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The possibility of expressing the total particle and energy reflection coefficients of low-energy
photons in the form of universal functions valid for different shielding materials is investigated
in this paper. The analysis is based on the results of Monte Carlo simulations of photon reflec-
tion by using MCNP, FOTELP, and PENELOPE codes. The normal incidence of the narrow
monoenergetic photon beam of the unit intensity and of initial energies from 20 keV up to
100 keV is considered, and particle and energy reflection coefficients from the plane homoge-
nous targets of water, aluminum, and iron are determined and compared. The representations
of albedo coefficients on the initial photon energy, on the probability of large-angle photon
scattering, and on the mean number of photon scatterings are examined. It is found out that
only the rescaled albedo coefficients dependent on the mean number of photon scatterings have
the form of universal functions and these functions are determined by applying the least square
method.
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INTRODUCTION

It has been known that particle reflection from a
planar target can be described by universal functions
and that has been the topic of extensive research, anal-
yses, and application in the physics of ions — particu-
larly in the analyses of the reflection of light low-en-
ergy ions from heavy targets (the energy domain of
hundreds of eV to tens of keV) [1-5]. Recently, it has
been shown that the reflection of high-energy (MeV
domain) light ions can be described by the universal
functions valid for all light ions and heavy targets as
well [6]. Universal functions for the ion reflection
have been found by rescaling, i. e., replacing energy or
reduced energy as an independent variable in the anal-
yses by a new complex variable — function v. This
quantity denotes the number of large-angle scatterings
of light ions in the target material during their penetra-
tion before their final stopping.

* Corresponding author; e-mail: V.Ljubenov(@iaea.org

In this paper we investigate the possibility to de-
scribe photon reflection in the domain of initial ener-
gies of up to 100 keV, i. e., to describe the total photon
coefficients — the total number albedo a 5 (E, 6,,) and
the total energy albedo aj(E,,0,) — by universal
functions valid for typical shielding materials used for
protection from ionizing radiation. In order to explain
clearly the baseline for the concept of universal func-
tions, our discussion will start with the standard repre-
sentation of the reflection coefficients dependent on
the initial photon energy, then will proceed with the
probability of large-angle photon scattering, and fi-
nally will focus on the mean number of photon
scatterings before the final reflection from the planar
target.

The results presented in this paper are a part of the
systematic research of low-energy photon reflection
performed during several years and partly published
elsewhere [7-10]. Values for the total number and en-
ergy albedo were calculated based on the Monte Carlo
simulations of photon reflection by MCNP [11],
FOTELP[12],and PENELOPE [13] codes. The normal
incidence of a photon beam, with the initial energies of
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20 keV to 100 keV, to the homogenous infinite slab of a
shielding material (water, aluminum, and iron) was
modeled and simulated. Angular and energy dependent
albedo coefficients were determined, as well as the
mean number of consecutive scatterings before the final
reflection from the target material. These data have
been generated during a longer period from Monte
Carlo simulations and from the subsequent analyses,
and they have been used as a basis for the development
of the universal function concept presented here.

DEFINITION OF REFLECTION
COEFFICIENTS

Total albedo coefficients are defined as integrals
of the differential particle albedo over the angle and
energy [8, 9, 14]. Differential albedo is defined for a
narrow photon beam of a unit intensity and initial en-
ergy £, which hits the planar half-space scattering me-
dia in the point selected as origin of the co-ordiante
system under the polar angle 8, measured from the
line perpendicular to the boundary plane. This quan-
tity represents probability for the photon reflection
from the unit area of the scattering media located
arround the point of incidence (x, y, z = 0) where re-
flected photons have the energy in the unit interval d£
arround the energy £ and the direction in the unit solid
angle d2 arround the direction defined by the vector
Q. This differential albedo is denoted as
a(Ey.,0; E,0,9,x,y), where6 and ¢ are polar and az-
imuthal angle of the reflected photons.

The point of the photon detection in experimen-
tal practice is far enough from the boundary surface of
the scattering media so it can be assumed that photons
are reflected from the same point where the incident
beam hits the media. Thus, differential albedo can be
presented as a quantity which has no dependence on
the space co-ordinates x and y

a(Ey.,0y;E,0,9)=
oo foo

= [dx[a(Ey,00;E.0,0,x y)dy (1)

-

and is named differential spectral albedo — the en-
ergy-angular distribution of backscattered radiation.
Sometimes this quantity is called double-differential
albedo in order to emphasize its differential character
with regard to both energy £ and the direction vector Q.
Total albedo coefficients can be obtained by the
integration of the double-differential albedo over the
energy and solid angle domain: total number albedo

ay(Eq,0,)=
Ey 2n w2
= [dE[do [a(E(.0,;E.0,¢)sin0d0  (2)
0 0 0

and total energy albedo

ag (Ey,00)=
1 Eo 21 /2
=— [EdE [dp [a(E, .00 E.0,p)sin0do (3)
00 0 0

In practice, reflection coefficients are calculated
based on the difference albedo coefficients
a{\f (Eq,0,), generated from the Monte Carlo numeri-
cal experiment, which corresponds to the integrals of
the differential spectral albedo a(E,,0,; E,0,¢) over
the selected photon energy interval AE; and the chosen
solid angle segment AQ;

aly (Eq,00)=

21
= [do [dE [a(E).0;E.0,9)sin0d0  (4)
0 AE; A0,

Difference number albedo a ]’\; (Ey,0,) repre-
sents probability for photon reflection from the bound-
ary surface within the energy interval AE; and the solid
angle element AQ; integrated over the azimuthal an-
gle. Similar to the total number albedo, this quantity is
dimensionless.

Details on the performed Monte Carlo simula-
tions and on the way difference albedo coefficients
aﬁ (E,,0,) for water, aluminum, and iron were calcu-
lated are presented in ref. [14]. The set of values for dif-
ference albedo coefficients a,{j (Eq,0,) calculated on
the basis of the simulation results was obtained for nine
equal intervals of the polar angle 8, each 10° wide, and
for ten equally wide energy intervals (£,/10 is the width
of each energy group). The total number albedo can be
obtained by summing difference coefficients
aﬁ (E,,0,) over all the angle and energy intervals

109
ay(Eg)= ZZa{v’ (Ey,0,) (5)
j=li=1

while total energy albedo is obtained according to def-
inition (3)

ag(Eg)=

M=

(LR
— 2 E; Zajj\/ (E4,0,) (6)
Ey i o

j
where E; denotes average energy of the j-th energy in-
terval.

In the expressions (5) and (6) for the total reflec-
tion coefficients, argument 6, has been omitted as the

analysis deals with the normal photon incidence (6, =
= (0°) to the target material only .

THREE REPRESENTATIONS OF THE
REFLECTION COEFFICIENTS

Three materials were selected for the analyses —
water, aluminum, and iron. Water represented a pre-
dominantly scattering media while iron was chosen as
a predominantly absorbing media for photons. The
considerations presented here cover the following rep-
resentations of the reflection coefficients: (a) tradi-
tional representation — albedo dependence on the ini-
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tial photon energy E,, (b) novel representation —
albedo dependence on the probability of large-angle
photon scattering, . e., on parameter ¢', and (c) newest
interpretation — the dependence of reflection coeffi-
cients on the mean number of photon scatterings 7.

Coefficients dependent on the initial
photon energy E,

The values for the total number albedo a(£,) for
water, aluminum, and iron are given in tab. 1. For all
three materials these coefficients were calculated by
MCNP code for nine initial photon energies ranging
from 20 keV to 100 keV, with the initial energy incre-
ment of 10 keV. The results were verified by FOTELP
and PENELOPE codes for the initial photon energies
of 40 keV, 60 keV, and 100 keV.

The agreement between the values calculated by
MCNP and FOTELP codes for water is very good,
ranging from less than 10% of relative discrepancy for
the lower limit of the initial photon energies and reach-
ing only 2-3% for the upper limit of 100 keV and the
initial energies close to this one. PENELOPE code
gives the values of the reflection coefficients laying
between these two sets of results, a bit closer to the re-
sults obtained by FOTELP code. Similar conclusion
about the agreement of the results is valid for alu-
minum, where all three sets of results are within
0.5-2% for the initial photon energy of 100 keV. For
the iron target the discrepancies of the results are
higher. MCNP and PENELOPE codes are in better
agreement: for the initial photon energy of 40 keV rel-
ative discrepancies are bellow 30% while for 60 keV

and 100 keV the agreement is much better reducing
discrepancies to less than 2%. The FOTELP code re-
sults differ from the MCNP results more for low initial
energies, but for 100 keV the agreement is within 4%.
Generally, the results obtained by three different codes
are closer for higher initial photon energies than for
lower ones, and the satisfactory agreement was not ob-
tained for the iron target and low initial photon ener-
gies. Such behavior of the results can be explained by
high photon absorption in iron, especially for low ini-
tial photon energies (for £, =40 keV the total number
albedo for iron is more than 20 times lower than the
albedo for water), so the simulation of the photon re-
flection has to be performed with very large number of
photon histories to get reliable results. It has to be
noted that the MCNP simulations involved three times
more photon histories than the simulations with two
other codes [8]. Thus, the FOTELP and PENELOPE
results for the iron target and the lowest initial photon
energies have the highest statistical uncertainties
amongst the Monte Carlo results considered. For the
initial photon energy of 100 keV, where nine times
more photons are reflected from iron than for 40 keV,
the reliability of the results is higher and the agreement
between the three codes is quite satisfactory.

The results for the total energy albedo for water,
aluminum and iron and the initial photon energies
from 20 keV to 100 keV, with 10 keV energy incre-
ment, obtained from the simulations of photon reflec-
tion performed by MCNP code are presented in tab. 2.

The values of the reflection coefficients ay(E,)
and ag(E,) for water, given there, are in a very good
agreement with the referent results from Mashkovich
Manual [15], which is illustrated in tab. 3.

Table 1. Total photon number albedo for water, aluminum, and iron obtained by numerical simulation using MCNP (1),

FOTELP (2), and PENELOPE (3) codes

Water Aluminum Iron
E, [keV]
) ©) (3) €)) ©) 3) Q) (2) 3)
20 0.0478 0.0435 0.00728 0.0224
30 0.128 0.117 0.0232 0.0102
40 0.209 0.196 0.201 0.0490 0.0473 0.0517 0.00890 0.0053 0.0064
50 0.273 0.259 0.0809 0.0115
60 0.319 0.306 0.309 0.114 0.110 0.115 0.0162 0.0142 0.0164
70 0.351 0.340 0.145 0.0221
80 0.373 0.363 0.173 0.0291
90 0.389 0.379 0.197 0.0365
100 0.400 0.391 0.392 0.216 0.213 0.216 0.0444 0.0422 0.0451

Table 2. Total photon energy albedo for water, aluminum,
and iron obtained by numerical simulation using MCNP
code

Ey [keV] Water Aluminum Iron
20 0.0453 0.00686 0.00831
30 0.116 0.0215 0.00425
40 0.178 0.0425 0.00526
50 0.223 0.0686 0.00854
60 0.251 0.0953 0.0130
70 0.262 0.116 0.0175
80 0.266 0.133 0.0225
90 0.266 0.146 0.0277
100 0.264 0.156 0.0333

Table 3. Comparison of MCNP simulations
with the referent results for total albedo

coefficients
Albedo Source of Initial photon energy E, [keV]
coefficient results 20 50 100
ay(Ey) MCNP simulation | 0.048 0.273 0.400
NAZ07 ) Mashkovich [15] | 0.050 0.276 0.391
ag () MCNP simulation| 0.045 0.224 | 0.264
E£3707 | Mashkovich [15] | 0.047 0.227 0.257
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It can be concluded that for both analyzed total
albedo coefficients there is a good agreement of the re-
sults calculated based on the MCNP simulations of
photon reflection from water with the referent results
for water. For the entire initial photon energy domain
up to 100 keV discrepancies are within 2-3%.

Figures 1 and 2 show total reflection coefficients
as a function of the initial photon energy E,,. It is obvi-
ous that both number and energy coefficients are not
only dependent on the initial photon energy E,, but
there is also a strong dependency on the target mate-

110
E, [keV]

Figure 1. Total number albedo as a function of the initial
photon energy E,

Figure 2. Total energy albedo as a function of the initial
photon energy E,

rial. That is why in many papers and manuals dealing
with radiation protection the albedo coefficients for
the limited number of the most important shielding
materials have been presented in tables or graphs [15].
According to the best knowledge of the authors, there
has been no attempt or example in the available litera-
ture to present total photon reflection coefficients as
unique functions which would be valid for several im-
portant shielding materials.

Coefficients dependent on the parameter ¢’
— probability of large-angle photon scattering

Probability for the photon scattering in the en-
ergy domain of up to 100 keV is determined by the ra-
tio of the sum of linear interaction coefficients for co-
herent (Rayleigh) scattering ., and non-coherent
(Compton) scattering i~ and the total interaction coef-
ficient u (the sum of the linear coefficients for
photo-electric effect, coherent and non-coherent scat-
tering). As there are small-angle photon scatterings
during a coherent interaction, where the reduced en-
ergy of the scattered photon is very close to the energy
of the incident photon, for not so precise analyses of
the photon interactions it is possible to neglect the con-
tribution of the coherent photon scatterings. Then the
probability of photon scattering is defined by [10]

C! — ‘Ll(;‘ (7)

u

where p' is the sum of the coefficients for photo-elec-
tric effect and Compton scattering. The parameter ¢’
can be understood as a probability of large-angle pho-
ton scattering.

Recently, by introducing this parameter into
photon reflection analyses, a simpler and more clear
insight into the photon reflection process in the energy
domain of up to 100 keV has been achieved [10, 14]. It
has been demonstrated that with increasing parameter
¢’ the number of scatterings that photons undergo be-
fore the final escape from the material increases as
well and that value ¢’ determines the angular and en-
ergy distribution of the albedo coefficients. Here the
behavior of the total albedo coefficients as the func-
tions of the parameter ¢’ is analysed in brief. It has to be
noted that with the increase of the initial photon energy
up to 100 keV the parameter ¢’ reaches the value close
to 1 for water or approximately 0.9 for aluminum,
while for iron the initial photon energy of 100 keV cor-
responds to ¢’ value of about 0.4 (tab. 4).

Figures 3 and 4 show total albedo coefficients as
functions of the parameter ¢’ instead of the initial pho-
ton energy E,,. This rescaling of the abscissa (x-axis)
was done by calculating ¢’ value for each material for
the given initial photon energy E, based on the data
from literature [15].

It can be seen from figs. 3 and 4 that total reflec-
tion coefficients for different materials do not differ
too much for the same ¢’ values and that their graphs

Table 4. Parameter ¢’ — probability of large-angle photon
scattering

Initial photon energy £, [keV]
20 40 60 80 100
Water 0.245 | 0.763 | 0.922 | 0.968 | 0.983
Aluminum| 0.042 | 0.298 | 0.607 | 0.791 0.885
Iron 0.005 | 0.039 | 0.122 | 0.247 | 0.389

Material
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Figure 3. Total number albedo as a function of the
probability of large-angle photon scattering ¢’

o a:(c')

0.0

Figure 4. Total energy albedo as a function of the
probability of large-angle photon scattering ¢’

have similar increasing trends. Although rescaling the
x-axis from £ to ¢’ did not result in obtaining univer-
sal functions for total photon reflection, this step con-
tributed in the right direction anyway — towards the
better compliance of the reflection coefficients for dif-
ferent materials.

Coefficients dependent on the parameter n
— mean number of photon scatterings

The dependence of the total reflection coeffi-
cients on the mean number of photon scatterings 7 be-
fore the final escape from the target was analysed
based on the results of Monte Carlo simulations per-
formed by FOTELP code. For all three shielding mate-
rials and for each selected initial photon energy £, the
mean number of photon scattering 7 before escaping
from the target media was determined by the numeri-
cal processing of the simulation results. The outcomes
of the FOTELP code simulations were the angular-en-
ergy distributions of reflected photons decomposed
according to the number of photon collisions in the

material and # was calculated from the data corre-
sponding to the absolute peak of these distributions
(see tab. 5). This peak always belongs to the exit polar
angle interval 6 e (40°, 50°), where 6 is measured
from the outward normal of the incident target plane.
Looking at the exit photon energy, the peak of the re-
flected photon energy distribution is shifted from
higher to lower energies with the increase in number of
scatterings undergone before the final photon reflec-
tion. It was already noted [10] that the number of pho-
ton scatterings and, consequently, the mean number of
scatterings n depended on both the target material and
the initial photon energy E|,: in lighter materials and
for higher energies, photons are reflected after a larger
number of scatterings than in heavier materials and at
lower initial photon energies. This is how figs. 5 and 6
were generated.

Table 5. Parameter » — mean number of photon
scatterings before escaping target material

. Initial photon energy £, [keV]
Material
20 40 50 60 100
Water 1.24 - 1.93 - 2.63
Aluminum - 1.29 - 1.43 1.69
Iron - 1.06 - - 1.23

It can be seen that the values for total reflection
coefficients form only one curve with the common
shape for all the materials considered. Universal
curves in the form of the second degree polynomials
were determined by applying the least square meth-
ods: for total number albedo

ay (1) =-0639+ 06877 —01127° (8)
and for total energy albedo

a, () =-0604+06807 —013372>  (9)

oocoo H,0O
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Figure 5. Total number albedo as a function of the mean
number of photon scatterings n
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CONCLUDING CONSIDERATIONS

This paper demonstrates that total albedo coeffi-
cients for photon reflection in energy domain from
20keV to 100 keV can be described by universal func-
tions. The scaling parameter in photon reflection is 7 —
the mean number of consecutive photon scatterings
undergone before escaping from the target. This is the
main difference between the photon reflection and ion
reflection where scaling parameter v represents the
number of ion collisions with large-angle scattering
before the final stopping in the target material. Possi-
bility to define reflection coefficients as universal
functions which are independent from the target mate-
rial emphasizes the domination of the statistical nature
of the reflection process over the characteristics of a
single photon interaction in the material.

Universal reflection functions were formulated
for the normal photon incidence on the planar target.
Here, we did not treat the behaviour of photon beams
penetrating into the target under oblique angles. In such
a case, the contribution of once scattered photons to to-
tal reflection is higher, while the contribution of pho-
tons scattered more than once decreases. Still the gener-
alization of conclusions presented in this paper to the
more universal case of oblique photon incidence seems
possible, but not well-founded without adequate exper-
imental proofs or Monte Carlo simulation results.

Based on the results of photon reflection analy-
ses published earlier [16], the extension of the energy
domain towards higher energies for which universal
functions might be valid could be expected, but the re-
sults of systematic Monte Carlo simulations are neces-
sary to support such conclusion.
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Bnagan JbYBEHOB, Poposyo 1. CUMOBUWH,
Cpuko MAPKOBUR), Pagosan JI. WJINh

YKYIIHU KOEOUIINIEHTU PE®JIEKCUJE HUCKOEHEPIETCKHUX
®OTOHA NPEACTAB/LEHN KAO YHUBEP3A/IHE ®YHKIUJE

Y pagy je wucnuTaHa MOryhHOCT NpuKa3WBamka YKYIMHAX YECTUIHHX M EHEPreTCKUX
KoedunmjeHaTa peaekcuje HUICKOeHepreTckux (hOTOHA 3aIITUTHUX MaTeprjaia y OOINKY YHUBEP3aTHAX
¢yHKIMja. AHanu3a ce 3acHUBa Ha pe3yaTtaTuMma MounTe Kapio cumynanuja poToHcKe pediiekcuje Koju cy
po6ujern nporpamuma MCNP, FOTELP u PENELOPE. CumynupaH je BepTUKalHU HPOROP YCKOT
MOHOEHEPTeTCKOT CHOMa (DOTOHA jeAMHUYHOT MHTEH3UTETa ca modeTHUM eHeprujama of 20 keV 1o 100keV,
y paBHE XOMOI€HEe MeTe HaulibeHe OJf BOoje, aJyMHHMjyMa M I'BOoXba M W3padyyHara je yecTUyHa U
eHepreTcka pedaekcuja. [Ipuka3zanu cy anbeqo Koe(HUUUjeHTU y 3aBHUCHOCTH Off IIOYETHE EHEepruje
¢oroHa, of BepoBaTHOhe pacejama (pOTOHA HA BEIMKHU yrao W Off cpefmer Opoja pacejama (POTOHA.
[TokazaHo je fa jequHO an6e0 KOeUIMjeHTH JJaTH Y 3aBUCHOCTHU Off Cpefmer Opoja pacejama OTOHA
“Majy obJIMKe YHUBEp3amHuX PyHKIH]ja, KOje cy ogpeheHe mpuMeHOM METOJIe HajMamUX KBajipaTa.

Kmwyune peuu: peghaexcuja poitiona, ykyiinu 6pojHu aabedo, ykyiHu enepzeilicku aa6edo, Mowniiie
Kapao meitiooa, cpeoru 6poj pacejarba ¢oitiona




