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1 Introduction

This lecture contains descriptions of the individual atomic cross sections of photons for scat-
tering, absorption, and pair production that are necessary for photon transport calculations,
together with related cross section data. Many parts on this lecture are based on the series of
works by J. H. Hubbell[1, 2, 3, 4, 5, 6] in this field.

2 Classification of Interaction

The interaction of photons with matter may be classified according to:
1. The kind of target, e.g., electrons, atoms, or nuclei, with which the photons interact, and
2. The type of event, e.g., scattering, absorption, pair production, etc., which takes place.

Possible interactions are summarized in Table 1.[7] As an example, the cross sections of a
photon with Cu is shown in Fig. 1[8]. It is apparent from Fig. 1 that for the attenuation of
photons the most important interactions are:

1. The photoelectric effect, ope,
2. Compton scattering, ¢, and
3. Electron-positron pair production, (opair + Otrip)-

Rayleigh scattering, og, is usually of minor importance for the broad beam conditions typi-
cally found in shielding, but must be known for the interaction of attenuation coefficient data.

The photonuclear effect, opp, p,, is mostly restricted to the region of the giant resonance around
10 to 30 MeV where, at the resonance peak, it may amount to as much as 10 percent of the
total “electronic” cross section.

Elastic nuclear scattering, inelastic nuclear scattering and Delbriick scattering are negligible
processes in photon interactions. Elastic nuclear scattering is regard as a nuclear analog to very
low energy Compton scattering by an electron. In this process, a photon interacts with a nucleon
in such a manner that is a photon re-emitted with the same energy.

During inelastic nuclear scattering, the nucleus is raised to an excited level by absorbing a
photon. The excited nucleus subsequently de-excites by emitting a photon of equal or lower
energy.

The phenomenon of photon scattering by the Coulomb field of a nucleus is called Delbriick
scattering (also called nuclear potential scattering). It can be thought of as virtual pair produc-
tion in the field of the nucleus — that is, pair production followed by annihilation of the created
pair.
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Figure 1: Cross section of Cu for photons between 10 keV and 100 GeV.[8].



Table 1. Classification of elementary photon interactions.

Type of Scattering
interaction Absorption Elastic Inelastic
Interaction (Coherent) | (Incoherent)
with:
Atomic Photoelectric Rayleigh Compton
electrons effect scattering | scattering
~ Z*L.E.) or ~ Z*
"Pe{ ~ Z5(H.E.) (L.E.) oc~ 2
Nucleus Photonuclear Elastic Inelastic
reactions nuclear nuclear
(v,n),(v,p), scattering | scattering
photofission, etc. (v,7) ~ Z2 | (7,7
Oph.n. ™~ Z
(hv >10MeV)
Electric field | Electron-positron | Delbriick
surrounding | pair production in | scattering
charged field of nucleus,
particles Opair ~ 24 2
(hv > 1.02MeV)
Electron-positron
pair production in
electron field,
Otrip ™~ z?
(hv > 2.04MeV)
Nucleon-antinucleon
pair production
(hv > 3 GeV)
Mesons Photomeson Modified
production, (v,7)
(hv > 150 MeV)

3 Photoelectric Effect

Studies related to the photoelectric effect are reviewed historically by Hubbell in NSRDS-NBS
29[1].

In the atomic photoeffect, a photon disappears and an electron is ejected from an atom.
The electron carries away all of the energy of the absorbed photon, minus the energy binding
the electron to the atom. The K-shell electrons are the most tightly bound, and are the most
important contributions to the atomic photoeffect cross-section in most cases. However, if the
photon energy drops below the binding energy of a given shell, an electron from that shell cannot
be ejected. Hence, particularly for medium- and high-Z elements, a plot of oy, versus the photon
energy exhibits the characteristic sawtooth absorption edges, since the binding energy of each
electron subshell is attained and this process is permitted to occur. These feature can be seen
well in Fig. 2, which shows the total photoelectric cross section, ope, for Ag together with
subshell ones[9].
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Figure 2: Total and partial atomic photoeffect of Ag.[9].

The order of magnitude of the photoelectric atomic-absorption cross section is

~ Z*/(hv)® low energy (1)
Tre) VAN high energy.

Dramatic resonance structures of the order of 10% just above the absorption edges are
well known and can be easily observed with high-resolution spectrometers. Owing to their
dependence on the temperature, chemical binding and other variable atomic environments, this
extended X-ray absorption fine structure (EXAFS) is not included in the photon transport
calculation. However, EXAFS can be a major analytical tool in X-ray diffraction spectrometry.

3.1 Relaxation processes after the photoelectric effect

A vacancy created by the ejection of an electron from an inner shells is filled by an outer electron
falling into it (de-excitation); this process may be accompanied by one of the following modes:

1. A fluorescence X-ray is emitted from the atom, with a photon energy equal to the difference
between the vacancy-site inner-shell energy level and energy level of the particular outer
shell which happens to supply the electron to fill the vacancy (fluorescence yield, w, is the
fraction of fluorescence X-ray emission).

2. The excess energy ejects an outer-shell electron from the atom. This electron is known as
an Auger electron (Auger yield, a, is the fraction of Auger emission).

3. A vacancy is filled by an electron in a higher subshell, like from the Ly subshell to the
L1 subshell. This process is called Coster-Kronig. As a result, a new vacancy is created,
in which is filled by one of the modes (Coster-Kronig yield, f, is the fraction of Coster-
Kronig).



The sum of fluorescence yield, w, Auger yield, a, and Coster-Kronig yield, f, is unity:
w+a+f=1 (2)

Experimental and theoretical fluorescence-yield information have been reviewed by Fink et
al.[10], Bambynek et al.[11], Krause[12] and Hubbell[2].

The yields of fluorescence, Auger electrons and Coster-Kronig after the K-, L;-, Lo- or Lg-
photoelectric effect[13] are shown in Fig. 3.
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Figure 3: Yields of fluorescence, Auger electrons and Coster-Kronig after the K-, Li-, Ly- or
Ls-photoelectric effect[13].

The fluorescence X-ray intensities are important for low energy photon transport. Scofield
published K and L fluorescence X-ray intensities calculated with the relativistic Hatree-Slater
theory for elements with Z=5 to 104[14]. His data are cited in a Table of Isotopes Eighth
Edition[13], but are slightly different with the experimental results, as presented by Salem et
al[15].



4 Scattering

4.1 Compton scattering, Klein-Nishina Formula

In Compton scattering, a photon collides with an electron, loses some of its energy and is
deflected from its original direction of travel (Fig. 4). The basic theory of this effect, assuming
the electron to be initially free and at rest, is that of Klein and Nishina[16].

Y
hv
hvo O 6
X
©
E

Figure 4: Compton scattering with a free electron at rest.
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The relation between photon deflection and energy loss for Compton scattering is determined
from the conservation of momentum and energy between the photon and the recoiling electron.
This relation can be expressed as:

hUg

hy = : (3)
1+ (%) (1 —cos®)
2(hvg)? cos? ¢
E = hvy — hv = mec? 4
Yo T I = et (hvg + mec?)? — (hvp)? cos? ¢’ (4)
1
tangp = ———— cot g, (5)
L () 2

where hyj is the energy of incident photon, hv is the energy of scattered photon, E is the energy
of recoil electron, m. is the rest mass of an electron, and c is the speed of light.

For unpolarized photons, the Klein-Nishina angular distribution function per steradian of
solid angle  is

doKN 0 = 2 1+ cos? @ 1 N hv2(1 — cos 0)?
dQ -0 2 [1+ hv(1 — cos6)]? (14 cos?6)[1 + hv(1 — cosB)]
1, (kN (k ko ., 2.1 -1
= 3% <k_0> <k_0 + ~ ~sin 9) (em“sr™“electron ), (6)
ko — hllo . hv
0 ec?’  mec?
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do /dQ, 10%cm?str.*electron™

Figure 5: Differential cross section of Compton scattering (original figure from [17]).

where rg is the classical electron radius. This angular distribution is shown in Fig. 5.
Integration of Eq. 6 over all angles gives the total Klein-Nishina cross section,
1+k[2(1+%k) In(1+42k In(1 + 2k 1+ 3k
agN:27rr§{+[(+)—n(+)+n(+) +

2 -1
k2 |1+ 2k k 2k (1 +2k)2} (cm”electron™).
(7)

4.1.1 Electron binding correction in Compton scattering

The Klein-Nishina formula for Compton scattering from atomic electrons assume that the elec-
trons are free and at rest, which is a good approximation for photons of the order of 1 MeV or
higher, particularly for low-Z target materials.

Binding corrections have usually been treated by the impulse approximation or by Waller-
Hatree theory[18], taking account not only of the K-shell, but all of the atomic electrons. This
involves applying a multiplicative correction, the so-called “incoherent scattering function”,
S(g,X), to the differential Klein-Nishina formula,

do 8P do&N ()

°0(0) = 5(3,2) S (®)

The momentum transfer, g, is related to the photon energies and deflection angle, 6, according
to

g = \/k2 + k2 — 2kok cos o, 9)

2 2

where ¢ is in mec® units and ky and k are the photon energies (in mec® units) before and after
deflection.

Incoherent scattering functions have been surveyed and studied by Hubbelle et al.[3, 4] and
are presented for all elements Z=1 to 100, for photon energies 100 eV to 100MeV.

Fig. 6 shows the ratios of crgD to ag N for photon energies of 1, 10, and 100keV
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Figure 6: Ratio of the bound-electron Compton scattering cross section, crgD [9], to that for free
electrons, ag N evaluated from the Klein-Nishina formula.

4.1.2 Doppler broadening

In the energy region where the binding correction is necessary, the motion of the atomic electrons
around the atomic nucleus gives rise to a Doppler broadening of the apparent energy of the
incident photon, resulting in a corresponding broadening of the Compton “modified line” for
a given deflection angle of the outgoing scattered photon. The shape of this broadened line
is called the “Compton profile.” Available data on Compton profiles have been surveyed by
Hubbell, and are presented in Ref. [4].

If one is interested in the spectral distribution of Compton-scattered photons, and not just
the integrated cross section, Namito et al.[19] have made it dramatically clear by computing
the scattered spectrum with and without including Doppler broadening in the EGS4 code[20],
because such broadening must be included in order to replicate the corresponding measurements
using 40 keV photons from a 2.5 GeV synchrotron light source (KEK-PF) (see Fig. 7).
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Figure 7: Comparison of the photon spectra scattered by C and Cu samples. The measured and
calculated values are shown in symbols and histograms, respectively (ko=40 keV, 6 = 90°). The
EGS4 calculation including Doppler broadening is shown as EGS4(CP). The EGS4 calculation
without Doppler broadening is shown as EGS4(S). The peak at 30 keV is the Ge K X-ray escape
peak of the Rayleigh-scattering peak at 40 keV.

4.2 Rayleigh scattering

Rayleigh scattering is a process by which photons are scattered by bound atomic electrons and
in which the atom is neither ionized nor excited. The scattering from different parts of the
atomic charge distribution is thus “coherent,” i.e., there are interference effects.

This process occurs mostly at low energies and for high-Z material, in the same region
where electron binding effects influence the Compton-scattering cross section. In practice, it
is necessary to consider the charge distribution of all electrons at once. This can be done
approximately through the use of an “atomic form factor”, F(q,Z), based on the Thomas-
Fermi, Hartree, or other model of the atom. The square of this form factor, [F(q, Z)]?, is the
probability that the Z electrons of an atom take up the recoil momentum, ¢, without absorbing
any energy. In this process ¢ is well-represented by the following equation, since it is assumed
that kg — k = 0:

0
g = 2ksin 7" (10)
The differential Rayleigh scattering cross section for unpolarized photons is
OR g 2 2 21 —1
E(H) = 5(1 + cos” 0)[F(q,Z)]* (cm?sr “atom™ ™). (11)

The cumulative angular distributions of og, based on the values of F(q, Z) from Nelms and
Oppenheim[21], are displayed in Fig. 8 for C, Fe, and Hg. At high energies it is seen that Rayleigh
scattering is conned to a small angle (at 1 MeV more than half the photons are scattered by lee
than 5°). At low energies, particularly for high-Z materials, the angular distribution is much
broader.
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4.3 Polarization effects

Linear polarization is important in low-energy photon transport, because photons are linearly
polarized in scattering; further, the Compton and Rayleigh scattering of linearly polarized pho-
tons are anisotropic in their azimuthal distributions in the low-energy region.

For linearly polarized photons with a free electron, the Klein-Nishina angular distribution
function per steradian of solid angle 2 is[16]

doBN 1, (kN2 [k ko )
=2 (=) ([—~+>—-2+4 : 12
70 270 <k0> (ko + ’ + 4 cos @) (12)

Here, © is the angle between the incident polarization vector (€p) and the scattered polarization
vector (€). According to Heitler[22], two directions are considered for €, i.e. € either in the same
plane as € (¢€]) or perpendicular to €y (€ ).

The elastic scattering of a photon by one electron is called Thomson scattering. The
Thomson-scattering cross section per electron for a linearly polarized photon is[23]

% =72 cos? O. (13)

Linearly polarized photon scattering for both Compton- and Rayleigh-scattering have been
implemented to the EGS4 code by Namito et al[24]. The effect of linear polarization is clearly
presented in Fig. 9[25], which gives a comparison between EGS4 calculations with and without
including linear polarization and Doppler broadening and corresponding measurements using 40
keV linearly polarized photons from a KEK-PF.
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Figure 9: Comparison of the photon spectra scattered by a Pb sample. Source photons are
linearly polarized in the vertical direction. The measured and calculated values are indicated
by symbols and histograms, respectively (kg=40 keV, 8 = 90°). (a) is the comparison with the
EGS4 calculation without including linear polarization and Doppler broadening and (b) is the
one with linear polarization and Doppler broadening.
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5 Electron-Positron Pair Production

In this effect, which is the most likely photon interaction at high energies, a photon disappears
in the field of a charged particle, and an electron-positron pair appears.

For the reaction My + My — M3 + My + M5 + Q, it can be shown from the conservation
of energy and momentum that the threshold energy for the reaction in laboratory system is

Q
2M2()2

Theb — [Q — 2(Myc® + Myc?)] (14)

when M, is at rest. In a pair-production reaction (y + M — M + m, + m, + Q),
M, = 0)

My = Ms;=M,
M4 = M5:m67

so that
Q = —2m.2(-TSM) (15)
and 2 ) 2)
2mec®(moc® + Mc
Tigh = 2t T (16)
Thus;
1. Pair production in the field of a nucleus of mass M (M > m.):
Tiab o 2 o 2) = 2m,c? = 1.022 )MeV) (17)
t_Mc2(c—mec—. e
2. Pair production in the field of an electron (M = m,):
lab _ 2mec? 2 2 2
Ty = 5 (Mec” + mec”) = dmec” = 2.044 )MeV) (18)
eC
The cross section o, for pair production in the field of a nucleus varies as
on ~ Z2. (19)
For low photon energies,
N4
kn (= ﬂan) ~ In(hv) (20)
For high energies|26],
7
— 21
Kn 9X,’ (21)

where X is the radiation length of the material. The quality of the approximation is shown in
Table 2 (ky, for 1000 MeV).
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Table 2. Pair-production cross section in the field of a nucleus[27].

Material | Xo(g cm 2) 9—)7(0(07712 g Y | knlem? g 1) | % Difference
Pb 6.40 0.122 0.114 7
Cu 13,0 0.060 0.055 9
Fe 13.9 0.056 0.051 10
Al 24.3 0.032 0.028 14
C 43.3 0.018 0.014 29
H,0O 36.4 0.021 0.020 5

The energy distribution of an electron and positron pair for Pb is shown in Fig. 10[22].
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Figure 10: Energy distribution of an electron-positron pair for Pb. E, and E_ are the kinetic
energy of a positron and an electron, respectively. opeir(E4)dE means the differential cross
section which produces a positron between E, and E, +dE,. ¢ = Z?r2/137.

The cross section, o4jp (triplet), in the field of one of the atomic electrons varies as Z times

the square of the unit charge, or
Otrip ~ 2, (22)

and is of minor importance, except for the lowest-Z materials.

This cross section is usually called the “triplet” cross section, since the atomic electron
involved in this process is also ejected from the atom, giving rise to trident signature, including
the created electron and positron, when observed in a cloud chamber.

Finally, the “characteristic” angle between the direction of motion of the photon and one (or
the other) of the electrons (4) is given by

2
MeC
9 ~Y

v

(inradian). (23)
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6 Mass Attenuation Coefficient and Energy-Absorption Coeffi-
cients

6.1 Mass attenuation coefficient, u/p

A narrow beam of monoenergetic photons with an incident intensity Iy, penetrating a layer of
material with mass thickness z and density p, emerges with intensity I, given by the exponential
attenuation law,

1/Ty = exp[—(u/p)a]. (24)

This equation can be rewritten as

ulp = In(Io/1), (25)

from which p/p can be obtained from measured values of Iy, I and z. The various experimental
arrangements and techniques from which u/p can be obtained, particularly in the crystallo-
graphic photon energy/wavelength regime, have been examined and assessed by Creagh and
Hubbell[29, 30] as part of the International Union of Crystallography (IUCr) X-Ray Attenua-
tion Project.

The theoretical value of p/p is defined with the total cross section per atom, o4y, which is

related to u/p according to
Ny
= -, 26
wlp = otor (26)
In this equation, N4 is Avogadro’s number (6.022045 x 10?3 mol '), u is the atomic mass
unit (1/12 of the mass of an atom of nuclide '2C), A is the relative atomic mass of the target
element. Total cross section can be written as the sum over contributions from the principal

photon interactions,
Otot = Ope + Ocoh + Tincoh + Opair + Ttrip + Tph.n. (27)

Photonuclear absorption can contributed as much as 5-10% to the total photon interaction
cross section in a fairly narrow energy region, usually occurring somewhere between 5 and 40
MeV. This cross section has not been included in the theoretical tabulations of the total cross
section because of the difficulties due to (a) the irregular dependence of both the magnitude and
resonance-shape of the cross section as a function of both Z and A; (b) the gaps in the available
information, much of which is for separated isotopes or targets otherwise differing from natural
isotope mixtures; and (c) the lack of theoretical models for o, ,. comparable to those available
for calculations of the other cross sections of interest.

p/p without including photonuclear absorption is calculated according to

Ny
H/P = m(ape + Ocoh + Tincoh + Opair + Utrip)- (28)

6.2 Mass energy-absorption coefficient, f.,/p

The mass energy-absorption coefficients, e, /p (cm?/g or m?2/kg, p is a density of the medium), is
a useful parameter in computations of energy deposited in media subjected to photon irradiation.
ten/p can be described more clearly through the use of an intermediate quantity, the mass
energy-transfer coefficient, p¢y/p.

The mass energy-transfer coefficients, u4-/p, when multiplied by the photon energy fluence
U (¥ = ®hv, where P is the photon fluence and hv is the photon energy), gives the dosimetric
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quantity kerma. Kerma has been defined[28] as the sum of the kinetic energies of all those

primary charged particles released by uncharged particles (here photons) per unit mass. Thus,

Wi /p takes into account the escape of secondary photon radiations produced at the initial

photon-atom interaction site, plus, by convention, the quanta of radiation from the annihilation

of positrons (assumed to have come to rest) originating in the initial pair-production interactions.
Hence, p4r/p is defined as

Ny
Utr/p = U—A(fpeo-pe + fincoTincoh + fpairgpair + ftripo-trip)- (29)

In this expression, coherent scattering has been omitted because of the negligible energy
transfer associated with it, and the factor f represents the average fraction of the photon en-
ergy, hvp, that is transferred to kinetic energy of charged particles in the remaining types of
interactions. These energy-transfer fractions are given by

fpe =1 = (X/hwy), (30)
where X is the average energy of fluorescence radiation emitted per absorbed photon,
fincon =1 — (< hv > +X)/huy, (31)
where < hv > is the average energy of the Compton-scattered photon.
Also,
fpair =1- 2mec2/hV0 (32)
and
firip = 1 — (2mec® + X)) /huyg. (33)

The mass energy-absorption coefficient involves further emission of radiation produced by
charged particles in traveling through the medium, and is defined as

,U'en/p = (1 - g)ﬂtr/p' (34)

The factor g represents the average fraction of the kinetic energy of secondary charged parti-
cles (produced in all the type of interactions) that is subsequently lost in radiative energy-loss
processes as the particles slow to rest in the medium. The evaluation of g is accomplished by
integrating the cross section for the radiative process of interest over the differential track-length
distribution established by the particles in the course of slowing down.

Various calculations and compilations were performed for pe,/p. Most recent results were
presented by Hubbell and Seltzer[6]. Fig. 11 shows a comparison between u/p and pep/p for
lead presented in their paper.

The mass energy-absorption coefficients when multiplied by the photon energy fluence, ¥,
gives the absorbed dose of the materials if charged-particle equilibrium exists. The mass energy-
absorption coefficients are used in cavity-chamber theory together with the mass stopping power.

7 Photon Cross Section Data Base

Data on the scattering and absorbing of photons, which are explained in previous sections, are
required for many scientific, engineering and medical applications. Available tables[1, 6, 31, 32,
33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43] usually include cross sections for many (but not all)
elements. Some tables[1, 31, 35, 40] also contain data for a limited number of compounds and
mixtures.

It is possible to generate the cross sections and attenuation coefficients fir any element,
compound or mixtures at energies between 1 keV and 100 GeV with a computer program called
XCOMI45]. A PHOTX][9] data base was prepared using this XCOM.
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