectively.

For N'* the particle production cross section with the lowest threshold is
(n,&). The actual threshold of the reaction is about 0.3 MeV, but the cross
section is less than 10> barn below 0.62 MeV.

5.3 GOOD NEUTRON ABSORBERS

Unwanted neutrons, for example, those escaping from a nuclear reactor, can
be dangerous to humans or destructive to electronic equipment if in sufficient
numbers. By the time they pose such a threat they have usually been scattered
many times from the surrounding material, and their spectrum is that of a
moderated neutron gas, with a spectral peak at thermal energies and a
characteristic 1/E drop off up to MeV energies. Figure 1.5 is an example
spectrum, but graphed only up to 1 keV. These neutrons can be removed by
passing them through a material that has a high neutron absorption cross
section at low energies.

Those neutrons that have not been sufficiently moderated before posing a
hazard can be moderated to make them easier to absorb. Low-Z material,
notably polyethylene (CH,), or water, are excellent moderators, as is low-Z
biological matter such as a human being, or moist soil and moist concrete.

Most nuclei absorb low-energy neutrons. Cd! 13, HeS, Bm, and Gd"7 are
favored isotopes because of their especially large thermal absorption cross
sections, but there are others. He® ,B 10, and Li® are employed in neutron detectors
because the output of the capture reaction is one or more charged particles, which
are then relatively easy to detect by conventional means. The capture in most
other nuclei produces gammas, which are more difficult to detect.

The neutron absorption cross sections for a number of highly absorbing
stable isotopes are shown in Figure 5.2a and Figure 5.2b. The isotopic
abundance in the naturally occurring element, reaction products, energy
released (Q value), and thermal cross section at 300 K are shown in
Table 5.1. For comparison, the thermal neutron absorption cross section of
Xe'?? (t12=9.1h)is 2.65 X 10° barn, the largest known value of any isotope.
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FIGURE 5.2 (See color insert following page 332.) Cross sections at 300 K of good
absorbers of low-energy neutrons. (a) Stable isotopes with thermal cross section
greater than that of B'%. All reactions are (n,y) or (m,ce) except He3(n,p) and
B'%(n,a). Xe!35 (half-life 9.1 h), with thermal cross section 2.5 Mbarn, is shown in
squares for comparison. (b) Stable isotopes with thermal cross section less than that
of B'C. All reactions are (n,y) or (n,ce) except HeS(n,p), B'%(n,@), and Li®(n,0).
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TABLE 5.1
Neutron Capture Reactions in Stable Isotopes with Relatively Large

Thermal Cross Section

Target Target Isotope Thermal Cross
Isotope Abundance (%) Reaction Product Q (MeV) Section (Barn)
Gd'’ 15.7 Gd'3® + (y or ce) 7.937 254,000
Gd'» 14.8 Gd"® + (y or ce) 8.536 60,900
Sm'# 13.9 Sm'® + (y or ce) 7.985 40,140
cd'? 12.22 Cd'"™ + (y or ce) 9.041 20,600
Eu's! 47.86 Eu'®? + (y or ce) 6.305 9,200
He? 1.38x107* pHt 0.7637 5,333
B' 19.9 Li’ 4+ a 2.79 3,838
Lu'’® 2.59 Lu' + (y or ce) 7.073 2,090
Ir'! 37.3 Ir'? 4 (y or ce) 6.199 954
Li° 75 a+t 4.784 941
Er'®’ 229 Er'®® 4 (y or ce) 7771 659
af'’”’ 18.56 Hf'® 4+ (y or ce) 7.626 373
Sm'>? 26.6 Sm'> + (y or ce) 5.868 206
Rh!'%? 100.0 Rh'™ 4 (y or ce) 7.000 145

Datain Table 5.1 are taken from the two-volume compilation by the National
Nuclear Data Center at Brookhaven National Laboratory [Mu81, Mu84,
McL88]. The same cross sections are also tabulated in ENDF, with slightly
different values. Cross sections at selected nonzero temperatures are in a
separate library Point2004. All these ENDF-based cross sections are avail-
able at http: //www3.nndc.bnl.gov/point2004/, or http: //www-nds.iaea.org/
point2004/ or through http: /www.lInl.gov /cullenl//.

Though unstable and so not listed, Sm'>" (#,, =90 y) has a thermal absorp-
tion cross section of 15,200 barn.

5.3.1 INTERNAL CONVERSION

Upon neutron capture, an alternate decay mode that competes with gamma
emission is internal conversion. This occurs when an atomic electron, usually
from the K shell, interacts with the nucleus and the nucleus de-excites by
ejecting the electron from the atom. The electron kinetic energy equals the
nuclear transition energy minus its binding energy. The notation (ce) is used
to denote a conversion electron. Internal conversion is always possible when
gamma emission is possible; it is more probable for high-Z nuclei and low
transition energies.

5.4 THE CASE OF Gd"”

Upon neutron capture in Gd'>” either a gamma (or several gammas) or a
conversion electron may be emitted. This isotope is a favored example
because of its especially high absorption cross section. We discuss its con-
version electrons here in some detail.
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5.4.1 GEeNERAL OBSERVATIONS

In thermal neutron capture, a neutron is captured into an excited state of the
next higher isotope

ZXA +n— ZXA+IX

(A+1)* then decays by radiative transitions, emitting 7ys of many energies.
Sometimes, however, the nucleus decays by internal conversion (IC), emit-
ting an electron and not a photon.

The internal conversion coefficient (ICC) of a transition is defined as the
number of conversion electrons (ce) emitted per emitted gamma and so may
be less than or greater than 1:

ICC = (#electrons)/(#gammas)

An ICC is defined for the electron that is ejected from each atomic shell,
ICCk, ICC,, and so on. It is a function of the nucleus Z, the gamma transition
energy, and the gamma multipolarity.

The conversion electron fraction f,. is defined as the fraction of transitions
that produce a conversion electron:

fee = (Felectrons)/(#electrons + #gammas) = ICC/(1 + ICC)

so that 0 < f.. < 1.

Thermal neutron capture gamma intensities are tabulated, for example at
the National Nuclear Data Center, http: //www.nndc.bnl.gov/. Commonly,
tables give the relative intensity, I, /I, (max), the intensity 7, of the gamma at
the chosen energy relative to the most intense gamma, /,(max).

ICCs can be computed directly for any transition, using the tools available
at the same NNDC site. All nuclear states and transition energies are in the
nuclear data sheet for Gd'>® [He96].

5.4.2 Gp'”’

The reaction proceeds through the compound nucleus Gd'*®", an excited state
of Gd"*®, which then rapidly decays to its ground state Gd'**¢ and emits a 7y
(or several ys) or a conversion electron:

n+GdP" — Gd"¥* — Gd'® + vy or (ce)
In Gd"’ the thermal neutron is absorbed into the 7937.1 keV excited state of

Gd'® [He96]. By decay from there, many hundreds of gamma energies
are possible, from a low of 79.51 keV to a high of 7857 keV. In the cascade,



Selected Topics on Neutron Interactions 317

more than one gamma may be emitted per n capture. Many of the cascading
transitions populate the first excited state of Gd'*® at 79.51 keV. Direct decay
from the capturing state to the ground state is forbidden; no 7937.1 keV
gamma is emitted.

Atomic shell binding energies in Gd are:

K =50.24 keV

L, =8.375keV; L,=7.93 keV; L;=7.24 keV

M=12t0 19 keV
The kinetic energy of a conversion electron resulting from a nuclear transition
of energy Eiansition 1S Eransition 1€5S one of these shell energies.

Table 5.2, constructed from the nuclear data sheets and computed ICC
values, shows several of the most intense ys and conversion electrons emitted
following thermal neutron capture in Gd'>’. For example, in the cascade
decay from the capturing state, there are two lower states separated by
181.93 keV. The lower of the two is accessible from the upper by an E2
transition. For 100 neutron captures, the transition between these two states
occurs 24 times. A transition can produce only a gamma or a conversion
electron. Of the 24 transitions, 18.34 transitions result in a 181.93 keV gamma
being emitted, and 5.65 transitions result in a conversion electron being

TABLE 5.2
Most Intense Electron-Producing Transitions from n + Gd'>”

Total Number  Originating Shell,

of Conversion Number, and
Electrons from  (energies, keV)
Transitions Gammas All Shells of Conversion
Eiransition per 100 n  per 100 n Gamma per 100 n Electrons per
= E, (keV) Captures Captures Multipolarity Captures 100 n Captures
79.51 68 9.75 E2 58.7 K 20.0 (29.3)
L 29.8 (71)
M 8.9 (78)
181.93 24.0 18.34 E2 5.65 K 3.8 (132)
L 1.4 (174)
M 0.4 (180)
277.54 1.22 1.13 E2 0.087 K 0.066 (227)
L 0.017 (269)
M 0.0048 (276)
780.1 2.51 2.5 El 0.0044 K 0.0039 (730)
L 0.00052 (772)
944.1 8.6 8.55 El 0.0105 K 0.0093 (894)

L 0.0012 (936)

Source: From [He96].
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FIGURE 5.3 Principal internal conversion electrons per 100 neutron captures in Gd'>’.

emitted. Of these 5.65 electrons, 3.8 have 132 keV, 1.4 have 174 keV, and 0.4
are of 180 keV. As their energies indicate, the more numerous, lowest
energy electrons are from K capture; the next from L capture, and the
remainder from M-shell capture. The other transitions follow the same inter-
pretation.

The three most probable electrons come from the lowest energy transition of
79.51 keV.29.8% of all neutron captures create a conversion electron of 71 keV;
and 20% result in a 29.3 keV electron. The conversion electron energy distribu-
tion for the most probable electrons is summarized in Figure 5.3.

5.4.3 Gb'*” vs. B

Among solids, gadolinium isotopes and B' are the neutron absorbers with the
largest cross sections that produce a charged particle in the final state. Both
are in active use (as is Li®). There are seven stable isotopes of Gd. The neutron
capture cross section on each of them is depicted in Figure 5.4. Isotopes 155
and 157 have thermal neutron cross sections that exceed that of B'®. On a per
nucleus basis, either Gd'* or Gd"*” is far superior to B'° in absorbing power
of thermal neutrons; however, other requirements of a particular application
may sway the choice away from Gd.

First, boron is plentiful and relatively inexpensive. Due to its 10% mass
difference, B'? is relatively easy to separate from natural boron. The United
States prepares tons of B'® annually, specifically for use in the nuclear
industry. B'® loaded polyethylene is a favored neutron moderator and
absorber. Elemental Gd is rarer and more expensive.
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FIGURE 5.4 (See color insert following page 332.) Neutron capture cross sections on
the seven stable isotopes of Gd.

Gd isotopes differ by less than 1% in mass, and it is more difficult to
separate them. Given the expense of obtaining individual isotopes from the
element, it is of interest to compare the neutron-absorbing properties of
natural Gd with those of B'°, In natural Gd, the abundance of isotope 157 is
15.65%, and that of 155 is 14.8%. Weighting these and the other isotopes, the
thermal neutron absorption cross section of an atom of natural Gd is

0(Gdpy) = 48,800 barn

about 12.7 times that of the cross section, o-(BlO), on an atom of B'®, On a per
atom basis, natural Gd is an order of magnitude superior to B'* as an absorber.
However, applications that are sensitive to weight, such as in spacecraft,
prefer to compare on an equal mass basis: o (cm2 /2) =Ny/A)o (cmz), and
the element atomic mass A reduces the cross section relative to a single atom.
As A(Gd,,,) = 15.73A(B'°), a gram of Gd,, has a thermal cross section equal
to 12.7/15.73 =0.8 that of a gram of B'®:

0(Gdyy) = 187 (cm?/fg)
o(B'%) =231 (cm%/g)

Per gram, B'? is a (slightly) better thermal absorber than natural Gd. Other
features are the relatively low cost of BIO; the lower Z of B; and the short
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ranges of the charged particles (« and Li’) emitted by B'C relative to the
longer ranges of a conversion electron or gamma emitted by Gd'>’. Given that
some applications are sensitive to x-ray and gamma absorption, and so require
a low-Z material, that weight may be an issue, and that it may be desirable not
to have long-range particles created upon n capture, there may be circum-
stances in which B'® is preferred to natural Gd.

5.5 CROSS-SECTION DEPENDENCE
ON TARGET TEMPERATURE

Given the presence of the ground, buildings, concrete, walls, human bodies,
air, and other low-Z material, neutron moderation is inevitable, giving the
neutrons a much lower energy spectrum than when they were produced, say in
a reactor or in cosmic ray interactions with the atmosphere. The thermal part
of the spectrum contains neutrons at the same energy (temperature) as the host
medium. One therefore needs to know the spectrum averaged cross section on
a medium at its own temperature and must account for Doppler broadening of
cross sections.

One would think that a cross section that is independent of velocity would
not be affected by target thermal motion as relative neutron—nucleus velocity
does not change it. Likewise, one would expect that a velocity-dependent
cross section, say the 1/v dependence of a capture cross section, would
deviate from simple 1/v dependence when the incident neutron velocity is
comparable to or smaller than target thermal velocities, since relative velocity
is now important. It is at first surprising, then, that just the opposite is the case.

Figure 5.5 shows the low-energy elastic scattering and (n,p) capture cross
sections in N'# at 0, 300, and 1200 K. At the higher temperatures, the constant
elastic scattering cross section is increased when the neutron energy is much
below thermal; the energy dependence changes from a constant to a 1/v law.

The reason is as follows. The desired cross section o(v,T) at temperature T
defines the reaction rates:

R = Nvo(w,T) (reactions/sec per incident neutron) (5.11)

where v is the incident neutron velocity, and N is the target density. Target
atoms of thermally oscillating velocity V have a Maxwellian velocity distri-
bution f,(V) exp[—MV2 /2kT 1. For relative velocity v — V, the microscopic
reaction rate is Njv — V|o,(jv — V|), where o, =0a(Jv—V|,0) is the zero tem-
perature cross section. Thus, the reaction rate R can also be expressed as

R= NJ|U —V]oo(jv = Vfu(V,T) &V (5.12)



Selected Topics on Neutron Interactions 321

103 - T IIHHII T IIIHHI T IIIHHI T IIHHII T IIIHHI T IIHH‘ T IIHHI T TTTH

s Elastic. 300 K" : ]

: ‘ : : N4 7

: Elastic. 1200 K - . .

102 T N Trirriireneeeeees =

Fo S . . . m

- 3 : : : .

c - . . . .
— . . .
(“ . . .

_0101 3 — = : : —

z [ Elastic. 0 K .~ o . ‘ E

o F : Ss. 300K 1200 : : 7

=1 B ' S . : ' B
3 ‘ s : : :

o | AR ; : i
7)) . ' '

w100:— """""""""""""" (’70) ESR R —

<) F * 0 . : ' =

= - 53, ~ . . =

O . % .~ : ]

- 7 /70, o X i

| : 790 .. : ]
1 . \\\ .

0L = Ko E

r S ! ]

- \‘\ N .

N <. ]

- . ‘\ .

. . . . . . . \\\
_2 L llHHlI L lllHHI L llHHlI L llHHll L llHHll L llHHl L llHHI Ll LN L

0
1075 1074 1073 1072 107" 100 10° 102 103
Neutron energy (eV)

FIGURE 5.5 Low-energy elastic and (,p) cross sections on N' at three temperatures.
Illustrating the dependence of the cross section on target temperature.

or
vo,T) = J v — Vloo(jv — V)fu(V.T) &V (5.13)

This expresses the Doppler broadened cross section o(v,T) in terms of the
stationary cross section o,. When v < V, the integral is constant and o(v,T) <
1/v. Thus, it is clear, at least formally, that Doppler broadening turns a
constant cross section into a 1/v cross section, for small v.

The capture cross section, which behaves as 1 /v when the target nucleus
is stationary, turns out to be unaffected by target temperature. The integrand
in Equation 5.13 becomes independent of v, and o(v,T) remains proportional
to 1/v. In spite of Equation 5.13, these behaviors are unintuitive. They are a
result of the fact that target thermal agitation allows the nucleus to pass near
the projectile many times, multiplying the effective cross section as the
projectile passes by. It is worth understanding this explanation.

5.5.1 TemPeRATURE DEPENDENCE OF A CONSTANT CROSS SECTION

Let o, = a”* be a constant, velocity independent cross section of a neutron on
a stationary nucleus (T =0), such as is the case for elastic scattering on N'*
for neutron energies E less than about 1 keV. a is the neutron—nucleus
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separation required for the interaction to occur. Let x, be the thermal agitation
amplitude and V the mean thermal speed of the nucleus in a material of
temperature 7. The period of oscillation is 7= 4x,/V. Usually, a < x,, except
at the lowest temperatures and highest cross sections. The velocity of a sub-
thermal neutron may be slower than that of the heavier, oscillating nucleus.

We need to consider only one degree of freedom, the oscillation parallel to
the neutron velocity, and so may take %M Vi= %kT. The neutron requires a time
t; = 2x,/vto travel completely past the target. When v <V, the nucleus passes
close to the neutron twice on each oscillation, or n =2¢; /7 times in the transit
time #;. With the above definitions, n=2(2x,/v)/(4x,/V)=V/v. Thus, the
neutron has n chances to interact, and » is proportional to 1/v and to T'/2,
Including the case V=0, the number is n =1 + V /v, and the effective cross
section is o= no, = (1 + V/v)a,.

Therefore, target thermal oscillations double the cross section when
V/u=1 or when E = lmv’ = (m/M)Y%T. For N'* this is at E=KT/28, as is
seen to be the case in the figure for both 300 and 1200 K. At still lower
energies, V/v > 1, the final cross section is

v VT

T — —0y X — (5.14)
v v

Doppler broadening turns a constant cross section into a 1/v cross section.
The scaling also shows the temperature dependence at a fixed energy;
the cross section doubles when the temperature quadruples, say from 300
to 1200 K.

5.5.2  TeMPERATURE DEPENDENCE OF A 1/v CROSS SECTION

Now consider an interaction for which the cross section on a stationary
nucleus behaves as 1/v, o(v) =ov; /v, such as radiative capture. Equation
5.13 shows that when o(v)  1/v the Doppler broadened cross section
remains exactly proportional to 1/v.

Again let v be the neutron velocity and V be the mean thermal
nuclear velocity parallel to v. On one-half an oscillation, the relative velocity
is [V—v|, and so the cross section is ojv; /|V—v |. On the other half it is V + v,
and the cross section is ojv;/(V +v). Assuming that the transit time #; is
longer than a period 7, then over a full period the cross section is

1 1
.= _—t 5.15
g7 = [V—v|+V—|—v} ( )

To obtain the final effective cross section o, this is to be multiplied by
the number of periods ¢ /7= V/2v during the transit time, o = o-,V//2v. Con-
sidering the very slow neutron case, V >> v, it becomes
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v nw V[ 1 1] v 5 e
|:VU+V+U:|—0'1U[I+O(U/V)] (5.16)

Except for corrections of the order e / V2, this is the same cross section as for
a nucleus at rest. For a 1/v cross section, the target temperature makes no
difference, and the 1/v cross sections in Figure 5.5 are unchanged at all
temperatures.

The definition in Equation 5.11 used v for the relative velocity. The target
motion is hidden in the Maxwell distribution. However, in the explanation in
Equation 5.14 through Equation 5.16, the target motion was handled directly,
so that [u—V] is the relative velocity. This latter argument makes the hidden
motion explicit.

5.6 NEUTRONS IN SILICON

The fate of the energy deposited in matter by neutrons is important. Heating
in reactors is the desired product, but can change mechanical, metallurgical,
and structural properties of heated materials. Neutrons arising from cosmic
rays pass through electronic components (usually silicon), and may cause
both temporary and permanent changes to a component’s electrical function-
ing. Here we discuss how neutrons deposit their energy in silicon, and the
separation into ionizing and nonionizing dose.

Upon entering silicon, neutrons can physically knock atoms out of their
lattice positions, causing longer-term displacement damage. The damage can
be electronic in that the creation of vacancy-interstitial pairs and clusters can
degrade component performance. Under intense fluxes, the damage can be
metallurgical as well. Further, the recoil atom ionizes upon coming to rest,
which creates electron—hole pairs that may temporarily upset a binary state
(single event upset (SEU), or bit-flip, or neutron induced upsets (NIU)).* Over
time, the displacement of atoms causes cumulative permanent damage to the
device. SEUs cause a temporary problem because bits can be reset without
permanent damage. One needs to understand what fraction of the total energy
deposited by neutron passage contributes to displacement damage and what
fraction to ionization.

This is in contrast to the passage of electrons or photons through matter,
which only rarely cause atomic displacements. Rather they deposit their
energy almost exclusively in the form of ionization, creating e—h pairs.
Protons, heavy ions, and neutrons, on the other hand, can cause both dis-
placements and ionization. However, whereas only a small fraction of
the energy deposited by a proton or ion goes into atomic displacements, the

*If the semiconductor is boron-doped, neutron capture in B'® ejects either a 1.47 MeV or alpha
1.78 MeV alpha particle, which can likewise cause single event upsets.
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energy deposited by a neutron is split between displacement and ionization in
very comparable amounts. The reason is that, as discussed in Chapter 4, ions
lose their energy primarily by knocking out atomic electrons, whereas neu-
trons lose energy only by colliding with nuclei.

The neutron—nucleus interaction results in a scattered neutron of lesser
energy, a recoiling nucleus, possibly gammas, and at high energies the
production of light-charged particles (p, @, etc). In Si and in many materials,
a low-energy neutron may also be absorbed by the (n,7y) reaction. In this case,
the nucleus will recoil from the emitted photon.

The mean free path (mfp) between scatterings of a neutron in Si is
between 2 and 10 cm, depending on its energy. As this distance is large
compared with the linear dimensions of most Si targets of interest, one has to
consider only the first neutron interaction.

5.6.1 Basic Cross SECTIONS IN SILICON

Natural silicon has the following isotopic composition:

Si®  92.23%
Si%° 4.67%
Si3¢ 3.10%

Its density is p=2.32 g/cm3, and its atomic weight A =28.08. Atom number
density is

Ng = Na/A = 2.145 x 10* atoms/g or
N = Ngp = 4.975 x 10? atoms/cm’

where N, is Avogadro’s number.

The two reactions Thermal o (barn):
1. Elastic scattering n+Si — n+Si 2.08
2. Radiative capture o, 7+ SiZ® — Si”° — Si?® 4 §E (8.472 MeV); 0.16

n+ S = S s Si3% 4 SE(10.61 MeV); 0.12

n+ S0 — S s SPE 4 SE (6.6 MeV); 0.107

occur with no threshold. The ground state of Si* is 8.472 MeV below that
of Si*® plus the mass of a neutron. The capturing states of Si*’, Si*°, or Si*!
have many levels below them, and +ys of various energies occur with some
branching ratio as the nucleus decays to its ground state. These photon
emissions occur on an fs—ps time scale. The ground state of Si*' is unstable,
against B and vy emissions (maximum energy 1.48 MeV), with a half-life
of 2.62 h.
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Of reactions with a threshold, the one with the lowest (1.84 MeV on Sizs,
1.33 MeV on Si%°, 2.31 MeV on Si30) is inelastic scattering n+ Si — n’ + Si*.
The particle production threshold is ~2.8 MeV, for n+ Si — Mg+ a.

Figure 5.6 shows the most important cross sections in natural silicon. The
top panel shows the two nonthreshold processes, together with the total cross
section including threshold processes, and the gamma production cross sec-
tion. (The gamma production cross section momentarily exceeds the total
cross section near 12 MeV.) The bottom panel shows the principal processes
with a threshold.

Below several MeV elastic scattering is the most probable process, fol-
lowed by neutron capture. The curve labeled o, is the cross section for
radiative capture, as discussed earlier, and 070q(7y) is the gamma production
cross section of Equation 5.7.

The ratio oproa(y)/0 is then the average number of vys produced upon n
capture. Below 1 MeV this number is about 2.3. Alpha particle and proton
production cross sections, proq(er) and oproq(p), are also shown in the bottom
panel of the figure.

Upon thermal neutron capture, the spectrum of ys emitted from silicon in
its natural isotopic composition is shown in Figure 5.7. The highest energy is
10.61 MeV from n+ Si*’; the highest from Si*® is 8.472 MeV. The lowest
energy is 340 keV again from Si*’; the lowest from Si*® is 397.8 keV. The two
most intense lines, both from Sizs, are 3.54 and 4.93 MeV.

5.6.2 ENERGY TRANSFER DURING COLLISION

Above about 3 MeV, inelastic scattering and nuclear reactions resulting in
charged particle production are more probable than elastic scattering. Com-
puting the mean total energy transfer, the sum of the outgoing energies of the
recoil nucleus and the produced particle(s) is relatively easy. But ionization
and displacement energies are the ones desired. These require the angular
distributions or energy distributions of the reaction products. These are more
difficult to obtain, but ENDF tabulates many of these distributions, both in
angle and in energy. However, it is easier to understand by simple arguments
the kerma (and so, effectively, the dose) at lower energies where elastic
scattering or neutron capture dominate.

5.6.3 KerMA DUE 10 ELASTIC SCATTERING

When a neutron of mass m and kinetic energy E,, strikes a Si nucleus of mass
M, the maximum energy transfer from the neutron to the Si target atom during
elastic recoil is

AdmM

=——FE,=0.133E, (5.17)
(m+ M)

Tmax
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FIGURE 5.7 Cross sections for thermal neutron capture gammas in silicon (natural).
The most probable gammas are 3.54 and 4.93 MeV, both from Sizg, with a cross
section for each of about 0.11 barn/atom. There are 183 lines. The lowest energy is
333.4 keV, the most energetic 10.61 MeV. Numerical data from the online table of
radioactive isotopes (http: //ie.lbl.gov /toi.htm).

The scattering is S wave up to about an MeV, so the average energy transfer is
about half the maximum,

1 2 mM
Tow ==Tmax = ————E, = 0.067 E, 5.18
a o ma (m—l—M)2 ( )

Thus, a 1 MeV neutron imparts some 67 keV, on average, to the recoiling
Si nucleus, and always less than 133 keV. The displacement threshold energy
of Si in its lattice site is Eq = 15 to 25 eV,* and in Si the range of a 67 keV Si
atom is about 1000 A.

During this motion, the recoiling Si ion both dislodges other Si atoms
(i.e., causes further displacements) and ionizes other atoms on the way. The
partitioning of its energy loss between ionizing and further displacements is
a nontrivial problem. A cascade forms in which the first recoil atom knocks

*Most recent studies favor 15 eV.
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others, which then dislodge others. This cascade process lends itself to
analysis by integral equations; it was satisfactorily resolved only in the
1960s by Lindhard and coworkers [Li63a, Li63b, Sa66]. It is the basis for
the concepts of nonionizing kerma and ionizing kerma (or nonionizing
dose and ionizing dose) of neutrons and ions in matter.* The distinc-
tion is needed when inquiring into the number of electron—hole pairs or of
the displacement damage produced by neutrons in a semiconductor. At least
E4 is consumed for every displacement, and this amount of energy is
therefore not available for ionization. Moreover, energy loss that goes into
ionization is then not available to displace another atom.

Due to elastic scattering, the energy deposited per gram by a neutron
fluence ¢ (n/cm) is QDN Uelas av — gelasgo’ where gelas—N UelasTav is the
fluence-to-total kerma conversion factor (rad per n/cm ) due to elastic colli-
sions, and is proportional to the incident neutron energy for a constant or|qs.
This deposited energy is in the form of the kinetic energy of the recoil Si
atom. The factor

kelas = OTelasT avs (eV-cmz, or eV-barn)

is the total kerma coefficient, or the total kerma cross section due to
elastic scattering. Hence, the total kerma per unit fluence is &qjas = Ngkelas.
Other than capture, elastic scattering is the only available process below
the inelastic threshold (1.3 MeV), and is dominant up to ~3 MeV. Si
recoil from elastic scattering is the main contributor to neutron dose from
100 eV to 3 MeV. ¢ for all processes at all energies, including elastic,
inelastic, and scattering, is shown in Figure 5.8, the total fluence-to-
kerma conversion factor, from the ENDF database, converted to units of
rad(Si) per 10"'n/cm?.

As charged particle ranges are so short, this total kerma is effectively the
same as total dose. Thus Figure 5.8 is the fluence-to-total dose conversion
factor. For neutron energies up to ~100 keV, a typical elastic scattering cross
section iS 0rgpps ~2 barn and so at, say, =1keV, £=E&..s=2.87 eV/g per
n/cm =4.6x107 rad per 10" n/cm , as seen in Figure 5.8. Elastic scatter-
ing resonance cause the sharp variations about this dependence in the region
0.03 MeV < E, <3 MeV.

The scattered 1 MeV neutron, of average 933 keV, may scatter again.
However, its mfp is ~5 cm in Si and so interacts again only far from the first
interaction point or outside the Si sample; its local dose or kerma is provided
by its first scattering.

*The terms nonionizing energy loss (NIEL) and ionizing energy loss are more commonly used
when referring to charged particles.
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5.6.4 KerMA DuUE 10 n CAPTURE AND GAMMA EMISSION

Below E,, ~ 50 eV, neutron capture causes more dose than elastic scattering,
even though its cross section is well below that of elastic scattering. This is
due to the nucleus recoil upon gamma emission.

A single emitted photon of energy Av imparts a momentum Av/c and an
energy E. = (hv/ c)z/ 2M to the recoiling nucleus. The recoil energy is propor-
tional to the square of the photon energy and is independent of the incident
neutron energy.

Following n capture, suppose that a single photon of maximum energy is
emitted, bringing the excited nucleus to its ground state. In the case of Si*%,
the photon is 8.472 MeV, and the nucleus recoils with kinetic energy

hv

At 1 eV, the capture cross section o, is 0.025 barn, and the fluence-to-total
kerma by this mechanism would be

&, = NgoyE; = 0.729 (eV/g per n/cm?)

=1.18 x 107" (rad per n/cmz) (1y of maximum energy) (5.20)
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for emission of one maximum energy photon. As a function of neutron energy
E,, &, is proportional to 1 /VE, through o,

The value in Equation 5.20 is larger than the correct value of £, at 1 eV,
because the excited nucleus does not always de-excite by emitting a single,
maximum energy photon. If it de-excites in two steps, the first recoil imparts a
smaller kinetic energy. The subsequent effect of the second photon depends
on its direction of emission relative to the first. If emitted opposite the first,
its recoil effectively stops the moving ion. If emitted parallel to the first, its
recoil energy adds.

In addition to the relative angle of emission of the two photons, their time
delay is important. A 1 keV Si atom moving in Si will come to rest in about
0.1 psec. If no other photon is emitted in that time, then the ion will come to
rest and experience the full recoil of the next photon emitted. However, many
radiative nuclear de-excitations have a lifetime less than 0.1 psec [Fi96].
Their effect on the kinetic energy transferred to the ion after n capture
therefore depends on their relative angular distribution, their time delay
relative to the previous decay, and the energy of the previous photon
(which sets the ion velocity at the time of the next photon).

As new nuclear levels are continually discovered and lifetimes are con-
tinually refined (compare evolving editions of the Table of Isotopes), the best
one can do is approximate the effects of subsequent decays, and construct an
average energy transfer to the ion. This LANL has done, with little attempt at
modeling the correct (and unknown) vy cascade and angular distributions
[Ma99]. The result is also seen in Figure 5.8, at <50 eV where the kerma is
proportional to 1/v/E,. At 1 eV it is about 6 x 10~* rad per 10'" n/cm?,
smaller than Equation 5.20 as expected. Below ~50 eV, Figure 5.8 must be
considered approximate.

5.6.5 ENERGY PARTITIONING AND NONIONIZING DOSE

It is necessary to know the fate of the energy acquired by the recoil atom. It
loses its energy by ionizing other atoms and by displacing them. How is its
energy partitioned between these two process?

In atom-atom collisions, Lindhard, Scharff, and Schigtt [Li63b] obtained
both the energy loss to ionization and the energy loss to kinetic energy of the
recoiling target atom. A (neutral) Si atom collides with others by electrostatic
forces. The potential is a screened Coulomb potential (ZZe?/r)f(r), where f is
a screening function. The often used f=exp(—r/a) is not adequate since it is
too small at large r. Instead, [Li63b] used the Thomas-Fermi model for the
screening function, and obtained a simple form for do/dT, the cross section for
the recoil atom to have kinetic energy 7. This then leads to the mean energy
loss of a recoiling atom to kinetic energy of other atoms without ionization,
i.e., the non-ionizing energy loss. It is often denoted P(ER), where Ej is the
primary atom recoil energy.
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Similarly, a simple form was found for the energy loss to ionization, Q(Eg),
produced by the neutral recoil atom (it is proportional to the atom velocity). Then
P(ER) + O(Eg) = Eg. The ratio P(Eg)/Er is the fraction of the first recoil atom
energy that is lost to non-ionizing displacements.

As the average recoil energy is 2m/M times the incident neutron energy,
where m is neutron mass and M is Si atom mass, one obtains the energy loss
rates of a neutron to displacement and to ionization.

In addition to Lindhard’s early theoretical curves, accurate cross sections
now permit these quantities to be computed directly. Figure (5.8) has already
presented these kerma, the ionizing, non-ionizing (displacement) kerma, and
their sum, the total kerma, for neutrons in Silicon. The numerical data from
which the figure was constructed are on the accompanying CD-ROM.

The ratio (neutron ionizing dose)/(neutron total dose) is the same as the
ratio of the Lindhard ionization energy loss to total energy loss. The ratio is
shown in Figure 5.9, both from the cross section data of Figure 5.8, and from
Lindhard’s calculation. They are quite close except above 5 MeV, where
nuclear reactions begin. Below 1 MeV, most energy deposition by neutrons
goes to displacement damage. Above 1 MeV, most goes to ionizing. But the
difference is not dramatic unless below tens of keV or above 5 MeV.

Displacement damage in semiconductors by ions and by neutrons is
periodically reviewed, e.g. by Srour et al. [Sr03] and by Messenger [Me92a].

1.0 T |||||||! T |||||||! T lllllll! T |||||||! LI

0.9
08
£
5 07
X
©
:c:) 0.6
g 0.5
£ 04
(@)
£
N 03
S
~ 02
0.1
0.0 ot it ol ot TR
103 1072 10" 100 107 102

Incident neutron laboratory energy E (MeV)

FIGURE 5.9 Fraction of neutron kerma in Si that is ionizing. Solid curve, ratio of
ionizing to total kerma from recent data by [Gr05]. Dashed curve, Lindhard theoretical
factor (From [Li63a].)
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It is discussed extensively in texts, for example van Lint, et al. [VL80],
Messenger and Ash [Me92b], or Holmes-Siedle and Adams [Ho02.]

5.6.6 1 MeV DispLACEMENT EQUIVALENT FLUENCE

It is common to express the displacement damage caused by any neutron
spectrum in terms of the fluence of 1 MeV neutrons that causes the same damage.
This fluence is called the 1 MeV displacement equivalent (silicon) fluence, or
sometimes the 1 MeV DES fluence. It has been called the 1 MeV damage
equivalent fluence. However, damage varies according to the property that is
damaged and, for electronic devices, damage is not always proportional to
displacement kerma. Thus, the term damage is replaced by displacement.

The displacement kerma represents structural damage to the crystal lattice
and depends only on neutron interactions and Si crystalline structure. Elec-
tronic damage kerma is often nearly proportional to displacement kerma, but
may further depend on device design, function, and damage parameter under
consideration.

Although one speaks of a “1-MeV displacement equivalent fluence” in
silicon, a true value for that quantity is difficult to define because displacement
kerma rapidly varies near 1 MeV. To handle this problem, and to avoid a
standard becoming outdated as calculations near that energy improve and
change, the ASTM has defined instead a reference displacement kerma rather
than a reference neutron energy. The reference kerma is 95 MeV-mbarn. This is
nearly the actual 1 MeV kerma as presently known. It is called the “1-MeV(Si)
displacement kerma.” However, it is a fixed number that will not change even
if refined calculations show that the actual 1 MeV kerma is different. The
problem is thus sidestepped by shifting attention from a particular neutron
energy to a particular reference kerma. As calculated values are refined,
the actual kerma of a 1 MeV neutron may differ from the 1-MeV (Si) dis-
placement kerma (i.e., may differ from 95 MeV-mbarn), and the “1-MeV
displacement equivalent fluence” of a 1 MeV neutron may differ from 1.*

As nearly as it can be defined, the 1-MeV displacement equivalent fluence
in silicon is given numerically on the accompanying CD-ROM. The questions
of displacement vs. damage, and attempts to define a useful monoener-
getic fluence, are discussed in ASTM Standard E722-94, Section 3 and
Section 4 (November, 1994).

5.7 NEUTRON LIFETIME IN AIR

Neutrons react with nitrogen in air. Natural N is 99.63% N'* and 0.37% N'5.
Cross sections on N'# are shown in Figure 5.1, while cross sections on O'® are
in Figure 5.10. Below 3 MeV, oxygen undergoes only elastic scattering

*This clarification is due to Dr. P.J. Griffin of Sandia Laboratories.
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and has a small capture cross section. (n,p) capture on N is 10* times larger.
Below a few MeV, nitrogen is clearly dominant in determining neutron
behavior in air.

5.7.1 RADIATIVE CAPTURE IN NITROGEN

In radiative capture, the state of N'3 into which the neutron falls is 10.833
MeV above the N'° ground state (sometimes into the 10.804 MeV state)
[Aj86]. It may decay by emitting several ys of a variety of energies. Hence,
the vy production cross section is about three times the capture cross section
o,. A high presence of these s in air is an indicator of the presence of
neutrons. The highest energy y is 10.8291 MeV.

5.7.2 THE (N,P) REACTION
The largest capture cross section is N'*(n,p)C'*. Below 10 keV it is
0.291  4.027 x 10°

0P = T T wemfsee) M (5.2

For a thermal neutron, o(n, p) = 1.8 b. This (n,p) process, when initiated by
cosmic ray neutrons, is the source of atmospheric C'*. A high presence of
these protons is another indicator of the presence of neutrons in air. However,
the p energy is only 0.583 MeV, and its range in sea level air is only 1 cm; it
would therefore be difficult to observe.

5.7.3 NEUTRON MEAN FRree PATH IN AIR

At sea level, the nitrogen number density is N =3.98E19 nuclei/cm’. The
elastic scattering cross section at 1 MeV is ~2 b, so the mfp A = 1 /No against
elastic scattering is A ~ 125 m. When the energy moderates to <10 keV,
o increases to ~10 b, and A decreases to ~25 m.

5.7.4 NEeUTRON MEAN LIFETIME IN AIR
Capture by (n,p) limits the neutron lifetime in air. As o o< 1/v, the capture
collision frequency

v = No(n,p)v = 16/sec,

where v is the neutron velocity, is independent of neutron energy.
Once an energetic neutron has downscattered to about 10° eV, where the
1/v behavior of o(n,p) sets in, its collision frequency against the (n,p)
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reaction will thereafter be the constant value 16/sec. The downscatter time
for a neutron of several MeV to be moderated by elastic scattering down to
10° eV is easily shown to be <0.1 ms. Therefore, the mean life in sea level air
of a neutron of any initial energy is

T=1/v=0.062sec

To be captured, fast neutrons need not wait to slow down; o(n,p) is greater
than its 1/v scaling when E > 10° eV, so fast neutrons can be directly
captured by (n,p) even before 7. However, as the elastic cross section exceeds
o(n,p), a neutron is more likely to downscatter and follow the earlier discus-
sion. This means that if at =0 there are n, neutrons of any energy in air, the
number left at time ¢ is n(¢) = n, exp(—1/7).

5.8 NEUTRON CROSS SECTIONS IN SELECTED ISOTOPES

As there are hundreds of stable isotopes, it is impractical to present cross
sections on all of them. We limit ourselves to presenting graphs of cross
sections for commonly important isotopes and elements in their naturally
occurring isotopic composition. Nitrogen, oxygen, and silicon are in Figure
5.1, Figure 5.10, and Figure 5.6, respectively.

Figure 5.11 through Figure 5.22 show principal cross sections of the
following:

H' (neutron on proton)

2He3

;Li%, 5Li7

4Be’, natural isotopic composition
,BI° B!

¢C, natural isotopic composition
13A1?7, natural isotopic composition
»6Fe, natural isotopic composition
74W, natural isotopic composition
¢2Pb, natural isotopic composition

All cross sections are presented with the target at 300 K, and all have been
taken from the numerical compilation POINT2004 available at BNL and
IAEA. Locations are as given after Table 5.1. In addition to the curves in
McLane et al. (McL88), another valuable collection of cross-section graphs is
the LANL report by Fisher (Fi89).
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Appendix A:

Some Fundamental
Constants and Defined
Units

For reference we list some useful constants, taken from Peter J. Mohr and
Barry N. Taylor, “CODATA recommended values of the fundamental phys-
ical constants: 2002,” Rev. Mod. Phys. 77(1), 1 (January, 2005). This
reference gives the constants to more significant figures than presented
here. An online collection is kept by NIST at http://physics.nist.
gov/cuu/constants.

In the list below, for combined constants, if the quantity in square brackets is
not included, the formula reads in electrostatic units (esu). If it is included, the
formula reads in SI units. For example, in esu ?=2307x10""° erg cm, butin SI
it is ¢*/4me, that equals 2.307x 10 "% erg cm (=2.307x10"2® J m). The fine
structure constant o = 1 /137 reads as e /fic in esu, but in Sl it is ¢* /47re Jic. The
electromagnetic vacuum quantities &, and u,, are employed only in SI units.

Although nuclear masses are commonly expressed in terms of it, the
atomic mass unit m, is 1/12 the mass of one free, neutral C'? atom with the
nucleus and atom in their ground states.

FUNDAMENTAL

Magnetic permeability of space o = 4m x 1077 H/m

Electric permittivity of space &,=1/uoc” =8.854 19x10~ "2 F/m

Speed of light ¢ = 2.997 924 58x10® m/sec

Planck constant /s =6.626 07x1077 erg sec =4.135 667x107 '3 eV sec
h=h/2m= 1054 57x 10" erg sec=6.582 12x 10 "° eV sec
he=1.239 84x10~* eV cm=12.398 4 keVA
fic=1.973 27x107° eV cm = 1.973 27 keVA
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ELECTRON

Charge e=1.602 177x10"? Coul =4.803 204x 10" esu
[ /4me,] =2.307 08x 107" erg cm = 14.399 641 eVA
e*c[/4me,] =4.316 904 keV cm?/sec
Mass  m.=0.910 938x10" % g
mec® =0.510 998 9 MeV =8.187 10x 10" erg
Classical radius r, = e*/[4me,)mec” = a’a,=2.817 94x 10~ "% cm
472 =0.997 869x 10~ ** cm” ~1 barn
Thomson cross section o1= (877'/3)1% =6.652 46x107 % cm? ~ 2/3 barn
Compton wavelength  Ac=h/mec=2.426 31x10'° cm = 27aa,

Velocity of 1 eV v(l eV) =35.93097x107 cm/sec
Velocity of 10 keV v(10 keV) =0.194 986¢

Velocity of 79.0518 keV =0.5¢

ATOMIC, ETC.

Fine structure constant « = ¢”/[4ms,llic =7.297 35x 10> =1/137.036

Velocity in first Bohr orbit ac=e*/[4ms,] li=2.187 69x10® cm/sec

Bohr radius  a, = [47e,] Ii*/mee” = h/meca = Ac/2ma=5.291 77x 10~ cm

Atomic mass unit m,=(1/12) mass of C'? atom = 1.66054x10>* g=
931.494 MeV

Avogadro number Na =6.022 142 x10% particles per mole = 1 /my(g)

Boltzmann constant kg = 1.380 65x 10 '®erg/K = 8.617 342x 10 > eV/K =
1eV/11,605 K

Proton mass m,=1.672 62x10™** g=938.272 MeV

Neutron mass m,=1.674 93x10~** £=939.565 MeV =1.001 378 m,=
mp+1.293 MeV

DEFINED UNITS

1 fermi = 1 fm = 107" cm

1 Angstrom uit=1A=10"°%cm=0.1 nm

I barn = 1b=10"** cm?

l1cal =4.1841]

1eV=1602177x10""J

1 rad = 100 erg/g =1 cGy =6.241 509x 10’ MeV /g
1 Gray = 1 Gy = 1 J/kg = 10 erg/g = 100 rad



Appendix B:
Useful Web Sites

CROSS-SECTION DATA
The Four Main World Data Centers

Data and their documentation are available at:

http: /www-nds.iaea.org/—International Atomic Energy Agency,
Nuclear Data Services, Vienna, Austria. ENDF (nuclear, photoatomic, and
electroatomic) and other international data available here.

http: /www.nndc.bnl.gov/—U.S. National Nuclear Data Center at
Brookhaven National Laboratory, Upton, New York. ENDF and other data
available here.

http: /www3.nndc.bnl.gov/point2004/—Neutron cross sections from
ENDF/B-6 in a “pointwise” form at selected temperatures. Resonance
parameters have been expanded and consistency checks made on raw END-
F/B-6 data files. More useful than raw ENDF data.

http: /www.nea.fr/—Nuclear Energy Agency, Issy-les-Moulineaux, and
Paris, France. ENDF and other data available at http: //www.nea.fr/html/dbdata/

http: /www.ippe.obninsk.ru/ and http://www.rssi.ru/IPPE/—Rus-
sian Nuclear Data Center (CJD), Institute of Physics and Power Engineering,
Obninsk, Russia. Most data can be obtained at: http: //www.ippe.obninsk.
ru/podr/cjd/index.html

Other Sites for Cross Sections and Related Quantities

http: //t2.1anl.gov/—Los Alamos National Laboratory collection of neutron,
photon, and electron cross sections. ENDF data and compilation from other
countries are available here.

http: //t2.]anl.gov/njoy/ and http://t2.lanl.gov/codes/—Documenta-
tion of the ENDF postprocessing code NJOY.

http: //www.lInl.gov/cullenl /—Dermott E. (Red) Cullen’s site is a portal to
all ENDF data, utility codes, cross-section display software, documentation, and
Monte Carlo codes, specifically TART for neutron—photon transport.
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http: //physics.nist.gov /PhysRefData/—General physics reference
data. Electron, proton, and alpha particle stopping powers and ranges, and
photon cross sections.

http: //www.srim.org/—Download the SRIM code from this site. Stop-
ping powers, ranges, and Monte Carlo transport and damage calculation of
any ion in almost any material. Documentation.

http: //iaeand.iaea.or.at/photonuclear /—Photonuclear cross sections
from five countries, with recommended values.

Other Sites of Interest

http: //www.jlab.org/~semenov /rlinks/soft.html—Very complete list of
links to physics-related software, analysis tools, graphics utilities, and so on.

http: //pdg.Ibl.gov—The Particle Data Group at Lawrence Berkeley
National Laboratory. Reviews of particle properties, summaries of theories,
and useful formulae.

http: //pdg.Ibl.gov/AtomicNuclearProperties/—Atomic and nuclear
properties of materials (elements, compounds, mixtures, and biological
materials), including muon stopping powers and ranges in them.

http: //www-phys.llnl.gov/Research/scattering /—LLNL site on photon—
atom elastic scattering.

http: //ie.lbL.gov/toi.htm—“Isotope Explorer.” Lawrence Berkeley
National Laboratory Isotopes Project. Nuclear structure and levels. Table of
radioactive nuclides. LLNL /UCSC Nuclear Astrophysics Data. Thermal neu-
tron capture data.

http: //www-cxro.lbl.gov/—Center for x-ray Optics at Lawrence Berke-
ley National Laboratory. All aspects of EUV and x-rays. Form factors,
scattering functions, and x-ray data booklet.

http: //www-rsicc.ornl.gov/—Radiation Safety Information Computa-
tional Center. Codes and data for radiation transport, dose, and damage.

http: /www.ans.org/—American Nuclear Society. Technical publica-
tions and journals of interest in nuclear physics, largely in nuclear reactor
applications.

http: //www.inl.gov/—Idaho National Laboratory (INL) (Union of the
former Idaho National Engineering and Environmental Laboratory and
Argonne National Laboratory-West).

http: //www.inl.gov/gammaray /catalogs/catalogs.shtml—Radioactive
decay gamma spectroscopy data at INL (formerly INEEL).

http: //www3.ocn.ne.jp/~tttabata/, select “emid (Database)”—

Tabata’s Institute for Data Evaluation and Analysis. Electron-stopping
powers, ranges, dose, and multiple scattering.
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http: /www.napchan.com/—The low-energy electron transport code
mc-set (Monte Carlo Simulation of Electron Transport).

http: /www.nucleide.org /—Laboratoire National Henri Becquerel. Data
on dosimetry and radioactivity.

http: //web.utk.edu/~srcutk /htm/interact.htm—D.C. Joy, “A Database
on Electron—Solid Interactions.” Backscattered and secondary electron yields.

http: /www.ncrponline.org/—National Council on Radiation Protec-
tion and Measurements. Standards publications, safety guidelines.

http: /www.icru.org/—International Commission on Radiation Units
and Measurements. Standards publications, tutorials and proper definitions,
measurement procedures, and journal of the ICRU.
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FIGURE 5.2 Cross sections at 300 K of good absorbers of low-energy neutrons. (a) Stable
isotopes with thermal cross section greater than that of B'?. All reactions are (n,y) or (n,ce)
except He(n,p) and B'(n,c0). Xe'> (half-life 9.1 h), with thermal cross section 2.5 Mbarn, is
shown in squares for comparison. (b) Stable isotopes with thermal cross section less than that
of B'°. All reactions are (n,y) or (n,ce) except He3(n,p), B'%n,a), and Li%n,0).
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An Introduction to the
Pdssage of Energetic Particles through Matter

Identifying where to access data, extracting a needed subset from available
resources, and knowing how to interpret the format in which data.are presented
can be time-consuming tasks for scientists and engineers. By collecting all of
this information and predemg a background in physics, An Introduction to
the Passage of Energetlc PartrciesJ;hrough Matter enables specialists and
nonspecialists alike to understand and apply fh@‘dat-aﬁ\~
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————— .

———— | 4

Making /modern data more accessible, this book explores the interactions

with matter of energetic particles, including photons; electrons, protons, alpha

particles, and neutrons./It preSents’ quantities’ of interest in many applications,

such;as photon and peutron cross sections, charged particle stopping jpowers,

electron mean’ ranges, 4and angular distributions. The book also-discusses

electron’/ multiple /Scattering” and models for €lectron mean range against both

stopping power and scattering.-The author uses numerous graphs throughout

the book to'illustrate the material and describes the basic physics underlying-all

processes. The’ accompanying €D-ROM - includes full datasets and large ¢

contour graphs of cross sections, stopping powers; and ranges |w—eien'1ents at

all interesting energies. e

An Introduction to the Passage of Energe%icles throu?jh Matter provides

a comprehensive foundation of pa interactions and supplles an introduction

to the massive, invaluable Evaluated Nuclear Data File (ENDF) Ilbrary

Features 7

¢ | [Presents modern data-on basic particle-matter interactions

* | | Discussésthe fundamental physics to make numerical values understandable
both for specialists and nonspecialists

¢ |/ Describes ;the physical processes that control photon, electron, and ion

?fhawor in matter

. rovidés useful graphs that show dependencies over a wide range of the
* independent variable(s) and allow quick approxma’uons of a quantity
Incorporates data extraction tools, large scale’ hlgh resolution contour plots
in color,yand numerical data, including photon cross sections and electron
stepping powers, on the accompanying CD-ROM
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