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ABSTRACT

A modification to the general-purpose Monte Carlo electron-photon transport
code EGS4"! was made in order to include Doppler broadening of Compton-scattered
photon energy due to electron pre-collision motion. The Compton- scattered photon
energy is sampled from a cross-section formul;x based on the Compton profile, and
the Compton scattering is sustained if the energy imparted to the electron is less
than its binding encrgy. The clectron binding cffect modifies the scattered photon
encrgy, angular distribution, and total cross scction of the Compton scattering,
and affects the photon mean free path used in the calculations. In the improved
EGS4 code, all of these clectron binding effects in Compton scattering are treated
consistently. A simulation of 40 keV photon scattering by C and Cu samples was
performed using the improved EGS4 code; the calculated scattered photon spectra

agreed well with the measurements.



1. Introduction

The electron binding effect becomes apparent in Compton scattering when the
photon energy is lower than a few hundred keV. It is necessary to take this bind-
ing effect into account when carrying out a precise simulation of low-energy photon
transport, since the Compton scattering is one of the important phenomena in low-
energy photon transport. The binding effect appears as a reduction in the total
Compton-scattering cross section, and a modification of the angular distribution of
the scattered photon: a reduction in the forward direction. The Compton-scattered
photon encrgy is broadened by the pre-collision motion of the electron. Due to the
clectron binding effect, part of the broadened photon spectrum is suppressed. As
is shown in the next section, modification of the angular distribution is obtained
by integrating the broadened spectrum concerning the scattered photon energy;
the reduced total Compton-scattering cross section is obtained by integrating the
modified angular distribution of the Compton-scattered photon. Thus, the bind-
ing effects on the Compton-scattering total cross section, angular distribution, and
scattered photon spectrum are different aspects of one phenomenum. Although in-
cluding all of these three aspects consistently is the best way to treat the electron
binding effect in Compton scattering, several authors treated it in a more simple
way. One person studied the effect of the electron binding on the photon buildup
factor by using the total Compton-scattering cross section of the bound electron™
Two authors™ as well as Samili et al' implemented a modification of the angular
distribution of the Compton-scattercd photon into the EGS4 code using an inco-
herent scattering function. The same modification of the angular distribution of a
Compton-scattered photon using an incoherent scattering function was implemented
in SANDYL," MCNP,"” and ACCEPT" of the ITS secries,” as well as several other
Monte Carlo photon transport codes™” The authors’ scarch of the literature re-
vealed that two group of authors included the Doppler broadening of the Compton
scattering into their Monte Carlo photon-transport code. Felsteiner and Pattison"”
included Doppler broadening in their Monte Carlo photon transport code in order
to estimate a multiple-scattered photon in their Compton-profile measurement. In

Felsteiner and Pattison’s code, it is not clear whether the binding effects on the

Compton-scattering total cross section, angular distribution, and scattered photon



spectrum were treated consistently or not, since no description was given regarding
this point in ref. 11. The ACCEPT code mentioned above was also implemented the
Doppler broadening of the Compton-scattered photon. In ACCEPT, the electron
momentum distribution was expressed by a Gaussian function instead of a theoret-
ically evaluated Compton profile, and the electron binding effect on the Doppler-
broadened spectrum was included by uniformly reducing the spectrum instead of
suppressing an energetically impossible part of the spectrum. While this approach

was simple, agreement with the measurement shown in ref. 7 was not good.

In this study, the energy broadening of a Compton-scattered photon and sup-
pression of the part of the broadened spectrum due to electron binding are imple-
mented into the EGS4 code in order to precisely treat the Compton scattering by
the bound electron. We adapted a method based on the Compton profile in order
to treat the Doppler broadening. Regarding this point, our method is basically the
same as that used in ref. 11. The electron binding effect modifies the scattered
photon energy, angular distribution and total cross section of the Compton scat-
tering, and affects photon mean free path used in the calculation. The advantage
of this method is that all of these clectron binding cffects in Compton scattering
arc treated consistently. This consistency is important in some applications: for
example, a low-encrgy photon buildup factor calculation. Another advantage of this
method is it uses the general-purpose Monte Carlo code EGS4. The modification
is immediately applicable for many applications: for example, a background spec-
trum estimation due to a scattered photon for X-ray apparatus, shielding, and a
decp penctration calculation of a low-energy photon. The needs for a precise sim-
ulation of low-cnergy photon transport arc increasing due to the recent increasing
use of synchrotron radiation as well as the wide use of low-energy photon in medical

applications.



2. Method of Calculation

The Compton-scattering computational routine of the EGS4 code was modified
in order to consider the Doppler broadening of a scattered photon as well as the elec-
tron binding effect on it. Formulas related to the Compton scattering of a bound
electron are briefly mentioﬁed to show the relationship of the Doppler broadening, in-
coherent scattering function and total Compton cross section. A double-differential
Compton-scattering cross section for a linearly polarized photon is prepared for this
calculation by modifying the Ribberfors’s formula in the relativistic impulse approx-
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Here , p, is the projection of electron pre-collision momentum on the photon-
scattering vector in atomic units, k. is the Compton-scattered photon energy for
an electron at rest, and 6 is the scattering polar angle. The subscript ”s” denotes
the shell number, which corresponds to each (n,l,m)-th sub-shell. Ji(p.) is the
Compton profile of the i-th shellf”] r, is the classical clectron radius, and © is the
angle between the incident polarization vector and the scattered polarization vector.
Duec to electron binding, the cross section given by eq.(1) is 0 when k > ko — 1.

Here, I is the binding energy of an clectron in the i-th shell. Eq.(1) for two scattered




polarization vectors ( ¢ and ¢ ) is
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Here, thinking of any unit vector in the plane normal to scattered propagation
vector, that which maximizes the product with the incident polarization vector is
¢ and that which minimizes the product is €. The equations used to calculate €

and ¢, were derived by Namito, Ban and Hirayama.[“l

By adding eq.(6) for two
scattered polarization vector directions and averaging over the scattering azimuth
angle (¢ ), the double-differential Compton cross section of a bound electron for

unpolarized photon is obtained as:
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dk “ko | k.

By substituting eq.(3) into eq.(7) after climinating the second term on the right-
hand side of eq.(3), one obtains an equivalent formula to eq.(3) of ref. 12. The
differential Compton cross section of a bound electron is obtained by integrating
eq.(7) concerning k based on the assumption that k£ = k. in the second term on the

right-hand side:

do T2 koo ke koo . 9\t
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where
Pimaz
S!(ko,0,2) = / Ji(p.)dp.. (9)

Here, Z is the atomic number and S/ (ko, 8, Z) is the incoherent scattering function
of the i — th shell clectrons in the impulse approximation calculated by Ribberfors

and Berggren.lm] S!(ko,8, Z) converges to the number of electrons in each sub-shell




when p; e — 0o0. The differential Compton cross section of one whole atom is

obtained by summing eq.(9) for all of the sub-shells:

do 2 k ky ;
(aﬁ)bc 7(%) (— ‘*"k— ~ sin® 6)S'(ko, 8, Z), (10)
where
S (ko, 6, Z) ZS (ko, 8, Z). (11)

Here, S/(z, Z) is the incoherent scattering function of an atom in the impulse ap-

proximation. Another incoherent scattering function (S%(z, Z)), based on Waller-

l1e]

Hartree theory""” was widely used to treat the electron binding effect on the angular

distrbution of a Compton-scattered photon. Here, z is the momentum transfer,

_ _ ko[keV]
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Using S¥(z, Z), the differential Compton scattering cross section is

do w12 ke, ke kg W
— e = =2 — —sin?*9)S z 13
((1‘(2 bC — 9 (k()) (k + k sin ) (1: ) ( )
The close agreement of S7(ky, 6, Z) and S¥(z, Z) for several atoms was shown in
ref.15. By integrating eq.(13) concerning Q, the total bound Compton-scattering

cross section of an atom is obtained,

4n

do
= dq. 14
7 = [5G2I (14)
The photon mean free path is calculated using oy¢ instead of o ;¢ (total frec Compton
scattering cross section). The relation of the total bound Compton cross section,
incoherent scattering function, and the cut off in the Doppler-broadened Compton-

scattered photon spectrum was shown.

In the improved Compton-scattering routine in the EGS4 code, the distance
to the next photon interaction point is sampled using the photon mean free path,

evaluated by oy taken from the DLC-99/HUGO;“7'IBJ the probability of Compton




scattering in that interaction is calculated using opc. After 6 is sampled according to
eq.(13) using S¥(z, Z) taken from recf.17, the clectron sub-shell number is sampled
using the number of electrons in each sub-shell. Eq.(10) is not used to sample &,
since the validity of S’(ko, 0, Z) has not yet been tested for many conditions. Then,
Pimaz is calculated by putting k = kg — I; in eq.(2) for sampled 6. The p, is sampled

in the interval [0, 100] using a normalized cumulative density function(c.d.f.) of Ji(z)

B [P Ji(z)de

(15)

Here, € is a random number between [0, 1]. The computer program used to prepare
material data for EGS4 called PEGS4 was modificd so as to calculate the right-hand
side value of eq.(15). The PEGS4 was also modified in order to prepare incoherent
scattering functions S% (z,Z) and 03¢, and to calculate the photon mean free path
using osc. The speed down of Compton scattering routine in the improved EGS4
is negligible since sampling of p, is carried out quickly by the c.d.f. method. When
Pz > Dimaz, it is rejected, and the shell number 777 and p, are sampled again. This
sampling is continued until p, < p; max is satisfied. Then, another rejection by Fk;,
which corresponds to the sccond term on the right-hand side of ¢q.(7), is performed.
Hereby the scattered photon energy (k) and polar angle (8) were sampled according
to eq.(7). When photon linear polarization is not considered, the scattering azimuth
angle (¢) is sampled at random. When the photon linear polarization is considered,
¢ and the scattered polarization vector is calculated according to eq.(6). The details
concerning the linearly polarized photon scattering in the EGS4 code is described in
ref. 14. Accordingly, scattered-photon sampling following eq.(1) is performed. The
Compton profile of a free atom is used. To treat a compound material, a mixture of
free atoms is assumed and any molecular effect on the Compton profile is ignored.
The Compton scattered clectron energy is calculated using the energy conscrvation
law and assuming that no cnergy absorption by atoms in the Compton scattering

occurs.




3. Comparison with Measurements

A mono-cnergy photon-scattering experiment was performed at a BL-14C in a
2.5 GeV synchrotron light facility ( KEK- PF ) to measure the incoherent scattering
function S(z,Z )Ew] Two measurements in this experiment were simulated using the

improved EG54 code.

The experimental arrangement is shown in Fig.1. Photons from a vertical wig-
gler were used after being monochronized by a Si(1,1,1) double crystal monochrom-
cter. A linearly polarized 40keV mono-energy photon beam (degree of polarization,
P = 0.85) was scattered by a sample located at point O with its normal vector

2
located at § = 90°. One Ge detector (Gey) was located in the plane of the incident

(-1 —71-5, %), the scattered photons were detected by two high-purity Ge detectors

polarization vector(¢ = 0°), and the other (Gep) in the plane perpendicular to it
(¢ = 90°). Samples were contained in a vacuum chamber, and vacuum pipes were
placed between the vacuum chamber and the Ge detectors in order to reduce any
scattering due to the air. Collimators of 5.01 mm aperture were placed in front of
Ge dctectors (Cl,Cz). The distance from the surface of the sample to the collima-
tor was 434 mm. The opening angle of this collimator was 0.33° and the encrgy
spread of a Compt.on-scat.tercd photon due to this opening angle (without Doppler
broadening) was negligibly small, 31¢V in this measurcment. The incident pho-
ton intensity was monitored in a free—air ionization chamber, which was calibrated
using a calorimcter!m] The C (t=0.589mm) and Cu (t=2mm) samples were chosen
among various samples used, because the combination of a Dopplcr-broadened single
Compton peak and a multiple-scattering component was obtained from the former
sample and the electron binding effect appeared clearly in the spectrum from the
later sample. The measured spectra are indicated by the closed circles in fig.2. The
sharp peak at 40keV is duc to Rayleigh scattering, and the broad peak at 37keV is
due to Compton scattering. The average of measurcments at ¢ = 90° and ¢ = 0°
has been shown to clearly illustrate the offect of Doppler broadening. The flat part
between 32 and 34 keV in fig.2(a) is the contribution due to multiple scattering.
The binding effcct of the K and L shell clectrons of Cu appears as a drop near to
31 and 39keV, respectively 1n fig.2(b).

The calculation was carried out using the improved EGS4 code. The number



of cases followed in cach calculation is 2 x 10° and the opening angle of 5° was
used to score photons with sufficient statistics. The EGS4 calculation with all the
modifications in this work ( Doppler broadening, electron binding effect in Compton
scattering, lincarly polarized photon scattering ) was carried out for C and Cu sam-
ples. The calculated photon spectra are smeared by a Gaussian function in order to
account for the resolution of the Ge detectors. Both of measurement and calculation
arc absolute values i.e., no normalization between the measurement and calculation
was made. The results of the calculation are indicated by the solid histograms in
figs.2(a) and (b). The agreement between the measurement and calculation is sat-
isfying in both cases. A EGS4 calculation using all of the modifications described
in this paper, except for Doppler broadening, was carried out in order to determine
the effect of Doppler broadening. The result is shown by the dot-dash histogram in
fig.2. The result of a calculation without considering Doppler broadening is appar-
cntly different from a measurement not only at the single Compton peak at 37keV,
but also at multiple scattering components from 31 to 39 keV. In the result of a cal-
culation without Doppler broadening for the C sample, two peaks exist at 31.8 and
38keV, which correspond to the energy loss of sequent 135° - 135° Compton scatter-
ing and 45° - 45° Compton scattering, respectively. In the result of the calculation
without considering Doppler broadening for the Cu sample, the multiple-scattering
component distributes mainly between 34.6 and 40keV, which correspond to the
energy range of a single Compton scattering in any direction. Accordingly, this
component is due to the contribution of photons which underwent single-Compton
and single-Rayleigh scattering. This comparison clearly indicates the importance of
the Doppler broadening in single and multiple Compton-scattering simulation. Due
to the electron binding effect in Compton sc'attering, the 40keV photon mean free
path in C and Cu are increased by 4.3 and 0.6%, respectively, and the 40keV photon
total Compton-scattering cross section of C and Cu are decreased by 5.1 and 19%,
respectively. In the comparison of Cu shown in fig.2(b), the K and L shell electron
binding effect is well simulated. While the M and N shell electron binding is not
apparent in the comparison, they should have some contribution to a lower energy

calculation. Thus, all of the sub-shells were treated independently in this work.




4. Summary

The gencral-purpose Monte Carlo electron-photon transport code EGS4 was im-
proved in order to treat the Doppler broadening of a Compton-scattered photon as
well as the electron binding effect on it. Two mono energy photon-scattering mea-
surements performed at KEK-PF were successfully simulated using the improved
EGS4 calculations. Together with the Compton and Rayleigh scattering for a lin-
early polarized photon, a low-energy photon-transport simulation with a detailed

scattering model using the EGS4 code becomes possible.
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FIGURE CAPTIONS

Experiment arrangement. A mono-energetic linearly polarized synchrotron
radiation photon beam was scattered by a sample (S); the scattered pho-
tons were counted by two high-purity Ge detectors for low-energy photons
(Gey, Gey). The aperture of the Cy collimator was 2 mm. A free air ion cham-
ber (FAIC) was located in front of the sample to monitor incident photon in-
tensity. The sample was placed at point O; its normal vector is (—%, ——715, % .
Collimators(C;, Cs) define the opening angle of Ge Detectors. The distance

from the surface of the sample to the exit of collimator (L;) was 434 mm and

the aperture of Collimator(D;) was 5.01 mm.

Comparison of the photon spectra scattered by the C and Cu samples. The
measured and calculated values are shown in symbols and histograms, respec-
tively( ko = 40keV, 8 = 90°). The EGS4 calculation with all of the modifica-
tions in this work, including Doppler broadening, is shown as EGS4(CP). The
EGS4 calculation with all the modifications in this work, except for Doppler
broadening, is shown as EGS4(S). The peak at 30keV is the Ge K X-ray escape
peak of the Rayleigh-scattering peak at 40keV.
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