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Total number and angular albedo were calculated for commonly used shielding materials, wa-
ter, concrete, and iron, for photons with initial energies from 10 keV up to 10 MeV and nor-
mal incident angle. Influence of material thickness on total number albedo was also investi-
gated. Double differential albedo was determined from simulation of photon transport
through materials by using PENELOPE and MCNP software. Backscattered photons were
scored and grouped in equal intervals of energy and angle. Analytical expressions for angular
and total number albedo as a function of initial energy were obtained. It was shown that an-
gular albedo can be determined with the same formula for three examined materials. Corre-
sponding analytical expressions for number albedo as a function of material thickness were

presented in this paper.
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INTRODUCTION

Reflection of radiation is an important subject of
investigation in radio-protection studies, because re-
flected radiation presents unknown secondary radia-
tion source [1]. In reflected radiation significant num-
ber of photons can be found. In order to describe
reflected radiation field, double differential albedo as
a function of energy and angle was introduced [2].
This quantity enables determination of energy and an-
gular distribution of reflected rays, and is defined as
flow rate ratio of reflected and incident photons.

Photon reflection from shielding materials
which are used in nuclear facilities must be determined
because of the risk from irradiation. To take into ac-
count reflected radiation and prevent irradiation of
surrounding, it is necessary to determinate energetic
and angular distributions of reflected photons. Photon
reflection is a complex process which is not restricted
only to reflection from boundary surface of material.
Entire process of photon penetration should be taken
into account, starting from the entrance into a material
up to the absorption, or leaving material system [2, 3].
Photons which are emitted backward, after entire
transport process through some material, are consid-
ered as reflected radiation.

* Corresponding author; e-mail: vmarkovic@kg.ac.rs

The photon albedo is defined as the ratio of the
flow rate of photons emitted from a unit area of the re-
flecting surface and the flow rate of primary photons
incident upon that surface [2]. When photon with inci-
dent energy E|, and direction Q(GO , @, ) enters bound-
ary surface, it can be reflected by the target material
with new energy E in direction (6, ). 0 and @ are po-
lar and azimuth angles which define initial direction in
respect to the perpendicular to the surface plane at the
point where photons enter the surface (fig. 1).
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Figure 1. Geometry of photon reflection from boundary
surface
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The reflected photons flow rate, J, is defined as

J(Eaeagp):Jo(E();QO 7(p0)a(E0 ,90 3(pO;E;97(p) (1)

where Jy(Ey, 80, Qo) is the flow rate of incident photons
and a(Ey, 0y, @o; E, 0, @) is double differential albedo
over energy and angle. From eq. (1) double angu-
lar-energy differential number albedo is simply given
as the ratio of photon flow rates [4]

J(E.0,9)
Jo(Eg,00,900)

Double differential albedo defined in eq. (2) en-
ables determination of angular, energy, and total
albedo by corresponding integration.

Angular number albedo, a(E, 0, 9,; 0, @), is de-
fined as integral of a(E, 0, ¢; E, 0, @) over all ener-
gies £,
a(Eq.,00,00:0.0)= | a(Eq.0,,00: E.0.9)dE (3)

0

a(Ey,00,00; E,0,9) = 2

and presents ratio of flow rates of all photons with di-
rection of emergence ﬁ(@,(p) from boundary surface
(fig. 1) to flow rates of incident photons.

For a photon with initial direction perpendicular
to the reflecting surface (6, = 0°), double differential
albedo, a,(E; E, 0), does not depend on azimuth angle
@, it depends on incident and reflected photon ener-
gies, reflected polar angle 0 and atomic number of tar-
get material [5]. In this case, the angle ¢, does not in-
fluence on albedo and it is removed from notation.
Double differential number albedo does not depend on
@ and after integration over the angle @, factor 21t will
appear in eq

2r
[a(Ey.0,=0";E,0,0)dp=2na,(Ey;E0) (4)
0

Angular number albedo is obtained by integra-

tion of right side of eq. (4) over all energies as

EO
a,(Eo;0)=2n[a,(E,;E,0)dE Q)
0

Total number albedo, a, is obtained as integra-
tion of a,, (E,; 0) over all angles

/2
a,(Eq)=2r [ a,(Ey;0)sin 0d0 (6)
0

In this paper, angular and total number albedo,
defined by egs. (5) and (6), have been calculated for
water, concrete, and iron, for initial photon energies
from 10 keV to 10 MeV. This work extends on authors
previous studies on this subject in [6- 8]. These materi-
als are the most commonly used for shielding in nu-
clear facilities and places where protection from radia-
tion is needed. For this purpose PENELOPE code [9]
and MCNP5/X software [10] were used to simulate
photon propagation through materials. Simulated data
were processed and analytical expressions for total
and angular albedo were obtained using iterative
method.

In literature, albedo is defined for reflecting ma-
terial of infinitive thickness and this assumption was
adopted in present work to determine total and angular
number albedo. Real materials are not infinitely thick,
but they can be treated like that, if the thickness is
larger than the two mean free paths of initial photons.
In the second part of the work, the influence of mate-
rial thickness on albedo has also been investigated us-
ing PENELOPE code. Dependence of albedo on mate-
rial thickness has been presented for three of the most
often used materials in shielding.

The main purpose of this work is to calculate
albedo values under perpendicular incidence for the
above mentioned materials and to find approximate
analytical formulae which describe the dependence on
the reflected polar angle, initial energy and the thick-
ness.

METHODOLOGY

PENELOPE code and MCNP software

The FORTRAN 77 subroutine package
PENELOPE [9], which performs Monte Carlo simula-
tion of electron-photon showers in arbitrary materials, is
used to determine photon albedo. The scattering model in
PENELOPE gives a reliable description of radiation
transport in the energy range from about 1 keV (100 eV
for electrons and positrons) up to several 100 MeV.
PENELOPE generates random electron-photon showers
in complex material structures consisting of any number
of distinct homogeneous regions (bodies) with different
compositions. This simulation package incorporates a
scattering model that combines numerical total
cross-sections (or stopping cross-sections) with simple
analytical differential cross-sections for the different in-
teraction mechanisms.

PENELORPE is structured in such way that only
one particle is simulated at the time. Generated photon
is transported through material until it is absorbed, or
reflected from the boundary surface. In interactions of
the primary photon with a material, secondary parti-
cles can be produced and their characteristics are
stored for later simulation after the simulation of pri-
mary photon was completed.

Since PENELOPE is subroutine package, main
steering program must be developed by user which
controls transport of particles, score relevant quanti-
ties and stores characteristics of secondary particles
for latter simulation. In this paper the main program
was developed for transporting particles through wa-
ter, concrete, and iron. Cross-sections and relevant
data about these materials were taken from
PENELOPE material database, which is included in
the code [9].

PENELOPE code was used for determination of
the energy of photons reflected from material and for de-
termination of polar angle of reflecting photons. Simula-
tions were performed for histories of primary photons to
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ensure low statistical uncertainty. Initial photons, with
energy £, were sampled from the source placed on the
reflecting surface. The direction of initial photons is per-
pendicular to the surface (6, = 0). Sampled photon was
“transported” through material by PENELOPE code and
all backscattered photons and their quantities were
scored. The angles and energies of reflecting photons
were stored in data files.

MCNP5/X software [10] is Monte Carlo pro-
gram developed in Los Alamos laboratories in order to
simulate the neutron transport and calculate the critical
nuclear mass. Today it is wide used by physicists in
various fields such as medical physics and radiation
protection, nuclear physics, particle physics and other.
MCNP is a general-purpose, continuous energy, gen-
eralized-geometry, time-dependent, coupled neutron,
photon or electron Monte Carlo transport code. The
user creates an input file that is subsequently read by
MCNP. This file contains information about the prob-
lem such as: (1) the geometry specification, (2) the de-
scription of materials and selection of cross-section
evaluations, (3) the location and characteristics of the
source, (4) the type of answers or tallies desired, and
(5) any variance reduction techniques used to improve
the efficiency. The MCNP treats an arbitrary three-di-
mensional geometry of user-defined material cells
bounded by the first and the second-degree surfaces
and the fourth-degree elliptical tori [10]. The cells are
defined by the intersections, unions, and complements
of the regions bounded by the surfaces. Surfaces are
defined by supplying coefficients to the analytic sur-
face equations or, for certain types of surfaces, known
points on the surfaces. The MCNP performs extensive
internal checking to find input errors in the geometry.
The tally cards are used to specify what type of infor-
mation the user wants to obtain from the Monte Carlo
calculation. That could be, for example, a current of
particles across a surface, flux of particles at the point,
energy deposited averaged over a cell, ezc. All MCNP
tallies are normalized per starting particle history and
are printed in output with an estimated relative error of
the tally corresponding to one standard deviation. In
this work MCNP option-Tally F1:P which determines
the surface photon current — the number of photons
crossing the boundary surface, was used to determine
photon albedo for 10° photon histories of normal inci-
dence initial photons with starting energy £,. The sta-
tistical uncertainty was less than 1% of the calculated
value and the computer calculation time was about 100
minutes on the PC AMD Pentium IT X4 3 GHz and
4 GB of the RAM memory.

Determination of double
differential number albedo

The albedo defined in eq. (2) presents the ratio of
the number of reflected photons to the number of ini-

tial photons. By scoring reflected photons with given
angles, 6, and energies, Ej, the double number albedo
can be defined as
LY

2nsin O, AGAE N,
where AG and AE are polar and energetic segments; NV,
is the number of photons which are reflected from the
boundary surface with energy ranging from £, to £; +
AF and angle within 0; and 0; + AQ; N, is the number
of incident photons.

Total number albedo, a,(E,), can be obtained by
summing over all energies and angles of reflected pho-
tons

a,(Ey)=2n)a,(E; E; .0, )sin 0,A0AE Neet (g
L tot
where N is the total number of photons reflected
from the boundary surface.
Angular number albedo can be determined by
summation of double differential albedo number,
a,(Ey; E;, 0)), over all energy intervals

a,(Eg 0,)=21) a,(E; E;, 0,)AE )

a,(Ey; E;,0,)=

J
From eqs. (7) and (9) angular albedo can be de-

fined as ratio
! N; (10)

a,(Ey 0;)=——
(o 61) sin 6,A0 N

where V;is the number of reflected photons grouped in
angle interval (9;, 0; + A9).

Using egs. (7) (8), and (10) double differential,
total and angular number albedo can be obtained in a
simple way from simulation by scoring relevant quan-
tities and summation.

RESULTS AND DISCUSSION
Total number albedo

Total number albedo, a,(E,), which is obtained
using eq. (8) is presented in fig. 2 for water, concrete,
and iron, as a function of initial photon energy. Total
number albedo of used materials rises monotonically
with increasing energy of the initial photon, until it
reaches the maximum value. After the maximum,
albedo monotonically decreases. a,(E,) for all exam-
ined materials have maximum for certain initial ener-
gies which are about 160 keV, 250 keV, and 500 keV,
for water, concrete, and iron, respectively.

Water has the smallest effective atomic number
among the examined materials, but also has the largest
total number albedo, a,(E,)). With increasing of atomic
number of materials albedo decreases, and iron has the
smallest total number albedo.

The results obtained here were compared with
available data in fig. 2, [11, 12]. In [11] photon reflec-
tion was calculated with FOTELP [13] simulation
software for energies up to 100 keV. It could be seen
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Figure 2. Total number albedo for water, concrete, and
iron compared with available reference data

that there is a good agreement between results ob-
tained here and the literature data for low energy pho-
tons. Albedo value calculated using PENELOPE code
is between values calculated using MCNP and
FOTELP [13]. MCNP gives a little bit larger values,
while albedo calculated by FOTELP are smaller,
which can be seen in fig. 2.

For photon energies greater than 1 MeV there is
a big discrepancy between results obtained with
PENELOPE and MCNP software. Albedo calculated
with MCNP is rising with increasing initial photon en-
ergy from 1 MeV up to 10 MeV. This has no physical
explanation since interaction cross-sections are de-
creasing with increasing energy. MCNP have recourse
to multiple scattering theories which allow the simula-
tion of the global effect of a large number of events in a
track segment of a given length (step). These simula-
tion procedures are referred to “condensed” Monte
Carlo methods. The multiple scattering theories im-
plemented in condensed simulation algorithms are
only approximate and may lead to systematic errors
[14]. This can be particularly expressed for low and es-
pecially high energy photons, where multiple scatter-
ing should be switched off and instead, track by track
simulation procedure should be used, which will, on
the other hand, unacceptably increase the computa-
tion time.

Curves in fig. 2 obtained with PENELOPE soft-
ware were fitted, using iteration method of changing
initial constants of probe function in order to get ap-
proximate analytical expressions. For that purpose
SIGMAPLOT[15] software wasused. Curves in fig. 2
can be presented by following equation with logarith-
mic x-scale

a,(Eq)=In’ (aEy)explb—cIn(Ey)] (1)

The fitting constants are presented in tab. 1. Us-
ing eq. (11) total albedo can be analytically calculated
for water, concrete and iron in the range of initial pho-
ton energies from 10 kev to 10 MeV.

Table 1. Total number albedo fitting constants
from eq. (11)

Material a b c
Water 0.625 16.88 0.116
Concrete 0.443 16.73 0.143
Tron 0.298 15.85 0.179
Total energy albedo

Total energy albedo is defined as ratio of photon
energy emitted from the surface and total energy of in-
cident particles on that surface. In other words, total
energy albedo presents fraction of initial photon en-
ergy reflected from the surface. This ratio can be sim-
ply determined from simulation as

2E;
ag(Ey)=—"—— 12
£(Ep) N E, (12)
where ax(E)) is the total energy albedo, N, — the total
number of primary photons with energy Ey, and E; —
the energy of i-th photon backscattered from the
boundary surface.
ag(E,) calculated using eq. (12), are presented in
fig. 3. Total energy albedo for examined materials be-
haves similarly as total number albedo, however with
lower numerical values. This is quite expectable, be-
cause most of the particles reflected backward suf-
fered one or more collisions in which they lost energy.
Photons with larger initial energy have smaller energy
albedo than those with lower initial energy. They are
losing greater amount of energy as they are passing
deeper in a material. Maximums of total energy albedo
are little shifted to the lower energies in respect to the
total number albedo. It could be seen that 25% of pho-
ton energy is reflected from water if energy of initial
photons was about 90 keV. On the other side, larger
part of photon energy is absorbed if the medium was
concrete or iron.
Again discrepancies between PENELOPE and
MCNP results for high energy photons are explained

0.30
Water PENELOPE
L Water MCNP
) 1 — — — Concrete PENELOPE
”_fﬁ 0.2 u Concrete MCNP
T — = — " Iron PENELOPE
0.201 - © Iron MCNP

0.151

0.101

0.05 1

10 100 1000 10000
E [keV]

Figure 3. Total energy albedo for water, concrete,
and iron
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as for the discrepancies in total number albedo. Total 00028 ' ’ ' '
and energy albedo were obtained from same simula- B kel _
tions where for total albedo number of the reflected W 000201 g mey T~ 1
particles were scored and for energy albedo reflected ®
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To determine angular distribution or angular 50 keV
number albedo from eq. (10), reflected photons were 00000 10K L T e OSSN
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lar albedo is presented in figs. 4, 5, and 6, for water,
concrete, and iron respectively, for initial photon en-
ergy as a parameter.

From figs. 4, 5, and 6 it could be seen that angu-
lar albedo decreases with scattering angle 6. Depend-
ence of angular albedo on the initial photon energy is
similar to the dependence of the number albedo on ini-
tial energy. As the initial energy of photons increases
angular albedo also increases up to its maximum. With
further increasing of energy angular number albedo is

0.016
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0.014 |

— 500 keV
0.012 e

a(Eg; €)

0.010 f—~ 1 MeV
0.008 |

0.006 |

0.004

J——
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Figure 4. Angular number albedo for water determined
using PENELOPE software, for some initial energies of
incident photons, in the range from 10 keV to 10 MeV
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Figure 5. Angular number albedo for concrete
determined using PENELOPE software, for some initial
energies of incident photons, in the range from 10 keV to
10 MeV

Figure 6. Angular number albedo for iron determined
using PENELOPE software for some initial energies of
incident photons in the range from 10 keV to 10 MeV

decreasing. For example, curves for water for energies
of 500 keV, 1 MeV, 5 MeV, and 10 MeV are below the
curve for 160 keV, which presets maximum. Maxi-
mums of angular number albedo for concrete and iron
are about 250 keV and 500 keV, respectively, as it can
be seen in figs. 4, 5, and 6. For all materials investi-
gated in this work total number albedo achieves maxi-
mum at the same initial photon energies as angular
albedo, which is expected.

Several transformations were performed in or-
der to determine probability function of photon reflec-
tion in angle between 6, and 6, + AQ. Using eqs. (8) and
(10), angular distribution can be normalized over all
reflected photons

a,(Eg0) 1 N

a, (EO)

where W, is the number of reflected photons in angle

interval 0; , 0, + AQ, and N,.; — the total number of re-
flected photons, as defined above.

Rearranging eq. (13), the following expression
can be obtained

. : (13)
sin0;A0 N ¢

a, (EO;Qi):an(EO).i (14)
sin 6

¢(0,)

where N,

$(0,)A0 = (15)

ref
is the probability for a photon to be reflected into angle
interval 6;, ; + AG. New introduced function ¢(6;),
probability density, is presented in the fig. 7 for three
materials and initial photon energy as a parameter.
From fig. 7, the following conclusions can be
derived:
(a) function¢(0;) does not depend on material and ini-
tial photon energy, and
(b) the most probable reflecting angle is 45° for all
materials and energies.
The fact in (a) can be accepted as a quite good
approximation because of the following: discrepan-
cies in values of functions ¢(0,) for different initial
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Figure 7. Probability density, ¢(0), for water, concrete and
iron, for initial photon energies from 10 keV to 10 MeV

photon energies and materials are less than 6%. The
curve for water and 100 keV of initial photon energy is
in the middle of all curves presented in fig. 7. The dis-
crepancy of other curves from this middle curve is less
than 3%, which can be considered quite acceptable,
and all curves could be represented with the same
function.

Function ¢(0) can be presented by polynomial of
the second order [16] over Has

40)= Sa0" (16)

where azimuth variable 6 is the measured in radians and
a; are coefficients. The constants in eq. (16) were ob-
tained by fitting of curve ¢(0) for water with 100 keV
initial photon energy, using software SIGMA PLOT
[15]. Values of these coefficients are ayp=—0.065, a;=
=2.66, and @, = —1.7. From eqgs. (14 and 16) angular
albedo is expressed as
2
4, (Ey; 0)=a, (£,) 0T 2007107 19
sin

In this way angular number albedo is represented
as aproduct of two factors. The first one, a, (E,), is total
number albedo which depends on initial photon energy.
Second term depends on scattering angle, 6.

Dependence of total number
albedo on thickness of the material

The total number albedo, as a function of initial
energy, and angular albedo as a function of energy and
reflecting angle, were examined above from simula-
tion in which infinite thickness of the material was
considered. Real materials can be treated as infini-
tively thick if thickness of the material is larger than
two mean free paths of photons with initial energy £,
[2]. Results derived above can be used in calculations
if the material satisfies this condition. Otherwise,
when the material has smaller thickness, the effects of
final dimensions must be taken into account. In the fol-

material. Obtained results for water are presented in
figs. 8,9, and 10 for different photon initial energies as
aparameter. Values of two mean free paths are marked
with black points on curves in figs. §, 9, and 10, and
they present minimal thickness which is needed to
consider material as infinitely thick. With increasing
the thickness, total number albedo also increases and
at around these points comes to saturation. With fur-
ther increasing of thickness, total number albedo re-
mains constant. If the thickness is larger than satura-
tion one, the assumption of infinite thick material is
correct and results derived above can be applied.

0.4 100 keV
— — 90keV
— —— 80keV
70 ke
------ 60 ke
— — — 50keV
03| — — - Jokev
——— 30keV
— — 20keV

ay(d')
|
|
I
I

Figure 8. Dependence of total number albedo on
thickness of water for initial photon energies from
20 keV to 100 keV
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Figure 9. Dependence of total number albedo on
thickness of water for initial photon energies from
200 keV to 1 MeV
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0l All curves in figs. 8-12 are increasing to maxi-

_ 0186 mum, and can be presented with following function
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Figure 10. Dependence of total number albedo on
thickness of water for initial photon energies from 2 MeV
to 9 MeV

The total number albedo as a function of thick-
ness d for concrete and iron is presented in figs. 11 and
12 for several initial energies. Shapes of curves for to-
tal number albedo are similar to those presented in
figs. 8-10 and everything written for water is applied
to concrete and iron. Due to the same behavior, only
several curves in figs. 11 and 12 are presented.
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Figure 11. Dependence of total number albedo on

thickness of concrete for initial photon energies from
50 keV to 10 MeV
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Figure 12. Dependence of total number albedo on
thickness of iron for initial photon energies from 50 keV
to 10 MeV

where, 1(Ey) is the new introduced function which de-
pends on initial photon energy Ej. a,(Ey) is the total
number albedo for material with infinite thickness, de-
termined in eq. (11).

By fitting curves in figs. 8-12 with eq. (19),
U(E,) was obtained for a large number of initial photon
energies. Function u(£,) for three materials has the
same shape, with different constants « and b

1
H(Eo) a+blnkE, (20)
Constants a and b are numerically determined
using SIGMA PLOT [15], and presented in tab. 2.
The egs. (19) and (20) with data given in tab. 2,
can be used to calculate total number albedo with re-
flecting material of final thickness, d.

Table 2. Constants for determining function p(E,),
eq. (20)

Material a b
Water -9.50 3.18
Concrete —4.72 1.34
Tron -0.55 0.15
CONCLUSIONS

In this work, total number energy albedo and angu-
lar photon albedo were determined in wide range of ener-
gies for three shielding materials using reliable simulation
software PENELOPE and MCNP. Good mutual agree-
ment was found comparing results obtained by using this
Monte Carlo software's, as well as in good agreement with
the reference data. There is a discrepancy of the results for
high energy photons above 2 MeV. This disagreement was
explained earlier in the text and it is the consequence of the
methods used in MCNP calculations — multiple scattering.
Other authors already compared software's PENELOPE,
MCNP and FOTELP and also found good mutual agree-
ment between results for low energy photons [17, 18].

The analytical expressions for total and angular
number albedo were obtained and presented in egs.
(11) and (17). It was shown that angular albedo can be
presented as a product of two factors with separated
variables, eq. (17). I addition, the influence of material
thickness on total number albedo was investigated. It
was shown that material thickness influences signifi-
cantly on total number albedo if the thickness is
smaller than required to be treated as infinite. Analyti-
cal expressions for number albedo as a function of ma-
terial thickness and initial energy are presented in egs.
(19) and (20).
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Baamguvup M. MAPKOBWR, [dparana KPCTHUh,
Henax CTEBAHOBWA, [dparociaas P. HUKE3Wh

YKYIIHA BPOJHU U YITTIOBHU AJBEJO ®OTOHA 3A BOAOY,
BETOH U I'BOXGE IO HOPMAJ/IHUM YIAJHUM YIJIOM U 3ABUCHOCT
AJIBEJA O NEB/BUHE PE®JIEKTYJYREI' MATEPNJAIIA

YkynHu OpojHM W YIJIOBHU anbefo cy oapebeHM 3a maTepujaje KOjU Ce 4ecTO KOPHUCTE Y
3alITATH O 3pavuera: BOy, 0eToH u TBOXbe. Anbefo je onpebhen 3a poTone nouetHux enepruja on 10 keV
do 10 MeV-a npu HopMasHOM ynagHoM yriy. JIBojHu gudepeHunjannu andeno ce oppebyje Ha OCHOBY
pe3ynrata u3 cuMmynaungje TpaHcmopTa ¢oToHa Kpo3 Marepujarie nomohy PENELOPE u MCNP
codpTBepa. PoToHM KOju ce pedreKTyjy Hazajn Opoje ce W TPyNuIly y jefHaKe MHTepBajie eHepruja u
yriaoBa. Ha ocHOBY THX pe3ynTarTa, ICIUTAH je yTulaj 1eb/puHe MaTepujaiia Ha YKynHU OpojHU anGeno u
MIOKa3aHo je fla He IOCTOj 1 yTHIIA], YKOJIHKO je febibuHa MaTepujania Beha ofi iBe cpefitbe cI000/IHE Ty Tamke
¢porona. Oprosapajyhu aHanuTUUIKK U3pa3u 3a OpojHU anbefo Kao (pyHKIMja feO/bUHE MaTepHjaia cy
oapebenn y oBome pamy. AHaIu30M pe3yiTaTa mporpamMa, IoKa3aHo je fa ce YIVIOBHH anbefo 3a TpH
WCIUTAaHa MaTepujaia MoXe OofipeuTu moMohy ucre opmyie.

Kmwyune peuu: anbeoo, pegpaexcuja sapauersa, PENELOPE, MCNP




