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This paper presents the results of the analyses of photon reflection from planar targets for
normal photon incidence and for different shielding materials (water, concrete, aluminum,
iron, and copper), in the range of the initial photon energies from 20 keV to 300 keV. Calcula-
tions of photon reflection parameters based on the results of Monte Carlo simulations of the
photon transport have been performed using MCNP4C code. Integral reflection coefficients,
presented as functions of the ratio of total cross-section of photons and effective atomic num-
ber of target material, show universal behaviour for all the analysed shielding materials in the

selected energy domain.
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INTRODUCTION

Integral number and energy reflection coeffi-
cients for different particles (ions, electrons, neutrons,
and photons) can be presented as universal functions
within specified ranges of the initial energies of inci-
dent particles. As a consequence, a single function can
successfully describe reflection of one type of parti-
cles from different target materials within the defined
energy range. Number of papers has been published on
that topic in the scientific literature over a longer pe-
riod of time [1-8]. In this paper, reflection of photons
from typical shielding materials (water, concrete, alu-
minum, iron, and copper) for initial photon energies
ranging from 20 keV to 300 keV, is considered.

In the previously published papers [5, 6] we de-
termined the number and energy albedo coefficients
for several materials of importance for specific appli-
cations of photon radiation where albedo problems are
of interest. Results presented there, as well as in this
paper, cover the interval of initial photon energies £,
from 20 keVup to 300 keV. Calculated albedo parame-
ters are valid for normal incident beam of photons
which targets a thick homogeneous slab of a shielding
material. The beam is then partly reflected from the
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material while some of the photons are absorbed by the
targeted material.

The photon integral reflection coefficients
(albedo coefficients) are determined on the basis of
Monte Carlo code MCNP4C transport simulation [9].
The MCNPA4C also provides detailed angular and en-
ergy distributions of reflected photons, with separa-
tion of the contributions to the total reflection coming
from photons undergoing different number of colli-
sions in the material.

This “collision by collision” analysis enables de-
termination of the mean number of photon collisions
prior to the final photon reflection, for different mate-
rials and for different initial photon energies. The
mean number of photon collisions appeared to be a
suitable parameter for the analyses of the universal
characteristics of the reflection phenomena [4, 7].

In this paper analyses are done using the parame-
ter u/Z.g (Where p is the total cross-section of photons
and Z 4 the effective atomic number of target mate-
rial), i. e. the albedo coefficients and the mean number
of collisions are presented as functions of the i/Z.g,
parameter. We confirmed the universal behaviour of
the integral reflection coefficients when they are pre-
sented as function of 1t/Z g, which brings all the indi-
vidual curves for different materials close to one uni-
versal curve. Analytical expressions for the universal
curves are proposed.
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PHOTON REFLECTION AS A FUNCTION
OF u/Z. PARAMETER

In our previously published paper [7] it was
shown that it was possible to present the number and
energy albedo of photons as functions of the mean
number of photon collisions in the material and that
these functions were universal for several shielding
materials. The mean number of photon collisions,
however, is not known beforehand for a given material
and initial photon energy and has to be determined by
detailed and time consuming Monte Carlo simulations
“collision by collision” for each shielding material and
for each initial photon energy, individually.

In order to eliminate the need of knowing the
mean number of collisions in the analyses of the pho-
ton reflection, and thus the need for Monte Carlo simu-
lations, we made an effort to establish relations be-
tween the integral reflection coefficients and some
basic parameters describing the photon transportin the
target material, which are always well known in ad-
vance. Such parameters are characteristics of the inci-
dent photon beam and the target material: initial pho-
ton energy E,, effective atomic number of the target
material Z g and the total cross-section for photon in-
teraction in the target material pu=u(E,).

Values of Z_g for different materials analysed are
given in tab. 1, where Z_ & for compounds (water) and
mixtures (concrete) are determined according to

n 1/2.94
Zor =(zl<ol-23'9“) ey

Here, ¢, is the fraction of the total number of
electrons which belongs to the element 7, and Z; is the
atomic number of the element i. Such a way of calcu-
lating energy independent Z values has been used for
the applications within the energy range of X-rays, but
also gives good results in our analyses in the domain
up to 300 keV. More robust model for calculating Z_;
is presented in ref. [10].

Table 1. Effective atomic number Z  for the main
shielding materials analysed

Material Zeir
Water 7.42

Concrete 12.55
Aluminum 13
Iron 26
Copper 29

Figure | presents graphically the dependence of
the parameter 11/Z ¢ on the initial photon energy E, for
five different target materials. The energy dependent
values for u are taken from ref. [11].

In preliminary analises several parameters were
proposed to, relatively successfully, present the inte-
gral reflection coefficients for different shielding ma-
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Figure 1. Ratio of the total cross-section for photon
interaction iz and the effective atomic number Z as a
function of the initial photon energy E,

terials in a universal way. It was determined that the
parameter u/Z.y, defined as a ratio of the total
cross-section for photon interaction i and the effective
atomic number of the target material Zg, provides for
the best grouping of all the graphs for different target
materials into one universal curve, valid for the ana-
lysed photon energy domain.

Figure 2 shows the dependence of the mean
number of photon collisions 77 on the parameter (/7 g,
for all the materials considered. The graph shows also
a suitable fitting function, presented as a sum of expo-
nential terms. Table 2 gives absolute and relative dis-
crepancies of the values determined based on the
Monte Carlo simulations from the corresponding val-
ues of the universal fit function.

The proposed fit function for determination of
the mean number of photon collisions 7 as a function
of the parameter u/Z g is
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Figure 2. Mean number of photon collisions in the
material before the final reflection as a function of the
parameter (/Zg
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Table 2. Absolute and relative discrepancies between the
Monte Carlo and “fit” values for the mean number of
collisions

Material | Ey [keV] Fit J’M c (Fit — M[(é/?)jm()/ MC

20 0.053 4311

30 0.017 1.066

40 0.064 3.201

50 0.047 2.017

Water 60 —0.029 —-1.101
80 —0.140 —4.702

100 -0.221 —6.781
150 —0.265 -7.174
200 —0.151 -3.842

300 0.066 1.524
20 —0.013 -1.254
30 -0.017 —1.450
40 —0.016 -1.215
50 —0.068 —4.617
Concrete 60 —0.096 -5.857
80 —0.063 -3.248
100 —0.035 -1.599

150 0.029 1.098

200 0.119 4.179
300 0.354 11.259
20 —0.007 —0.682
30 —0.003 —0.246

40 0.016 1.257
50 —0.025 -1.754

. 60 —0.057 -3.641

Aluminum

80 —0.060 -3.257
100 —0.059 —2.842

150 -0.077 -3.098
200 —0.027 —0.986

300 0.148 4.879

20 0.024 2.377

30 0.019 1.813

40 0.002 0.188

50 -0.017 -1.624

Iron 60 —0.026 -2.360
80 0.005 0.431

100 0.024 1.892

150 -0.012 —0.829

200 0.021 1.281

300 0.135 7.040

20 0.020 1.907

30 0.013 1.242

40 0.004 0.353

50 —0.008 -0.721

Copper 60 —0.022 -2.011
80 —0.004 -0.373

100 0.028 2.304

150 0.024 1.768

200 0.064 4.108

300 0.240 13.485

"MC means the Monte Carlo simulation results for 77

For all the materials but water maximal discrep-
ancies exist at the upper limit of the considered energy
range (£, = 300 keV) and they range from 4.9% for

aluminum to 13.5% for copper. Most of the values de-
termined based on the fit function for all the materials
are within 5% of the Monte Carlo values. This enables
reliable reconstruction of the main number of colli-
sions in the energy range up to 200 keV, which can
then be applied for determination of the total number
albedo, using analytical formulas proposed in [7].

Further analyses showed that the total number
albedo ay in the domain of initial photon energies up to
300 keV can successfully be determined directly from
the parameter u/Z., without a need to perform
two-step reconstruction: u/Z e —n —> ay. Figure 3
shows the total number albedo of photons for different
materials, presented as a function of the parameter
u/Z. . Good confluence of all the points for different
materials is achieved, so the universal analytical for-
mula can be found by adequate fitting.

Analytical expression for the total number
albedo of photons ay, determined by fitting the results
of the numerical simulations to a sum of exponential
terms, is

M/ Z 5 —0.00057
ay=009951+094767¢ 001721
_H/ Z5—=0.00057
+005623¢ 022035
W Z g —0.00057
—0.093695¢ 2030831 3)

From fig. 3 it is obvious that the points do not lie
along a common curve so well as in the case of the
mean number of photon collision 7, so the discrepan-
cies of the Monte Carlo results and the ones the univer-
sal curve gives are higher. Table 3 presents absolute
and relative discrepancies of the values determined
based on the Monte Carlo simulations from the corre-
sponding values of the universal fit function.

The presented values of the absolute and relative
discrepancies illustrate that the total number albedo,
when presented as a function of 11/Z_g, is not satisfac-
torily reproduced over the entire energy domain ana-
lysed, especially for heavier materials. There are
higher discrepancies close to the borders of the energy
interval 20 keV-300 keV. For the energies close to the
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Figure 3. Total number albedo of photon as a function
Of,u/Zeff
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Table 3. Absolute and relative discrepancies between the
Monte Carlo and “fit” values for the total number albedo

an
Material | £y [keV] Fit f]l\{/IC* (Fit— M[C(%] 100/MC

20 —0.001 -2.275

30 0.002 1.248

40 —0.003 —1.213

50 -0.023 —8.543
Water 60 —0.044 —13.895
80 —0.066 -17.774
100 -0.072 —18.052
150 —0.053 —12.736

200 —-0.020 —4.716

300 0.048 12.037

20 0.002 18.760

30 —0.001 -2.927
40 -0.016 -26.016
50 -0.024 —24.736
Concrete 60 -0.022 -16.474
80 -0.017 -8.536

100 -0.018 —7.430

150 -0.010 -3.266

200 0.011 3.614

300 0.063 20.608

20 0.004 59.267

30 0.006 23.681

40 —0.005 -9.632
50 -0.012 —14.985

Aluminum 60 —0.011 -9.726
80 -0.010 —5.498

100 -0.014 —6.576

150 -0.016 —6.028

200 —-0.001 -0.304

300 0.046 15.553

20 0.012 55.660

30 0.006 57.827

40 0.002 23.230

50 0.002 13.231

Iron 60 0.003 21.517
80 0.005 15.652

100 0.001 1.638

150 0.012 15.246

200 0.035 32.265

300 0.069 49.993

20 0.000 —0.597

30 0.001 4.692

40 0.000 4.097

50 0.000 —0.349

Copper 60 0.002 13.230
80 0.007 31.090

100 0.006 19.462

150 0.014 23.429

200 0.043 50.094

300 0.089 79.193

“MC means the Monte Carlo simulation results for ax

lower limit of the energy domain (20 keV) the absolute
values of the total number albedo of photons are low,
so that a deduction of two small values results in

higher relative discrepancies. For the higher energies
the proposed analytical formula does not reconstruct
the “saturation” of the ay which occurs for water
above 100 keV and for concrete above 150 keV (fig. 1
in ref. [7]). The fitting curve anticipates a continuous
increase of the total number albedo with the increase
of E;, which corresponds to decrease of the parameter
U/ Z . This is not the case for water and concrete above
150 keV, but still the discrepancies for these two light
materials are within 20% and 25%, respectively, over
the whole energy domain.

In case of metals (aluminum, iron, and copper),
discrepancies above 20% exist only in a couple of
points close to the boundaries of the energy domain
analysed. If these points are discarded, then the values
predicted by the fit are well within 20% from the
Monte Carlo results for all the materials and for all the
remaining initial photon energies.

Known discrepancies between the Monte Carlo
based results and the results reconstructed from the
universal analytical function give a possibility to de-
termine the energy domains for which the proposed
universal representation is satisfactory and acceptable
for practical applications.

NUMBER ALBEDO WITHOUT
CONTRIBUTION OF THE ONCE
SCATTERED PHOTONS

In the domain of initial photon energies up to
300 keV, the dominant contribution to the total photon
reflection is coming from the photons backscattered
one time. For heavy targets as iron and copper, this
component of the total reflection is the major one in
terms of absolute values (>50% of the total reflection),
while for light materials as water and concrete, it is the
major one in relative terms (higher than the contribu-
tion from photons scattered twice, or three times, etc.).
Itis well known that the flux of particles reflected from
the material after one scattering can be determined ex-
actly by analytical means. That led us to the idea to
subtract this “analytical” component from the total re-
flected photon flux, and to try to determine the integral
reflection coefficients more precisely by fitting only
the numerical results which correspond to the total re-
flection component coming from particles scattered
more than once in the target material. Here we describe
two options for presenting the photon number albedo:
(a) using the difference of the total reflection and the
reflection after only one scattering, and (b) using the
ratio of these two components of the reflected photons.

Figure 4 presents the number albedo of photons
scattered at least twice, dy,, — ;. as a function of the
parameter u/Zg, where ay,,, denotes the total number
albedo (sum of all the photons reflected after any num-
ber of scatterings in the target material), and ay;, is the
number albedo of photons reflected after only one
scattering.
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Figure 4. Number albedo of photons scattered at least
twice

After fitting the numerical values, obtained by
the Monte Carlo simulations, to a sum of exponential
terms, ay, — @y can analytically be presented as

aNtot _aNl = 000045+ 2.353266 0.01372 +

7#/Zeﬁ~+0.01081 (4)
+0.00904e 022414

Figure 5 provides an alternative representation,
option (b), using the ratio ay;/ay,., Which corresponds
to the fraction of number albedo coming from photons
scattered only once.

It is evident from figs. 4 and 5 that the quality of
the fit is better when the ratio ay;/ay,, i used case (b),
so the analysis of the absolute and relative discrepan-
cies, presented in tab. 4, is given for the case (b) only.

Figure 5 illustrates that the fraction of the number
albedo, which comes from the once scattered photons,
is absolutely dominant for low initial photon energies
(u/Z.5>0.1) and for heavy targets (iron and copper),
while only for lighter materials (water, concrete, and
aluminum) and for high initial photon energies its con-
tribution to the total reflection falls below 30%.
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Figure 5. Fraction of the number albedo ani/ani: as a
function of p/Z

Table 4. Absolute and relative discrepancies between the
Monte Carlo and “fit” values for the ratio an/ax:

Material | Eo [keV] | pv/Ner, (Fit—M[CO/Z-]IOO/MC
20 0.006 1.049
30 0.010 2.035
40 0.043 ~8.058
50 0.019 4110
60 0.033 ~6.374
Water 80 0,004 0913
100 0.017 3.723
150 0014 3212
200 0.036 9.432
300 0.002 0.446
20 0.007 0.734
30 0.012 1.326
40 0.010 1134
50 0.007 0.815
Concrete 60 0.019 2.249
80 0.016 1.836
100 0.003 0.372
150 0.005 0.590
200 0.006 0.778
300 0.021 2.761
20 0.024 2952
30 0.002 0231
40 0.014 2.098
50 0.022 -3.106
JR B 0.009 1338
80 0.003 0.533
100 0.010 1.672
150 0.036 ~5.700
200 0.044 6.906
300 0.010 1745
20 0.009 0.926
30 0,013 1356
40 0.004 0.401
50 0010 ~1.007
o 60 0.002 0.177
80 0.004 0422
100 0.002 0.166
150 0.004 ~0.454
200 0.000 ~0.015
300 0.005 0.486
20 0.020 5.339
30 0.034 9.914
40 0.016 4.527
50 0.012 3.661
Copper 60 0.020 6.344
80 0.015 4.827
100 0.011 4.131
150 ~0.013 4394
200 0.006 2416
300 0.044 18.924

"MC means the result for an/an calculated from Monte Carlo
simulations

Analytical function proposed here for fitting the
numerical values of the fraction ay;/ay, 1S
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There are not too many points for all the materi-
als and all the initial photon energies where the relative
discrepancies are higher than 5% (3 for water, 2 for
aluminum and 4 for copper) and only one point with
discrepancy above 10% (copper for 300 keV). Speak-
ing in the u/Z domain, discarding couple of points at
the domain boundaries, the relative discrepancies be-
tween the numerical values and the analytical function
(5) are acceptable: for the region u/Z ;< 0.1 they are
below 6%, and for p/Z> 0.1 below 1%.

CONCLUSIONS

Universal characteristics of the integral photon
reflection coefficients for normal photon incidence
have been analysed in this paper and the integral re-
flection coefficients are presented as function of the
parameter u1/Z . This parameter has been proposed as
it contains the quantities describing the characteristics
of the target material (u, Z.g) and the incident photon
beam (u as a function of E;)). The parameter t/Z g is al-
ways known for any combination of the target material
and the incident photon energy, so it does not require
complex numerical calculations to be determined as it
was the case when the main number of photon colli-
sions was used as a parameter to describe the photon
reflection coefficients. Five shielding materials were
analysed in the domain of the incident photon energies
from 20 keV to 300 keV. By using such a parameter,
we demonstrated the universal behaviour of several
integral photon albedo coefficients, which yields a
possibility of establishing analytical models for
approximative determination of these reflection coef-
ficients eliminating thus the need for complex Monte
Carlo simulations of the photon transport. The quality
of such models and its applicability for different mate-
rials and initial photon energies was discussed based
on the absolute and relative discrepancies of the ana-
lytical results from the referent Monte Carlo results.
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Baapgan /Jb. bYBEHOB, Ponosyo [I. CUMOBUH

AJIBENO KOEOUIIMNIJEHTU ®OTOHA KAO ®YHKHUIE u/Zess IAPAMETPA

Y pany cy U310KeHH pe3yaTaTy aHainu3a peduiekcuje oTOoHa Off paBHE MeTe IpH yraay OoToHa
IO/ TPaBKM YIJIOM, 33 pa3lInuuTe 3alITUTHE MaTepujaie (Bofy, OETOH, aIlyMUHH]YM, F'BOKbhe 1 6aKap) u'y
orncery noueTHux eHepruja porona o 20 keV o 300 keV. [Ipopauynu pedrekcuje 3acHuBajy ce Ha MoHTe
Kapno cumymammjama tpancnopra ¢oToHa Koje cy obaBmbeHe mporpamoM MCNP4C. Uzpauynatn
HHTETpaHu Koe(pUIjeHTH peduiekcrje, IpUKa3aHu y 3aBUCHOCTH Off HOTOJHO M3abpaHOr mapaMeTrpa
UIZ g, yHUBEP3ATHE CY (DYHKIM]jE 32 TUIIMYHE 3aIITUTHE MaTepujaje y ofadpaHoj eHepreTckoj 00I1acTu.

Kmwyune peuu: ¢hoition, ykytnu uyeciiuyru anbeoo, Mownitie Kapao cumyaayuja, MCNP tipozpam




