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To tal num ber and an gu lar albedo were cal cu lated for com monly used shield ing ma te ri als, wa -
ter, con crete, and iron, for pho tons with ini tial en er gies from 10 keV up to 10 MeV and nor -
mal in ci dent an gle. In flu ence of ma te rial thick ness on to tal num ber albedo was also in ves ti -
gated. Dou ble dif fer en tial albedo was de ter mined from sim u la tion of pho ton trans port
through ma te ri als by us ing PENELOPE and MCNP soft ware. Back scat tered pho tons were
scored and grouped in equal in ter vals of en ergy and an gle.  An a lyt i cal ex pres sions for an gu lar
and to tal num ber albedo as a func tion of ini tial en ergy were ob tained.  It was shown that an -
gu lar albedo can be de ter mined with the same for mula for three ex am ined ma te ri als. Cor re -
spond ing an a lyt i cal ex pres sions for num ber albedo as a func tion of ma te rial thick ness were
pre sented in this pa per.
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INTRODUCTION

Re flec tion of ra di a tion is an im por tant sub ject of
in ves ti ga tion in ra dio-pro tec tion stud ies, be cause re -
flected ra di a tion pres ents un known sec ond ary ra di a -
tion source [1]. In re flected ra di a tion sig nif i cant num -
ber of pho tons can be found. In or der to de scribe
re flected ra di a tion field, dou ble dif fer en tial albedo as
a func tion of en ergy and an gle was in tro duced [2].
This quan tity en ables de ter mi na tion of en ergy and an -
gu lar dis tri bu tion of re flected rays, and is de fined as
flow rate ra tio of re flected and in ci dent pho tons.

Pho ton re flec tion from shield ing ma te ri als
which are used in nu clear fa cil i ties must be de ter mined 
be cause of the risk from ir ra di a tion. To take into ac -
count re flected ra di a tion and pre vent ir ra di a tion of
sur round ing, it is nec es sary to de ter mi nate en er getic
and an gu lar dis tri bu tions of re flected pho tons. Pho ton
re flec tion is a com plex pro cess which is not re stricted
only to re flec tion from bound ary sur face of ma te rial. 
En tire pro cess of pho ton pen e tra tion should be taken
into ac count, start ing from the en trance into a ma te rial
up to the ab sorp tion, or leav ing ma te rial sys tem [2, 3].
Pho tons which are emit ted back ward, af ter en tire
trans port pro cess through some ma te rial, are con sid -
ered as re flected ra di a tion.  

The pho ton albedo is de fined as the ra tio of the
flow rate of pho tons emit ted from a unit area of the re -
flect ing sur face and the flow rate of pri mary pho tons
in ci dent upon that sur face [2]. When pho ton with in ci -
dent en ergy E0 and di rec tion 

r
W( , )q j0 0   en ters bound -

ary sur face, it can be re flected by the tar get ma te rial
with new en ergy E in di rec tion 

r
W( , )q j . q and j are po -

lar and az i muth an gles which de fine ini tial di rec tion in
re spect to the per pen dic u lar to the sur face plane at the
point where pho tons en ter the sur face (fig. 1).
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Fig ure 1. Ge om e try of pho ton re flec tion from bound ary
sur face



The re flected pho tons flow rate,  J, is de fined as

J E J E a E E( , , ) ( , , ) ( , , ; , , )q j q j q j q j= 0 0 0 0 0 0 0 (1)

where J0(E0, q0, j0) is the flow rate of in ci dent pho tons
and a(E0, q0, j0; E, q, j) is dou ble dif fer en tial albedo
over en ergy and an gle. From eq. (1) dou ble an gu -
lar-en ergy dif fer en tial num ber albedo is sim ply given
as the ra tio of pho ton flow rates [4]

a E E
J E

J E
( , , ; , , )

( , , )

( , , )
0 0 0

0 0 0 0

q j q j
q j

q j
= (2)

Dou ble dif fer en tial albedo de fined in eq. (2) en -
ables de ter mi na tion of an gu lar, en ergy, and to tal 
albedo by cor re spond ing in te gra tion.

An gu lar num ber albedo, a(E0, q0, j0; q, j), is de -
fined as in te gral of a(E0, q0, j0; E, q, j) over all en er -
gies

    a E a E E E
E

( , , ; , ) ( , , ; , , )0 0 0 0 0 0
0

0

q j q j q j q j= ò d (3)

and pres ents ra tio of flow rates of all pho tons with di -
rec tion of emer gence 

r
W( , )q j  from bound ary sur face

(fig. 1) to flow rates of in ci dent pho tons.
For a pho ton with ini tial di rec tion per pen dic u lar

to the re flect ing sur face (q0 = 0°), dou ble dif fer en tial
albedo, an(E0; E, q), does not de pend on az i muth an gle  
j, it de pends on in ci dent and re flected pho ton en er -
gies, re flected po lar an gle  q and atomic num ber of tar -
get ma te rial [5]. In this case, the an gle j0 does not in -
flu ence on albedo and it is re moved from no ta tion.
Dou ble dif fer en tial num ber albedo does not de pend on   
j and af ter in te gra tion over the an gle j, fac tor 2p will
ap pear in eq

      a E E a E En
0

2

0 0 00 2
p

ò = =°( , ; , , ) ( ; , )q q j j qd p (4)

An gu lar num ber albedo is ob tained by in te gra -
tion of right side of eq. (4) over all en er gies as

a E a E E En n

E

( ; ) ( ; , )0 0
0

2
0

q q= òp d (5)

To tal num ber albedo, an is ob tained as in te gra -
tion of an (E0; q) over all an gles

a E En n( ) ( ; )sin
/

0 0
0

2

2= òp a q q q
p

d (6)

In this pa per, an gu lar and to tal num ber albedo,
de fined by eqs. (5) and (6), have been cal cu lated for
wa ter, con crete, and iron, for ini tial pho ton en er gies
from 10 keV to 10 MeV. This work ex tends on au thors
pre vi ous stud ies on this sub ject in [6- 8]. These ma te ri -
als are the most com monly used for shield ing in nu -
clear fa cil i ties and places where pro tec tion from ra di a -
tion is needed. For this pur pose PENELOPE code [9]
and MCNP5/X soft ware [10] were used to sim u late
pho ton prop a ga tion through ma te ri als. Sim u lated data
were pro cessed and an a lyt i cal ex pres sions for to tal
and an gu lar albedo were ob tained us ing it er a tive
method. 

In lit er a ture, albedo is de fined for re flect ing ma -
te rial of in fin i tive thick ness and this as sump tion was
adopted in pres ent work to de ter mine to tal and an gu lar
num ber albedo. Real ma te ri als are not in fi nitely thick,
but they can be treated like that, if the thick ness is
larger than the two mean free paths of ini tial pho tons.
In the sec ond part of the work, the in flu ence of ma te -
rial thick ness on albedo has also been in ves ti gated us -
ing PENELOPE code. De pend ence of albedo on ma te -
rial thick ness has been pre sented for three of the most
of ten used ma te ri als in shield ing.

The main pur pose of this work is to cal cu late
albedo val ues un der per pen dic u lar in ci dence for the
above men tioned ma te ri als and to find ap prox i mate
an a lyt i cal for mu lae which de scribe the de pend ence on 
the re flected po lar an gle, ini tial en ergy and the thick -
ness.

METHODOLOGY

PENELOPE code and MCNP software

The FOR TRAN 77 sub rou tine pack age
PENELOPE [9], which per forms Monte Carlo sim u la -
tion of elec tron-pho ton show ers in ar bi trary ma te ri als, is
used to de ter mine pho ton albedo. The scat ter ing model in 
PENELOPE gives a re li able de scrip tion of ra di a tion
trans port in the en ergy range from about 1 keV (100 eV
for elec trons and pos i trons) up to sev eral 100 MeV.
PENELOPE gen er ates ran dom elec tron-pho ton show ers 
in com plex ma te rial struc tures con sist ing of any num ber
of dis tinct ho mo ge neous re gions (bod ies) with dif fer ent
com po si tions. This sim u la tion pack age in cor po rates a
scat ter ing model that com bines nu mer i cal to tal
cross-sec tions (or stop ping cross-sec tions) with sim ple
an a lyt i cal dif fer en tial cross-sec tions for the dif fer ent in -
ter ac tion mech a nisms.

PENELOPE is struc tured in such way that only
one par ti cle is sim u lated at the time. Gen er ated pho ton
is trans ported through ma te rial un til it is ab sorbed, or
re flected from the bound ary sur face. In in ter ac tions of
the pri mary pho ton with a ma te rial, sec ond ary par ti -
cles can be pro duced and their char ac ter is tics are
stored for later sim u la tion af ter the sim u la tion of pri -
mary pho ton was com pleted. 

Since PENELOPE is sub rou tine pack age, main
steer ing pro gram must be de vel oped by user which
con trols trans port of par ti cles, score rel e vant quan ti -
ties and stores char ac ter is tics of sec ond ary par ti cles
for lat ter sim u la tion. In this pa per the main pro gram
was de vel oped for trans port ing par ti cles through wa -
ter, con crete, and iron. Cross-sec tions and rel e vant
data about these ma te ri als were taken from
PENELOPE ma te rial da ta base, which is in cluded in
the code [9]. 

 PENELOPE code was used for de ter mi na tion of
the en ergy of pho tons re flected from ma te rial and for de -
ter mi na tion of po lar an gle of re flect ing pho tons. Sim u la -
tions were per formed for   his to ries of pri mary pho tons to
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en sure low sta tis ti cal un cer tainty. Ini tial pho tons, with
en ergy E0, were sam pled from the source placed on the
re flect ing sur face. The di rec tion of ini tial pho tons is per -
pen dic u lar to the sur face (q0 = 0). Sam pled pho ton was
“trans ported” through ma te rial by PENELOPE code and 
all back scat tered pho tons and their quan ti ties were
scored. The an gles and en er gies of re flect ing pho tons
were stored in data files.

MCNP5/X soft ware [10] is Monte Carlo pro -
gram de vel oped in Los Alamos lab o ra to ries in or der to 
sim u late the neu tron trans port and cal cu late the crit i cal 
nu clear mass. To day it is wide used by phys i cists in
var i ous fields such as med i cal phys ics and ra di a tion
pro tec tion, nu clear phys ics, par ti cle phys ics and other. 
MCNP is a gen eral-pur pose, con tin u ous en ergy, gen -
er al ized-ge om e try, time-de pend ent, cou pled neu tron,
pho ton or elec tron Monte Carlo trans port code. The
user cre ates an in put file that is sub se quently read by
MCNP. This file con tains in for ma tion about the prob -
lem such as: (1) the ge om e try spec i fi ca tion, (2) the de -
scrip tion of ma te ri als and se lec tion of cross-sec tion
eval u a tions, (3) the lo ca tion and char ac ter is tics of the
source, (4) the type of an swers or tal lies de sired, and
(5) any vari ance re duc tion tech niques used to im prove
the ef fi ciency. The MCNP treats an ar bi trary three-di -
men sional ge om e try of user-de fined ma te rial cells
bounded by the first and the sec ond-de gree sur faces
and the fourth-de gree el lip ti cal tori [10]. The cells are
de fined by the in ter sec tions, un ions, and com ple ments 
of the re gions bounded by the sur faces. Sur faces are
de fined by sup ply ing co ef fi cients to the an a lytic sur -
face equa tions or, for cer tain types of sur faces, known
points on the sur faces. The MCNP per forms ex ten sive
in ter nal check ing to find in put er rors in the ge om e try.
The tally cards are used to spec ify what type of in for -
ma tion the user wants to ob tain from the Monte Carlo
cal cu la tion. That could be, for ex am ple, a cur rent of
par ti cles across a sur face, flux of par ti cles at the point,
en ergy de pos ited av er aged over a cell, etc. All MCNP
tal lies are nor mal ized per start ing par ti cle his tory and
are printed in out put with an es ti mated rel a tive er ror of
the tally cor re spond ing to one stan dard de vi a tion. In
this work MCNP op tion-Tally F1:P which de ter mines
the sur face pho ton cur rent – the num ber of pho tons
cross ing the bound ary sur face, was used to de ter mine
pho ton albedo for 109 pho ton his to ries of nor mal in ci -
dence ini tial pho tons with start ing en ergy E0. The sta -
tis ti cal un cer tainty was less than 1% of the cal cu lated
value and the com puter cal cu la tion time was about 100 
min utes on  the  PC  AMD  Pentium  II  X4 3  GHz  and
4 GB of the RAM mem ory.

Determination of double
differential number albedo

The albedo de fined in eq. (2) pres ents the ra tio of 
the num ber of re flected pho tons to the num ber of ini -

tial pho tons. By scor ing re flected pho tons with given
an gles, qi and en er gies, Ej, the dou ble num ber albedo
can be de fined as

a E E
E

N

N
n j i

ij
( ; , )

sin
0

1

2
q

q q
=

p D Di tot

(7)

where Dq and DE are po lar and en er getic seg ments; Nij

is the num ber of pho tons which are re flected from the
bound ary sur face with en ergy rang ing from Ej to Ej +
DE and an gle within qi and  qi + Dq; Ntot is the num ber
of in ci dent pho tons.

To tal num ber albedo, an(E0), can be ob tained by
sum ming over all en er gies and an gles of re flected pho -
tons

a E a E E E
N

N
n n j i i

i j

( ) ( ; , )sin
,

0 02= =åp D Dq q q ref

tot

(8)

where Nref is the to tal num ber of pho tons re flected
from the bound ary sur face.

An gu lar num ber albedo can be de ter mined by
sum ma tion of dou ble dif fer en tial albedo num ber,
an(E0; Ej, qi), over all en ergy in ter vals

a E a E E En i n j i
j

( ; ) ( ; , )0 02q q= åp D (9)

From eqs. (7) and (9) an gu lar albedo can be de -
fined as ra tio

a E
N

N
n i

i

i( ; )
sin

0
1

q
q q

=
D tot

(10)

where Ni is the num ber of re flected pho tons grouped in 
an gle in ter val (qi, qi + Dq).

Us ing eqs. (7) (8), and (10) dou ble dif fer en tial,
to tal and an gu lar num ber albedo can be ob tained in a
sim ple way from sim u la tion by scor ing rel e vant quan -
ti ties and sum ma tion.

RESULTS AND DISCUSSION

Total number albedo

To tal num ber albedo, an(E0), which is ob tained
us ing eq. (8) is pre sented in fig. 2 for wa ter, con crete,
and iron, as a func tion of ini tial pho ton en ergy. To tal
num ber albedo of used ma te ri als rises monotonically
with in creas ing en ergy of the ini tial pho ton, un til it
reaches the max i mum value. Af ter the max i mum,
albedo monotonically de creases. an(E0) for all ex am -
ined ma te ri als have max i mum for cer tain ini tial en er -
gies which are about 160 keV, 250 keV, and 500 keV,
for wa ter, con crete, and iron, re spec tively.

Wa ter has the small est ef fec tive atomic num ber
among the ex am ined ma te ri als, but also has the larg est
to tal num ber albedo, an(E0). With in creas ing of atomic 
num ber of ma te ri als albedo de creases, and iron has the 
small est to tal num ber albedo.

The re sults ob tained here were com pared with
avail able data in fig. 2, [11, 12]. In [11] pho ton re flec -
tion was cal cu lated with FOTELP [13] sim u la tion
soft ware for en er gies up to 100 keV.  It could be seen
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that there is a good agree ment be tween re sults ob -
tained here and the lit er a ture data for low en ergy pho -
tons. Albedo value cal cu lated us ing PENELOPE code
is be tween val ues cal cu lated us ing MCNP and
FOTELP [13]. MCNP gives a lit tle bit larger val ues,
while albedo cal cu lated by FOTELP are smaller,
which can be seen in fig. 2.

For pho ton en er gies greater than 1 MeV there is
a big dis crep ancy be tween re sults ob tained with
PENELOPE and MCNP soft ware. Albedo cal cu lated
with MCNP is ris ing with in creas ing ini tial pho ton en -
ergy from 1 MeV up to 10 MeV. This has no phys i cal
ex pla na tion since in ter ac tion cross-sec tions are de -
creas ing with in creas ing en ergy. MCNP have re course
to mul ti ple scat ter ing the o ries which al low the sim u la -
tion of the global ef fect of a large num ber of events in a
track seg ment of a given length (step). These sim u la -
tion pro ce dures are re ferred to “con densed” Monte
Carlo meth ods. The mul ti ple scat ter ing the o ries im -
ple mented in con densed sim u la tion al go rithms are
only ap prox i mate and may lead to sys tem atic er rors
[14]. This can be par tic u larly ex pressed for low and es -
pe cially high en ergy pho tons, where mul ti ple scat ter -
ing should be switched off and in stead, track by track
sim u la tion pro ce dure should be used, which will, on
the other hand,  un ac cept ably in crease the com pu ta -
tion time.

Curves in fig. 2 ob tained with PENELOPE soft -
ware were fit ted, us ing it er a tion method of chang ing
ini tial con stants of probe func tion in or der to get ap -
prox i mate an a lyt i cal ex pres sions. For that pur pose
SIGMA PLOT [15] soft ware was used. Curves in fig. 2 
can be pre sented by fol low ing equa tion with log a rith -
mic x-scale

a E aE b c En ( ) ln ( )exp[ ln( )]0
6

0 0= - (11)

The fit ting con stants are pre sented in tab. 1. Us -
ing eq. (11) to tal albedo can be an a lyt i cally cal cu lated
for wa ter, con crete and iron in the range of ini tial pho -
ton en er gies from 10 kev to 10 MeV.

Total energy albedo

To tal en ergy albedo is de fined as ra tio of pho ton
en ergy emit ted from the sur face and to tal en ergy of in -
ci dent par ti cles on that sur face. In other words, to tal
en ergy albedo pres ents frac tion of ini tial pho ton en -
ergy re flected from the sur face. This ra tio can be sim -
ply de ter mined from sim u la tion as

a E

E

N E
E

i
i( )0

0

=

å

tot

(12)

where aE(E0) is the to tal en ergy albedo, Ntot – the to tal
num ber of pri mary pho tons with en ergy E0, and Ei –
the en ergy of i-th pho ton back scat tered from the
bound ary sur face.

aE(E0) cal cu lated us ing eq. (12), are pre sented in
fig. 3. To tal en ergy albedo for ex am ined ma te ri als be -
haves sim i larly as to tal num ber albedo, how ever with
lower nu mer i cal val ues. This is quite expectable, be -
cause most of the par ti cles re flected back ward suf -
fered one or more col li sions in which they lost en ergy.
Pho tons with larger ini tial en ergy have smaller en ergy
albedo than those with lower ini tial en ergy. They are
losing greater amount of en ergy as they are pass ing
deeper in a ma te rial. Max i mums of to tal en ergy albedo
are lit tle shifted to the lower en er gies in re spect to the
to tal num ber albedo. It could be seen that 25% of pho -
ton en ergy is re flected from wa ter if en ergy of ini tial
pho tons was about 90 keV. On the other side, larger
part of pho ton en ergy is ab sorbed if the me dium was
con crete or iron.

Again dis crep an cies be tween PENELOPE and
MCNP re sults for high en ergy pho tons are ex plained
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Fig ure 2. To tal num ber albedo for wa ter, con crete, and
iron com pared with avail able ref er ence data

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

Iron 0.298 15.85 0.179

Fig ure 3. To tal en ergy albedo for wa ter, con crete,
and iron



as for the dis crep an cies in to tal num ber albedo. To tal
and en ergy albedo were ob tained from same sim u la -
tions where for to tal albedo num ber of the re flected
par ti cles were scored and for en ergy albedo re flected
par ti cle en ergy was scored.

Angular number albedo

To de ter mine an gu lar dis tri bu tion or an gu lar
num ber albedo from eq. (10), re flected pho tons were
grouped into equal in ter vals of po lar an gle Dq. An gu -
lar albedo is pre sented in figs. 4, 5, and 6, for wa ter,
con crete, and iron re spec tively, for ini tial pho ton en -
ergy as a pa ram e ter.

From figs. 4, 5, and 6 it could be seen that an gu -
lar albedo de creases with scat ter ing an gle q.  De pend -
ence of an gu lar albedo on the ini tial pho ton en ergy is
sim i lar to the de pend ence of the num ber albedo on ini -
tial en ergy. As the ini tial en ergy of pho tons in creases
an gu lar albedo also in creases up to its max i mum. With 
fur ther in creas ing of en ergy an gu lar num ber albedo is

de creas ing. For ex am ple, curves for wa ter for en er gies 
of 500 keV, 1 MeV, 5 MeV, and 10 MeV are be low the
curve for 160 keV, which pre sets max i mum. Max i -
mums of an gu lar num ber albedo for con crete and iron
are about 250 keV and 500 keV, re spec tively, as it can
be seen in figs. 4, 5, and 6. For all ma te ri als in ves ti -
gated in this work to tal num ber albedo achieves max i -
mum at the same ini tial pho ton en er gies as an gu lar
albedo, which is ex pected.

Sev eral trans for ma tions were per formed in or -
der to de ter mine prob a bil ity func tion of pho ton re flec -
tion in an gle be tween qi and qi + Dq. Us ing eqs. (8) and
(10), an gu lar dis tri bu tion can be nor mal ized over all
re flected pho tons

a E

a E

N

N
n i

n i

i( ; )

( ) sin
0

0

1q

q q
=

D ref

(13)

where Ni is the num ber of re flected pho tons in an gle
in ter val qi , qi + Dq, and Nref – the to tal num ber of re -
flected pho tons, as de fined above.

 Re ar rang ing eq. (13), the fol low ing ex pres sion
can be ob tained

a E a En i n
i

i

( ; ) ( )
( )

sin
0 0q

f q

q
= (14)

where
f q q( )i

iN

N
D =

ref

(15)

is the prob a bil ity for a pho ton to be re flected into an gle
in ter val qi, qi + Dq. New in tro duced func tion f(qi), 
prob a bil ity den sity, is pre sented in the fig. 7 for three
ma te ri als and ini tial pho ton en ergy as a pa ram e ter.

From fig. 7, the  fol low ing con clu sions can be
de rived:
(a) func tion f(qi) does not de pend on ma te rial and ini -

tial pho ton en ergy, and
(b) the most prob a ble re flect ing an gle is 45° for all

ma te ri als and en er gies.
The fact in (a) can be ac cepted as a quite good

ap prox i ma tion be cause of the fol low ing: dis crep an -
cies in val ues of func tions f(qi) for dif fer ent ini tial
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Fig ure 4. An gu lar num ber albedo for wa ter de ter mined
us ing PENELOPE soft ware, for some ini tial en er gies of
in ci dent pho tons, in the range from 10 keV to 10 MeV

Fig ure 5. An gu lar num ber albedo for con crete
de ter mined us ing PENELOPE soft ware, for some ini tial
en er gies of in ci dent pho tons, in the range from 10 keV to
10 MeV

Fig ure 6. An gu lar num ber albedo for iron de ter mined
us ing PENELOPE soft ware for some ini tial en er gies of
in ci dent pho tons in the range from 10 keV to 10 MeV



pho ton en er gies and ma te ri als are less than 6%.  The
curve for wa ter and 100 keV of ini tial pho ton en ergy is
in the mid dle of all curves pre sented in fig. 7. The dis -
crep ancy of other curves from this mid dle curve is less
than 3%, which can be con sid ered quite ac cept able,
and all curves could be rep re sented with the same
func tion.

Func tion f(q) can be pre sented by poly no mial of 
the sec ond or der [16] over qas

f q q( ) = å
=

ai
i

i 0

2
(16)

where az i muth vari able q is the mea sured in ra di ans and
ai are co ef fi cients. The con stants in eq. (16) were ob -
tained by fit ting of curve f(q) for wa ter with 100 keV
ini tial pho ton en ergy, us ing soft ware SIGMA PLOT
[15]. Val ues  of  these  co ef fi cients  are a0 =.–0.065, a1=
= 2.66, and a2 = –1.7. From eqs. (14 and 16) an gu lar
albedo is ex pressed as

a E a En n( ; ) ( )
. . .

sin
0 0

20065 266 17
q

q q

q
=

- + -
(17)

In this way an gu lar num ber albedo is rep re sented
as a prod uct of two fac tors. The first one, an (E0), is to tal
num ber albedo which de pends on ini tial pho ton en ergy.
Sec ond term de pends on scat ter ing an gle, q.

Dependence of total number
albedo on thickness of the material

The to tal num ber albedo, as a func tion of ini tial
en ergy, and an gu lar albedo as a func tion of en ergy and
re flect ing an gle, were ex am ined above from sim u la -
tion in which in fi nite thick ness of the ma te rial was
con sid ered. Real ma te ri als can be treated as in fini -
tively thick if thick ness of the ma te rial is larger than
two mean free paths of pho tons with ini tial en ergy E0

[2]. Re sults de rived above can be used in cal cu la tions
if the ma te rial sat is fies this con di tion. Oth er wise,
when the ma te rial has smaller thick ness, the ef fects of
fi nal di men sions must be taken into ac count. In the fol -

low ing, de pend ence of to tal num ber albedo on ma te -
rial thick ness was in ves ti gated in sim u la tions with
PENELOPE code.

If ma te rial with thick ness d is ir ra di ated with Ntot

pho tons with ini tial en ergy E0, and the num ber of all
back scat tered pho tons is Nd, then to tal num ber albedo
can be cal cu lated as

a E d
N

N
n ( ; )0 = d

tot

(18)

The albedo de fined in this way was de ter mined
for wa ter, iron, and con crete for var i ous thick nesses of
ma te rial. Ob tained re sults for wa ter are pre sented in
figs. 8, 9, and 10 for dif fer ent pho ton ini tial en er gies as
a pa ram e ter. Val ues of two mean free paths are marked
with black points on curves in figs. 8, 9, and 10, and
they pres ent min i mal thick ness which is needed to
con sider ma te rial as in fi nitely thick. With in creas ing
the thick ness, to tal num ber albedo also in creases and
at around these points co mes to sat u ra tion. With fur -
ther in creas ing of thick ness, to tal num ber albedo re -
mains con stant. If the thick ness is larger than sat u ra -
tion one, the as sump tion of in fi nite thick ma te rial is
cor rect and re sults de rived above can be ap plied.
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Fig ure 7. Prob a bil ity den sity, f(q), for wa ter, con crete and
iron, for ini tial pho ton en er gies from 10 keV to 10 MeV

Fig ure  8. De pend ence of to tal num ber albedo on
thick ness of wa ter for ini tial pho ton en er gies from
20 keV to 100 keV

Fig ure 9. De pend ence of to tal num ber albedo on
thick ness of wa ter for ini tial pho ton en er gies from
200 keV to 1 MeV



The to tal num ber albedo as a func tion of thick -
ness d for con crete and iron is pre sented in figs. 11 and
12 for sev eral ini tial en er gies. Shapes of curves for to -
tal num ber albedo are sim i lar to those pre sented in
figs. 8-10 and ev ery thing writ ten for wa ter is ap plied
to con crete and iron. Due to the same be hav ior, only
sev eral curves in figs. 11 and 12 are pre sented.

All curves in figs. 8-12 are in creas ing to max i -
mum, and can be pre sented with fol low ing func tion

a E d a En n
E d( ; ) ( )( )( )

0 0 1 0= - -e m (19)

where, m(E0) is the new in tro duced func tion which de -
pends on ini tial pho ton en ergy E0. an(E0) is the to tal
num ber albedo for ma te rial with in fi nite thick ness, de -
ter mined in eq. (11).

By fit ting curves in figs. 8-12 with eq. (19),
m(E0) was ob tained for a large num ber of ini tial pho ton 
en er gies. Func tion m(E0) for three ma te ri als has the
same shape, with dif fer ent con stants a and b

m( )
ln

E
a b E

0
0

1
=

+
(20)

Con stants a and b are nu mer i cally de ter mined
us ing SIGMA PLOT [15], and pre sented in tab. 2.

The eqs. (19) and (20) with data given in tab. 2,
can be used to cal cu late to tal num ber albedo with re -
flect ing ma te rial of fi nal thick ness, d.

CONCLUSIONS

In this work, to tal num ber en ergy albedo and an gu -
lar pho ton albedo were de ter mined in wide range of en er -
gies for three shield ing ma te ri als us ing re li able sim u la tion
soft ware PENELOPE and MCNP. Good mu tual agree -

ment was found com par ing re sults ob tained by us ing this
Monte Carlo soft ware's, as well as in good agree ment with 
the ref er ence data. There is a dis crep ancy of the re sults for
high en ergy pho tons above 2 MeV. This dis agree ment was 
ex plained ear lier in the text and it is the con se quence of the 
meth ods used in MCNP cal cu la tions – mul ti ple scat ter ing.
Other au thors al ready com pared soft ware's PENELOPE,
MCNP and FOTELP and also found good mu tual agree -
ment be tween re sults for low en ergy pho tons [17, 18].

The an a lyt i cal ex pres sions for to tal and an gu lar
num ber albedo were ob tained and pre sented in eqs.
(11) and (17). It was shown that an gu lar albedo can be
pre sented as a prod uct of two fac tors with sep a rated
vari ables, eq. (17). I ad di tion, the in flu ence of ma te rial
thick ness on to tal num ber albedo was in ves ti gated. It
was shown that ma te rial thick ness in flu ences sig nif i -
cantly on to tal num ber albedo if the thick ness is
smaller than re quired to be treated as in fi nite. An a lyt i -
cal ex pres sions for num ber albedo as a func tion of ma -
te rial thick ness and ini tial en ergy are pre sented in eqs.
(19) and (20).
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Table 2. Constants for determining function m(E0),
eq. (20)

Material a b

Water –9.50 3.18

Concrete –4.72 1.34

Iron –0.55 0.15

Fig ure 10. De pend ence of to tal num ber albedo on
thick ness of wa ter for ini tial pho ton en er gies from 2 MeV 
to 9 MeV

Fig ure 11. De pend ence of to tal num ber albedo on
thick ness of con crete for ini tial pho ton en er gies from
50 keV to 10 MeV

Fig ure 12. De pend ence of to tal num ber albedo on
thick ness of iron for ini tial pho ton en er gies from 50 keV
to 10 MeV
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Vladimir M. MARKOVI], Dragana KRSTI],
Nenad STEVANOVI], Dragoslav R. NIKEZI]

UKUPNI  BROJNI  I  UGLOVNI  ALBEDO  FOTONA  ZA  VODU,
BETON  I  GVO@\E  POD  NORMALNIM  UPADNIM  UGLOM  I  ZAVISNOST

ALBEDA  OD  DEBQINE  REFLEKTUJU]EG  MATERIJALA

Ukupni brojni i uglovni albedo su odre|eni za materijale koji se ~esto koriste u
za{titi od zra~ewa: vodu, beton i gvo`|e. Albedo je odre|en za fotone po~etnih energija od 10 keV
do 10 MeV-a pri normalnom upadnom uglu. Dvojni diferencijalni albedo se odre|uje na osnovu
rezultata iz simulacije transporta fotona kroz materijale pomo}u PENELOPE i MCNP
softvera. Fotoni koji se reflektuju nazad broje se i grupi{u u jednake intervale energija i
uglova. Na osnovu tih rezultata, ispitan je uticaj debqine materijala na ukupni brojni albedo i
pokazano je da ne postoji uticaj, ukoliko je debqina materijala ve}a od dve sredwe slobodne putawe
fotona. Odgovaraju}i analiti~ki izrazi za brojni albedo kao funkcija debqine materijala su
odre|eni u ovome radu. Analizom rezultata programa, pokazano je da se uglovni albedo za tri
ispitana materijala mo`e odrediti pomo}u iste formule.

Kqu~ne re~i: albedo, refleksija zra~ewa, PENELOPE, MCNP


