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This pa per shows the re sults of Monte Carlo sim u la tions of the pho ton re flec tion from 
ho mog e nous plates of the shield ma te ri als made of wa ter, alu mi num, and iron. Per -
pen dic u lar in ci dence of a monoenergetic pho ton beam of the ini tial en ergy of 20 keV
up to 100 keV is con sid ered. The nu mer i cal ex per i ments were per formed us ing the
ver i fied Monte Carlo pro grams MCNP-4C, FOTELP-2K3, and PENELOPE-2005.
As the re sult, the val ues of dif fer ence num ber albedo dis trib uted in ten even in ter vals
ac cord ing to the en ergy and nine even in ter vals ac cord ing to the po lar an gle of re -
flected pho tons were ob tained. Out of these data, the spec tral albedo co ef fi cients for
all three ma te ri als and three ini tial pho ton en er gies of 40 keV, 60 keV, and 100 keV
were cal cu lated, graph i cally pre sented, and an a lyzed. The val ues of the spec tral albedo
de ter mined on the ba sis of MCNP-4C code were com pared to the re sults of the early
sim u la tions of the pho ton re flec tion per formed in Rus sia and in the USA. Also, with
the help of MCNP-4C pro gram, the yield of flu o res cent pho tons to the spec trum of
the re flected ra di a tion was reg is tered, which can be seen in the graphs in the form of
the peak at the en ergy of 7.112 keV only at the shield ing plates made of iron.

Key words: pho ton re flec tion, spec tral albedo of pho tons, Monte Carlo method, wa ter, alu mi num,
iron

IN TRO DUC TION

Re search on the pho ton re flec tion from shield -
ing ma te ri als was dealt with in the clas sic lit er a ture on
ra di a tion pro tec tion with the ac cent on the ini tial en er -
gies of pho tons of 100 keV up to 10 MeV as a con se -
quence of the re sponse of sci ence on ra di a tion to the
re quire ments of the needs of that time ap pear ing in
con struc tion and con trol of re search and com mer cial
nu clear re ac tors, and es pe cially in mil i tary ap pli ca -
tions [1-3]. How ever, the ex pe ri ence gained in the
civil us age of ra di a tion in mod ern tech nol o gies, es pe -
cially in med i cal di ag nos tics and treat ment, points to

the more con sis tent stud ies of the ra di a tion in ter ac -

tions with the ma te ri als (nu clear pro cesses, dif fu sion,

slow ing-down, and re flec tion) in which the ini tial

pho ton en er gies are be low 100 keV. In this en ergy

range, val ues char ac ter is tic for pho ton re flec tion (dif -

fer en tial albedo, num ber, spec tral and dose albedos, as

well as the to tal albedo co ef fi cients) have not been sys -

tem at i cally de ter mined and nu mer i cally tab u lated by

all the ma te ri als char ac ter is tic for ra di a tion pro tec tion

and by the whole low-en ergy range of the ini tial pho -

tons. In lit er a ture, only un sys tem atic frag men tary re -

sults of the ap pli ca tion of mod ern Monte Carlo codes

for sim u la tion of low-en ergy pho ton re flec tion, or par -

tic u lar, semi-an a lyt i cal en gi neer ing for mu lae for some 

albedo co ef fi cients can be found [4-7].
Long-term in ves ti ga tions of pho ton re flec tion

con ducted in the VIN^A In sti tute of Nu clear Sci ences

by an a lyt i cal and semi-an a lyt i cal pro ce dures for de ter -

min ing the characteristic albedo func tions [8-10], as

well as by the com par a tive Monte Carlo sim u la tions of 

the trans port pro cess and pho ton re flec tion from the

most typ i cal shield ing ma te ri als [11-13], have pro -

duced plenty of data re fer ring to the char ac ter is tic re -
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flec tion co ef fi cients: dou ble dif fer en tial albedo a(E0,
q0; E,q,j), num ber albedo aN(E0,q0; q,j), spec tral
albedo aN (E0,q0; E), en ergy albedo aE (E0,q0; q,j), and 
dose albedo aD (E0, q0;  q,j), as well as the cor re spond -
ing in te gral re flec tion co ef fi cients – to tal num ber
albedo aN(E0,q0), to tal en ergy albedo aE (E0,q0), and
to tal dose albedo aD (E0,q0). The aim of these in ves ti -
ga tions is (a) cal cu la tion of data on low-en ergy pho ton
re flec tion col lected on the ba sis of the Monte Carlo re -
flec tion sim u la tions per formed by ver i fied do mes tic
and for eign pro grams, more com plete re gard ing en -
ergy and ma te rial, (b) per cep tion of uni ver sal char ac -
ter is tics of the re flec tion phe nom e non and their an a -
lyt i cal de scrip tion, and (c) prac ti cal in sight sig nif i cant
to the in dus trial and med i cal ap pli ca tion of ra di a tion
pro tec tion. The ma jor part of this pa per, a part of a doc -
toral dis ser ta tion of one of the au thors [14], has been
pre sented many times at ex pert and sci en tific con fer -
ences dur ing past years [15, 16]. Col lect ing, fi nal pro -
cess ing and pub lish ing of the at tained re sults is in
prog ress.

This  pa per  shows  the  val ues of  spec tral  albedo
aN (E0, q0;  E) cal cu lated on the ba sis of Monte Carlo sim -
u la tions of the re flec tion ini ti ated by a beam of
monoenergetic pho tons of en er gies be low 100 keV di -
rected at the right an gle onto the flat thick slab made of a
ho mog e nous ma te rial. Wa ter, alu mi num, and iron tar gets 
were treated be cause they cor re spond to the re al is tic di -
ag nos tic con di tions in med i cal prac tice to the great est ex -
tent. The ver i fied Monte Carlo codes MCNP-4C [17],
FOTELP-2K3 [18-20], and PENELOPE-2005 [21]
were used. Their us age was co or di nated re gard ing the
geo met ri cal and ma te rial data on the phys i cal prob lem
which was sim u lated, but the spe cif ics of each pro gram
re gard ing the sim u la tion tech nique and the data li brar ies
used were taken per se, as if an av er age pro fes sional pro -
gram user would do when de sign ing, as an en gi neer, the
ra di a tion pro tec tion for the par tic i pants of a rou tine med -
i cal di ag nos tics or treat ment. The val ues of spec tral
albedo, ob tained by the three used codes, were com pared
to one an other and an a lyzed, and the re sults of
MCNP-4C pro gram were ad di tion ally ver i fied by data
from clas sic lit er a ture on ra di a tion pro tec tion [1, 2]. As a
part of this re search, the quan ti ta tive yield of flu o res cent
pho tons to spec tral albedo was reg is tered for each ma te -
rial us ing MCNP-4C [14]. The yield is in a shape of the
sec ond peak of the spec trum at the lower en ergy limit,
which can be seen in the graphic pre sen ta tion in the fig -
ures of this pa per only for the iron shield ing plates.

SPEC TRAL ALBEDO OF
PHO TONS

Func tions char ac ter is tic for pho ton re flec tion
are de fined un der as sump tion that a broad beam of di -
rected and monoenergetic ra di a tion, de fined by the en -

ergy E0 and po lar an gle q0, im pinges the bound ary sur -
face of a ma te rial and that the pho tons are re flected
with dif fer ent en er gies E in dif fer ent di rec tions de ter -
mined by the po lar an gle  q and the az i muthal an gle j.
Thus de fined albedo co ef fi cients are equiv a lent to the
albedo co ef fi cients de ter mined by the model of the di -
rected nar row beam of the ini tial ra di a tion [2, 10].

De ter mi na tion of the re flec tion co ef fi cient, such
as num ber and spec tral albedo, is based on the val ues
of the dou ble dif fer en tial num ber albedo co ef fi cient
a(E0,q0; E,jq,j), pre vi ously ob tained by Monte Carlo
sim u la tions [10]. More pre cisely, the sim u la tions are
used to de ter mine the dif fer ence num ber albedo 
a E

N
ji ( , ) ,0 0q the dou ble in te gral of the pre vi ous co ef fi -

cient

a E E a E E
N
ji

E j i

( , ) ( , ; , , )sin0 0 0 02q q q j q q
q

= ò òp
D D

d d (1)

In the ex pres sion (1), in dexes j and i de note the
en ergy and an gu lar in ter vals which the re flected pho -
tons are grouped into.

Sub se quently, us ing the val ues a E
N
ji ( , )0 0q de -

ter mined by the sim u la tions, and the def i ni tion of
spec tral albedo [2]

a E E a E EN ( , ; ) ( , ; , , )sin0 0
0

2

0 0
0

q j q q j q q= ò òd d
p p/2

(2)

which rep re sents the prob a bil ity that a pho ton is re -
flected within the dif fer en tial en ergy el e ment dE
around the en ergy E, the fol low ing ex pres sion is de -
rived

a E E a EN N
ji

i
( , ; ) ( , )0 0 0 0q q= å (3)

Thus, by add ing the val ues of the dif fer ence
num ber albedo a E

N
ji ( , )0 0q  at all an gu lar in ter vals i,

the spec tral albedo is ob tained. It is un der stood that in
the ex pres sion (3) the en ergy E be longs to the j en ergy
in ter val.

MONTE CARLO SIM U LA TION OF
PHO TON REFLEXION 

The Monte Carlo sim u la tions were per formed by
the stan dard pro grams MCNP-4C [17], FOTELP-2K3
[18], and PENELOPE-2005 [21]. It was as sumed that a
nar row pho ton beam im pinged the flat tar get at the right
an gle (q0 = 0°); upon that, the an gu lar-en ergy dis tri bu -
tions of the prob a bil ity of the pho ton re flec tion from the
tar get af ter one or more scat ter ing were de ter mined us -
ing the sim u la tion re sults. In the sim u la tions, the ini tial
pho ton en er gies E0 of 20 keV up to 100 keV in the in ter -
vals of 10 keV (MCNP-4C and FOTELP-2K3 pro -
grams) and the ini tial en er gies of 40 keV, 60 keV, and
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100 keV (PENELOPE-2005 pro gram) were as sumed.
The re flected pho tons were grouped into ten equal en -
ergy in ter vals iden ti cal to the one tenth of the ini tial en -
ergy, as well as in the nine iden ti cal in ter vals by the po -
lar an gle q of the width of 10°.

Ba sic data on the Monte Carlo
pro grams and their us age

MCNP-4C pro gram

MCNP-4C is a ver sion of the MCNP pro gram,
which has been de vel oped for years in Los Alamos
lab o ra to ries and which can be con sid ered as the in dus -
trial stan dard be yond which there are 600 re search
years of de vel op men tal work. It is ded i cated to phys i -
cists who work in the field of med i cal phys ics, ecol -
ogy, and ra di a tion pro tec tion, but also to those who
deal with the prob lems of re ac tor phys ics and tech nol -
ogy, cal cu la tions of nu clear crit i cal ity, par ti cle trans -
port, and new ma te ri als. It is avail able for por ta ble and
sta tion ary com put ers.

MCNP-4C is a Monte Carlo pro gram for sim u la -
tion of the cou pled neu tron, pho ton, and elec tron trans -
port. It is of gen eral ap pli ca bil ity, with con tin u ous en -
ergy pre sen ta tion and gen er al ized ge om e try. It treats
ma te ri als with an ar bi trary three-di men sional con fig u -
ra tion ar ranged in the cells lim ited by the sur faces of the
first and sec ond or der and by some spe cial sur faces of
the fourth or der. The cross-sec tions are used in the
pointwise continuous-en ergy pre sen ta tion, as well as in
a multigroup shape. Dur ing the pho ton trans port, the in -
co her ent and co her ent scat ter ing is in cluded into cal cu -
la tion, with and with out the elec tron cor re la tion ef fects,
with the pos si bil ity of ex am in ing the flu o res cent emis -
sion which fol lows pho to elec tric ab sorp tion, as well as
the an ni hi la tion ab sorp tion with pair pro duc tion and lo -
cal emis sion of an ni hi lat ing ra di a tion. The pro gram is
de signed to be suit able for the gen eral source struc ture
and to of fer the choice of six shapes of the out put val ues
(tally), with the ex ten sive sta tis ti cal con ver gence anal y -
sis. Fast con ver gence is pro vided by dif fer ent meth ods
of vari ance re duc tion. For pho tons and elec trons, the
en ergy in ter val is from 1 keV up to 1 GeV.

The cal cu la tion of the pho ton re flec tion from
wa ter, alu mi num, and iron was per formed us ing the
MCPLIB2 stan dard data li brary and the pro gram op -
tion – tally F1:P which de ter mined the sur face pho ton
cur rent – the num ber of pho tons cross ing the bound ary 
sur face. In this case, 3×108 pho ton his to ries per cal cu -
lat ing ex per i ment were fol lowed, which pro vided the
sta tis ti cal un cer tainty of 1% of the cal cu lated value in
each an gu lar-en ergy in ter val. In or der to ver ify the
sim u la tion, in some cases the num ber of his to ries was
in creased to 1×109. The du ra tion of the sim u la tion de -
pends ex ten sively on the ma te rial, ini tial en ergy, lower 
cut-off en ergy, and greatly on the struc ture of an gu -

lar-en ergy groups. The sim u la tions per formed at the
Intel pro ces sor 4, cen tral pro ces sor unit (CPU) 1.8
GHz with 300 mil lion ini tial pho tons, cut-off en ergy of 
1 keV, ten en ergy and nine an gu lar groups, for the se -
lected tally F1:P, last in the in ter val of half an hour to
four and half hours (tab. 1).

Ta ble 1. Du ra tion of pho ton re flec tion sim u la tion –
MCNP-4C pro gram, Intel Pentium 4, CPU 1.8 GHz
pro ces sor

E0 [keV]
CPU time [min]

Water Aluminum Iron

20 45 28 42

60 261 70 54

100 275 118 60

FOTELP-2K3 pro gram

FOTELP-2K3 pro gram is a new com pact ver -
sion of the pre vi ous pro grams FOTELP-PEN and
FOTELP-2KG, orig i nally planned for Monte Carlo
cal cu la tion of three-di men sional trans port of pho tons,
elec trons and pos i trons through dif fer ent ma te ri als.
The most com plete cross-sec tions avail able for the in -
ter ac tion are used in the pro gram and com plete phys i -
cal mod els for de scrip tion of par ti cle trans port and
sim u la tion of pho ton, elec tron and pos i tron cas cades
within the range of 1 keV to 100 MeV are rep re sented
in it. It is ded i cated to Monte Carlo nu mer i cal ex per i -
ments in do sim e try, ra di a tion ther apy, ra di a tion dam -
age stud ies and other ap pli ca tions.

While form ing a pho ton his tory, the tra jec tory is
cre ated by fol low ing a pho ton from one col li sion to an -
other, us ing the cor re spond ing in verse dis tri bu tion be -
tween the col li sions, through the pro cess of which the de -
pend ency on the type of tar get, type of col li sion, and type
of sec ond ary ra di a tion, its en ergy and an gle are reg is -
tered. The fol low ing in ter ac tions are in cluded: pho to -
elec tric ab sorp tion, co her ent and in co her ent scat ter ing,
and pair pro duc tion. Sec ond ary pho ton his to ries as sume
back scat ter ing ra di a tion and pos i tron-elec tron an ni hi lat -
ing ra di a tion. In its new est ver sion, the pro gram al lows a
very com plex tar get struc ture with the pos si bil ity of de -
fin ing up to 850 sur faces and bod ies. Time of cal cu la tion
de pends on the num ber of sim u lated his to ries, ini tial
pho ton en ergy and lower en ergy cut-off , as well as on the 
com plex ity of the ge om e try in ques tion. Ta ble 2 gives
val ues of CPU time needed for per form ing com puter
sim u la tions of the pho ton re flec tion when the num ber of
ini tial pho tons is 1×108, and the lower en ergy limit for the
pho tons is 2.5 keV.

PENELOPE-2005 pro gram

PENELOPE-2005 pro gram en ables a Monte
Carlo sim u la tion of the cou pled elec tron and pho ton
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trans port in ar bi trary ma te ri als of com plex ge om e -
try. Pho ton in ter ac tions (co her ent and in co her ent
scat ter ing, pho to elec tric ef fect, and elec tron-pos i -
tron pair pro duc tion), as well as pos i tron an ni hi la -
tion, were sim u lated com pletely. The pho ton en er -
gies of 100 eV up to 1 GeV are al lowed. The
pro gram has been re al ized in the form of pack ages
of FOR TRAN sub rou tines which are con trolled via
the main pro gram or ga nized by a user. Be side the
rou tines which de scribe in ter ac tions and en ergy
trans port, the code is equipped with the PANGEA
pack age, which sim u lates the spa tial trans port
through com plex ma te ri als made of ho mog e nous
bod ies lim ited by par al lel o gram sur faces. The tech -
niques of vari ance re duc tion (par ti cle split ting, Rus -
sian rou lette, and in ter ac tion forc ing) are used rou -
tinely. Newer ver sions of the pro gram in clude the
main ge neric pro gram PENMAIN, which is con -
trolled via the in put data with out any spe cial pro -
gram ming ef fort, thus en abling the sim u la tion of
var i ous prac ti cal tasks. This pro gram sys tem has
been thor oughly eval u ated through out nu mer ous
ap pli ca tions, bench mark com par i sons of sim u la tion 
re sults and ex per i men tal data.

Ta ble 3 shows val ues of  CPU time spent for
the cal cu la tion sim u la tion of the re flec tion from the
se lected ma te ri als, with the ini tial num ber of pho -
tons of 1×108. The lower en ergy  limit  for pho tons is 
2.5 keV.

Ta ble 3. Du ra tion of pho ton re flec tion sim u la tion –
PENELOPE-2005  pro gram, Intel Pentium 4, CPU
1.8 GHz pro ces sor

E0 [keV]
CPU time [min]

Water Aluminum Iron

40 40 19 30

60 43 24 42

100 49 33 54

Com par i son of max i mal val ues of dif fer ence
num ber albedos ob tained by sim u la tions

The ref. 14 gives the de tails of Monte Carlo sim -
u la tions de ter min ing the val ues of dif fer ence albedo
co ef fi cients  a E

N
ji ( , )0 0q  for wa ter, alu mi num, and

iron. A set of val ues of dif fer ence albedo co ef fi cients  
a E

N
ji ( , )0 0q de ter mined by sim u la tions (ta bles A1-A9

of the ref. 14) is given for nine even an gu lar in ter vals
of the po lar an gle q, width of 10°, and for ten even en -
ergy in ter vals whose width cor re sponds to one tenth of 
the en ergy of ini tial pho tons. Val ues  a E

N
ji ( , )0 0q  pres -

ent the ba sis for cal cu la tion of other dif fer en tial, in te -
gral, and mean albedo val ues char ac ter is tic for the
low-en ergy pho ton re flec tion. We will give here only
one com par i son of the max i mal val ues of dif fer en tial
num ber albedo of pho tons ob tained by the re flec tion
sim u la tions per formed with the pro grams men tioned
above (tab. 4).

Ta ble 4 shows that the val ues for wa ter, ob tained
by MCNP-4C and FOTELP-2K3 pro grams, di verge for
less than 3% for E0 = 100 keV up to 10% for E0 = 40 keV.
The dif fer ences of these pro grams for ma te ri als with the
big ger atomic num ber are 10-20%. The dis crep an cies of
the val ues ob tained by PENELOPE-2005 pro gram are
even big ger com pared to those ob tained by the sim u la -
tion per formed by MCNP-4C code, while the val ues ob -
tained by FOTLEP-2K3 pro gram are al ways be tween
the other two pro grams.

The agree ment of the max i mal val ues of dif fer -
ence num ber albedo ob tained by these pro grams,
though rough, is quite sat is fac tory be cause the is sue is
the en ergy an gu lar dis tri bu tion, i. e., dou ble-dif fer en -
tial dis tri bu tion. Even dras tic dis crep ancy of the cor re -
spond ing val ues of dif fer ence num ber albedo which
ex ist when these val ues are very small (above all, at the 
fur thest bound aries of the en ergy range, just be low the
ini tial en ergy E0 and just above the lower limit of the
whole en ergy range) do not dis tract sig nif i cantly the
ac cept able agree ment of all other char ac ter is tic val ues
of pho ton re flec tion gen er ated out of this ba sic set.
Mostly, the dis crep an cies of the re sults can be at trib -
uted to the un even num ber of sim u la tions per one nu -
mer i cal ex per i ment: the num ber of his to ries fol lowed
by MCNP-4C pro gram was 3×108 (in some cases it was 
1×109), while the sim u la tions by FOTLEP-2K3 and
PENELOPE-2005 pro grams were per formed with
1×108 ini tial pho tons. Also, some val ues of dif fer ence
num ber albedo are be low the lim its of the sta tis ti cal
un cer tainty which the pro grams pre dict for the se -
lected num ber of sim u la tions.

Ta ble 4. Max i mal val ues of dif fer ence num ber albedo of
pho tons a EN

ji ( , )0 0q  

Material E0 [keV] MCNP FOTELP PENELOPE

Water
40
60
100

0.0306
0.0330
0.0348

0.0271
0.0315
0.0340

0.0245
0.0282
0.0306

Aluminum
40
60
100

0.00805
0.0166
0.0265

0.00631
0.0148
0.0249

0.00584
0.0133
0.0225

Iron
40
60
100

0.000930
0.00250
0.00698

0.000701
0.00207
0.00583

0.000653
0.00190
0.00535
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Ta ble 2. Du ra tion of pho ton re flec tion sim u la tion –
FOTELP-2K3 pro gram, Intel Pentium 4, CPU 1.8 GHz
pro ces sor

E0 [keV]
CPU time [min]

Water Aluminum Iron

40 6.48 8.45 6.50

60 7.38 13.74 7.37

100 11.52 25.53 11.32



SPEC TRAL ALBEDO CAL CU LATED
ON THE BA SIS OF MONTE CARLO
SIM U LA TIONS

Com par i son of re sults ob tained by MCNP-4C,
FOTELP-2K3, and PENELOPE-2005 pro grams

Fig ures 1-3 show the val ues of the spec tral
albedo of pho tons through the his to grams for wa ter,
alu mi num, and iron, with the ini tial pho ton en er gies of
40 keV, 60 keV, and 100 keV. For better pic ture clar ity,
the lin ear scale was used at the or di nate. The data for
draw ing the his to gram were ob tained by the re flec tion
sim u la tions per formed by MCNP-4C, FOTLEP-2K3,
and PENELOPE-2005 pro grams.

The fig ures clearly show that the spec tral albedo
co ef fi cients of the pho ton cur rent cal cu lated by
PHOTLEP-2K3 and PENELOPE-2005 pro grams

were in very good agree ment, ex cept when the in ci -
dent pho ton en ergy was 40 keV and the re flected pho -
ton en er gies were in the range of the first en ergy group
be low the ini tial en ergy (36 keV up to 40 keV). How -
ever, while de ter min ing the er ror, one should bear in
mind that the num ber of pho tons re flected with the en -
er gies close to the ini tial en er gies is sig nif i cantly
smaller than the num ber of pho tons in the dis tri bu tion
peak, so that the dis crep ancy of the re sults in this range 
of re flected pho ton en er gies is less in flu en tial on de ter -
min ing the in te gral re flec tion co ef fi cients or on the
cal cu la tion of the characteristic mean values of the
reflection.

The val ues for the spec tral albedo ob tained by
MCNP-4C pro gram dif fer to the greater ex tent from
those ob tained by the two other pro grams. The dif fer -
ences are the small est for wa ter, and the great est for
iron in the bound ary en ergy ranges of the re flected
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Fig ure 1. Spec tral albedo of pho tons for wa ter and ini tial
pho ton en ergy of (a) 100 keV, (b) 60 keV, and (c) 40 keV

Fig ure 2. Spec tral albedo of pho tons for alu mi num and ini -
tial pho ton en ergy of (a) 100 keV, (b) 60 keV, and (c) 40 keV



pho tons. This in di cates that there is a better agree ment
of the pro gram re sults when the sim u la tion pro cess
sta tis tics is more re li able, thus mak ing cred i ble the val -
ues ob tained by MCNP-4 pro gram, which was used to
sim u late 3 ×108 pho ton his to ries, while in the other two
pro grams the num ber of his to ries was three times
smaller.

In the ta bles with the cal cu lated val ues of spec tral
albedo given in the ref. 14 for alu mi num and iron, one
can see the re flected pho ton peaks in the low-en ergy part
of the spec trum, which ap pear due to the ab sorp tion of
pho tons by K elec tron, fol lowed by the char ac ter is tic flu -
o res cence pho ton emis sion. For alu mi num, the peak is
lo cated in the en ergy range which in cludes the ab sorp -
tion K limit at 1.56 keV, and for iron in the en ergy range
which in cludes the K ab sorp tion en ergy of 7.112 keV.
For alu mi num, the ef fect can be seen up to the ini tial pho -
ton en ergy of E0 = 30 keV, and for iron up to the high est
ini tial en ergy E0 = 100 keV. The iron peak is more prom i -

nent than the alu mi num peak be cause the flu o res cent
yield of iron (wK  =  0.35) is about nine times higher than
the flu o res cent yield of alu mi num (wK =  0.04) [22]. In
fig. 3, which shows the spec tral albedo of iron, the sec -
ond peak can be de tected in the dis tri bu tion of low en er -
gies of the re flected pho tons. The peak is very prom i nent
for the in ci dent pho ton en ergy of E0 = 40 keV, while it be -
comes barely ob serv able for the en ergy of E0 = 100 keV.

Com par i son of MCNP-4C val ues with
ref er ent data

The val ues of spec tral albedo cal cu lated on the
ba sis of pho ton re flec tion sim u la tion us ing
MCNP-4C pro gram were com pared to the data ob -
tained by Bulatov and his col lab o ra tors [2] and by
Berger and Raso [1]. The Bulatov’s re sults were gen -
er ated out of the orig i nal ta bles for dou ble dif fer en tial 
spec tral albedo of the pho ton cur rent by add ing the
tab u lar val ues for all the in ter vals of the solid an gle;
the re sults of Berger and Raso are given ex plic itly in
their pa per, but only for wa ter and the in ci dent pho ton
en ergy of 100 keV. Thus, the re sult com par i son is
lim ited to only one ma te rial – wa ter, and to only one
ini tial pho ton en ergy of 100 keV.

Fig ure 4 pres ents the his to grams of the spec tral
albedo with the ex po nen tial and lin ear scale at the or -
di nate. The dif fer ences in de ter min ing the en ergy dis -
tri bu tion at the bound aries of the en ergy range can be
ob served better when the ex po nen tial scale is at the
or di nate (fig. 4a), while the re sult dis crep an cies
around the dis tri bu tion peak can be seen more clearly
with the lin ear scale (fig. 4b).

It can be noted that the re sults ob tained us ing
the MCNP-4C sim u la tions are in ex cel lent agree ment 
with Berger and Raso’s re sults. In both sim u la tions,
the same se lec tion of col lect ing the re flected pho tons
in the en ergy in ter vals of 10 keV width was per -
formed, start ing from the up per ini tial pho ton en ergy
of 100 keV to the lower en ergy of 10 keV. Bulatov’s
re sults are also formed in ten en ergy in ter vals, with
the lower en ergy of reg is tered pho tons of 25 keV and
the up per one of 81.2 keV, but with un even group
widths. The se lec tion of these lim its of the reg is tered
en er gies of re flected pho tons was con di tioned by the
lim ited to tal num ber of sim u lated pho ton his to ries
and, as a con se quence, by very re duced num ber of the 
re flected pho tons in the bound ary en ergy ranges.
Thus, Bulatov’s re sults can be com pared with the pre -
vi ous two re sults only to a cer tain ex tent; how ever,
the sat is fac tory gen eral agree ment of the en ergy dis -
tri bu tion was noted among the pro grams (fig. 4a).

For more pre cise re sult com par i son, the nu mer i cal
val ues of pho ton spec tral albedo cal cu lated on the ba sis
of the sim u la tions per formed by MCNP-4C pro gram and 
the pub lished val ues of Berger and Raso are com pared in
tab. 5. Very good agree ment of the re sults in a wide en -
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Fig ure 3. Spec tral albedo of pho tons for iron and ini tial
pho ton en ergy of (a) 100 keV, (b) 60 keV, and (c) 40 keV



ergy range of the re flected pho tons (20 keV up to 90 keV) 
is con firmed, for which the spec tral albedo has the val ues 
of sev eral hun dredths up to sev eral thou sandths.

CON CLU SION

The com par i son of the val ues of pho ton spec -
tral albedo (figs. 1-3) shows a very good mu tual
agree ment of the re sults of FOTELP-2K3 and
PENELOPE-2005 pro grams for all three ma te ri als,
with the ex cep tion of the low en ergy of ini tial pho -
tons  (E0 = 40 keV) and one en ergy in ter val of the re -
flected pho tons just be low the ini tial en ergy. At the
same time, a cer tain dis crep ancy of the re sults of
these two pro grams with the re sults of MCNP-4C

code is ob served, less prom i nent for wa ter and more
prom i nent for iron. On the other hand, the re sults of
MCNP-4C code are in ex cel lent agree ment with the
clas sic re sults of Berger and Raso and in quite sat is -
fac tory agree ment with the re sults of Bulatov and his
colaborators (bear ing in mind that the Rus sian au -
thors made a dif fer ent se lec tion of the en ergy in ter -
vals in which the re flected pho tons were col lected –
fig. 4). As the sim u la tions with FOTELP-2K3 and
PENELOPE-2005 pro grams were per formed with
the pho ton his to ries three times less in num ber than
the pho ton his to ries sim u lated us ing MCNP-4C pro -
gram, it ap pears that the dis crep an cies of the val ues
of spec tral albedo can be at trib uted to this fact in the
first place, in as much as the agree ment among the pro -
grams in creases when ever the num ber of reg is tered
re flected pho tons in the an gu lar-en ergy in ter val is
higher, i. e., when the sim u la tion pro cess is sta tis ti -
cally more re li able.

The sim u la tion of pho ton re flec tion from an iron
tar get (fig. 3), per formed by MCNP-4C pro gram,
points to the sig nif i cant peak of the spec tral dis tri bu -
tion at the re flected pho ton en er gies be low 10 keV. The 
same phe nom e non is ob served with wa ter and alu mi -
num, but in a very slight form which is reg is tered only
in the tab u lar pre sen ta tions (in the ref. 14). It pres ents
the con tri bu tion of the flu o res cent pho tons to the exit
spec trum which is the con se quence of the pho ton ab -
sorp tion with K elec tron in the shield ing ma te rial. The
other two pro grams do not reg is ter this ef fect. As the
flu o res cent yield  w is di rectly de pend ent on the type of 
ma te rial, and the en ergy dis tri bu tion of pho tons in the
slow ing down pro cess de ter mines the in ten sity of the
low-en ergy pho ton ab sorp tion by K elec trons, es ti ma -
tion of this ef fect is quan ti ta tively con nected also to the 
spe cific data li brar ies which are in cluded into Monte
Carlo pro grams, but with the pre ci sion of trans port
sim u la tion and pho ton re flec tion as well.

Af ter the com par i son of the val ues of spec tral
albedos ob tained by Monte Carlo re flec tion sim u la -
tions, it can be con cluded, from the point of view of
MCNP-4C, FOTELP-2K3, and PENELOPE-2005
code us ers, that the com plete agree ment of the pro -
gram in put, es pe cially the num ber of pho ton his to ries 
pro vided in suf fi cient quan ti ties which guar an tees
the re quired data ac cu racy, is the nec es sary con di tion
for sat is fac tory agree ments of the re sults. How ever,
in or der to ob tain the com plete in sight into the re li -
abil ity of each Monte Carlo pro gram, it is needed to
in clude other albedo co ef fi cients be side the spec tral
albedo, into the com par i son.

REF ER ENCES

[1] Berger, M. J.,  Raso, D. J.,  Monte Carlo Cal cu la tions
of Gamma-Ray Back scat ter ing, Ra di a tion Re search,
12 (1960), pp. 20-37

 46 Nu clear Tech nol ogy & Ra di a tion Pro tec tion –1/2007

Fig ure 4. Com par i son of val ues of spec tral albedo for
wa ter and ini tial pho ton en ergy of 100 keV in (a) ex po -
nen tial and (b) lin ear scale

Ta ble 5. Com par i son of val ues of pho ton spec tral albedo

for wa ter and ini tial en ergy of E0 = 100 keV

Reflected photon
energy [keV]

MCNP-4C code
(from ref. [14])

Berger and Raso
(ref. [1])

0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100

3.67-7*
1.61-6
1.36-3
1.72-2
4.26-2
5.26-2
7.54-2
1.91-1
2.03-2
1.30-5

–
4.77-7
1.31-3
1.47-2
4.46-2
5.36-2
7.00-2
1.94-1
1.95-1

0.0

*The des ig na tion 3.67-7 pres ents the value of  3.67×10–7



[2] Bulatov, B. P.,  Efimenko, B. A.,  Zolotuhin, V. G., 
Klimanov, V. A., Mashkovich, V. P., Albedo of Gamma 
Ra di a tion (in Rus sian), Atomizdat, Mos cow, 1968

[3] ***, En gi neer ing Com pen dium on Ra di a tion Shield -
ing (Ed i tor-in-Chief R. G. Jae ger), Springer-Verlag,
Berlin, Hei del berg, New York, 1968

[4] Chilton, A. B., Huddleston, C. M., A Semiempirical
For mula for Dif fer en tial Dose Albedo for Gamma
Rays on Con crete, Nucl. Sci. Eng., 17 (1963), pp.
419-424

[5] Mashkovich, V. P.,  Ion iz ing Ra di a tion Shield ing –
Man ual (in Rus sian), Ehnergoatomizdat, Mos cow,
1982

[6] Chilton, A. B., Shultis, J. K., Faw, R. E., Prin ci ples of
Ra di a tion Shield ing, Prentice-Hall Inc., Englewood
Cliffs, NJ, USA, 1984

[7] Shultis, J. K., Faw, R. E., Ra di a tion Shield ing, Prentice
Hall PTR, Up per Sad dle River, NJ, USA, 1996

[8] Markovi}, S.,  Ciraj, O.,  Med i cal Team Ex po sure As -
sess ment in Con trast X-Ray Di ag nos tics, Nuklearna
tehnologija, 16 (2001), 2, pp. 55-59

[9] Markovi}, S.,  Ljubenov, V.,  Ciraj, O.,  Simovi}, R.,
Re flected Ra di a tion As sess ment in Con trast X-Ray
Di ag nos tics, Ra di a tion Phys ics and Chem is try, 71
(2004), pp. 989-990

[10] Markovi}, S.,  Ljubenov, V.,  Simovi}, R.,  A
Semiempirical For mula for the An gu lar Dif fer en tial
Num ber Albedo of Low-En ergy Pho tons, Nu clear Tech -
nol ogy  & Ra di a tion Pro tec tion, 20 (2005), 2, pp. 28-34

[11] Markovi}, S.,   Simovi}, R.,  Ljubenov, V.,  An In ves ti -
ga tion of Low-En ergy Pho ton Re flec tion from the
Iron Tar get, Nu clear Tech nol ogy & Ra di a tion Pro tec -
tion, 19 (2004), 1, pp. 39-45

[12] Ljubenov, V.,  Simovi}, R.,  Markovi}, S.,  Num ber
Albedo of Low-En ergy Pho tons, Pro ceed ings, 51th

Con fer ence of So ci ety for Elec tron ics, Tele com mu ni -
ca tions, Com put ers, Au to ma tion, and Nu clear En gi -
neer ing (51th ETRAN), Herceg Novi – Igalo, June
4-8, 2007, Montenegro (in press)

[13] Markovi}, S.,  Simovi}, R.,  Ljubenov, V., Spec tral
Albedo of Low-En ergy Pho tons, Pro ceed ings, 51th

Con fer ence of So ci ety for Elec tron ics, Tele com mu ni -
ca tions, Com put ers, Au to ma tion, and Nu clear En gi -
neer ing (51th ETRAN), Herceg Novi – Igalo, June
4-8, 2007, Montenegro (in press)

[14] Markovi}, S., Ph. D. the sis (manu script), 2007
[15] Markovi}, S., Simovi}, R., Ljubenov, V., Ef fect of

Scat ter ing Func tion Ani so tropy on the Low-En ergy
Pho ton Re flec tion, Pro ceed ings on CD-ROM, Fifth
Gen eral Con fer ence of the Balcan Phys i cal Un ion
(BPU-5), Vrnja~ka Banja, Ser bia and Montenegro,
Au gust 25-29, 2003, pp. 313-316 

[16] Markovi}, S., Ljubenov, V., Ciraj, O., Simovi}, R., Cal -
cu la tion of Scat tered Ra di a tion Around a Pa tient Sub -
jected to the X-Ray Di ag nos tic Ex am i na tion, in: Re -
cent Ad vances in Multidisciplinary Ap plied Phys ics
(Ed. A. Mendez-Vilas), Elsevier, 2005, pp. 751-756

[17] ***, MCNPTM – A Gen eral Monte Carlo N-Par ti cle
Trans port Code, Ver sion 4C, LA-13709-M, Man ual, 
(Ed.  J. E. Briesmeister), LANL, 2000

[18] Ili}, R. D.,  FOTELP-2K3, Pho ton, Electron, and
Positron Monte Carlo Transport Simulation, IAEA
1388, OECD NEA Data Bank, 2002

[19] Ili}, R. D., Lali}, D., Stankovi}, S. J., SRNA – Monte
Carlo Codes for Pro ton Trans port Sim u la tion in Com -
bined and Voxelized Geometrics, Nu clear Tech nol ogy 
& Ra di a tion Pro tec tion, 17 (2002), 1-2, pp. 27-36

[20] Ili}, R. D., Spasi}-Joki}, V., Beli~ev, P., Dragovi}, M.,
The Monte Carlo SRNA Code as the En gine in ISTAR 
Pro ton Dose Plan ning Soft ware for the TESLA Ac cel -
er a tor In stal la tion, Nu clear Tech nol ogy & Ra di a tion
Pro tec tion, 19 (2004), 2, pp. 30-35

[21] ***, PENELOPE-2005, A Code Sys tem for Monte-
Carlo Sim u la tion of Elec tron and Pho ton Trans port,
NEA-1525, 2005

[22] Green ing, J. R.,  Fun da men tals of Ra di a tion Do sim e -
try, Adam Hilger Ltd, Bris tol, UK, 1981

S. Markovi}, et al.: Spec tral Albedo of Pho tons of Ini tial En er gies below 100 keV 47

Srpko MARKOVI],  Rodoqub SIMOVI], 
Vladan QUBENOV,  Radovan D. ILI]

SPEKTRALNI  ALBEDO  FOTONA 
INICIJALNIH  ENERGIJA  ISPOD  100 keV

U radu su prikazani rezultati Monte Karlo simulacija refleksije fotona od homogenih
plo~a za{titnog materijala na~iwenih od vode, aluminijuma i gvo`|a. Razmatran je vertikalan
upad monoenergetskog snopa fotona inicijalna energija od 20 do 100  keV. Numeri~ki eksperimenti 
obavqeni su kori{}ewem verifikovanih Monte Karlo programa MCNP-4C, FOTELP-2K3 i
PENELOPE-2005. Kao rezultat dobijene su vrednosti diferencnog brojnog albeda grupisane u deset
ravnomernih intervala po energiji i devet ravnomernih intervala po polarnom uglu izlaznih
fotona. Iz ovih podataka izra~unati su, grafi~ki prikazani i analiziranii spektralni albedo
koeficijenti za sva tri materijala i tri inicijalne energije fotona od 40 keV, 60 keV i 100 keV.
Vrednosti spektralnog albeda odre|ene na osnovu MCNP-4C koda upore|ene su sa rezultatima
ranih simulacija fotonske refleksije sovjetskog i ameri~kog porekla. Tako|e, programom
MCNP-4C registrovan je doprinos  fluorescentnih fotona spektru reflektovanog zra~ewa, koji
je u vidu pika na energiji od  7.112 keV grafi~ki prepoznatqiv samo kod za{titnih plo~a od gvo`|a.

Kqu~ne re~i: refleksija fotona, spektralni albedo fotona, Monte Karlo metoda, voda,
jjjjjjjjjjjjjjjjj jjjjjjaluminijum, gvo`|e


