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Num ber albedo of wa ter, alu mi num, and iron for in ci dent pho tons in the en ergy range 
from 20 keV to 100 keV is pre sented in this pa per. The re sults are ob tained through
Monte Carlo sim u la tions of pho ton re flec tion by us ing MCNP-4C, FOTELP-2K3,
and PENELOPE-2005 com puter codes. The cal cu lated val ues are com pared with the
clas si cal data pub lished by B. P. Bulatov and his col lab o ra tors. The in flu ence of flu o -
res cence yield to the pho ton num ber albedo of an iron tar get at the ini tial pho ton en er -
gies be low 40 keV is de tected and an a lyzed.
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INTRODUCTION

In study ing ra di a tion re flec tion from larger ob -
jects (such as walls, floors, etc.), the con cept of ra di a -
tion albedo orig i nat ing in as tro phys ics is used [1]. In
this case, re flec tion is not strictly de fined as the re flec -
tion from a sur face (sur face back scat ter ing), but as a
com plete pro cess of ra di a tion pen e tra tion into a tar get
ma te rial, its scat ter ing and ab sorp tion in the ob ject, and
fi nally, ir ra di a tion of a part of ra di a tion from the bound -
ary sur face of the ma te rial, with the de creased en ergy
and from a point on the sur face dis lo cated re gard ing the
point of the pri mary beam in ci dence. This con cept in -
cludes sev eral ba sic and quite ac cept able sim pli fi ca -
tions of the phys i cal prob lem, thus en abling spa tial, en -
ergy, and an gu lar dis tri bu tion of re flected ra di a tion to
be de ter mined in a sim pler way than re quired orig i nally
by the to tal ity of the trans port task [2-4]. First, it is pos -
si ble to con sider the points of ra di a tion in ci dence and of
ra di a tion re flec tion to be iden ti cal, which is quite cor -
rect for all re flect ing sur faces of the di men sions big ger

than sev eral mean free paths of the in ci dent ra di a tion
be ing ap prox i mately of the con stant in ten sity in the lat -
eral di rec tion. Then, re gard ing its lat eral di men sions, a
re flec tor is con sid ered to be an in fi nite plate of in fi nite
thick ness. Thus, the prob lem of re flec tion is re duced to
a model of ra di a tion trans port in a half-space, math e -
mat i cally eas ier to solve, which is cor rect for all shields
thicker than two mean free paths and for ho mog e nous
ma te ri als. Fi nally, the scat ter ing in the air from a source
to a bound ary sur face of a re flec tor, as well as from the
sur face to the de tec tor po si tion, is ne glected. On the ba -
sis of these as sump tions, it is pos si ble to sim plify the
trans port task and ob tain, us ing nu mer i cal and semi-an -
a lyt i cal meth ods, rel e vant re flec tion co ef fi cients of the
ra di a tion shield [5-7].

The cal cu la tion of re flec tion by Monte Carlo
method, i. e. by nu mer i cal sim u la tion of re flec tion pro -
cess, does not mean that the above men tioned sim pli fi -
ca tions are oblig a tory, but at least a part of them is used 
for sim pler mod el ing of phys i cal pro cesses and for op -
ti mi za tion of com puter time needed for achiev ing the
sat is fac tory ac cu racy of the ob tained re sults [8-11].
Nu mer i cal sim u la tion of the re flec tion prob lem en -
ables solv ing more com pli cated tasks with the pro -
nounced ma te rial inhomogeneity in two-di men sional
or three-di men sional ge om e try, but it sets high de -
mands re gard ing com puter per for mances, val ues of
the cen tral pro ces sor unit time needed for sim u la tions,
and pro fes sional train ing of pro gram us ers. There fore,
there is still a need for eas ily ap pli ca ble semi-an a lyt i -
cal for mu lae for de ter min ing re flec tion co ef fi cients
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based on de tailed an gu lar-en ergy dis tri bu tions of re -
flected pho tons ob tained by Monte Carlo sim u la tions
of tasks sim ple in ge om e try and ma te rial. Cal cu la tion
of the ra di a tion re flec tion in the range of low ini tial
pho ton en er gies, char ac ter is tic for med i cal ap pli ca tion 
of ra di a tion, has been per formed by semi-an a lyt i cal
meth ods and Monte Carlo sim u la tions, re gard ing
dosimetric as pect, as a long-term study in the VIN^A
In sti tute of Nu clear Sci ences [12-16].

In this pa per the re sults for num ber albedo cal cu -
lated by Monte Carlo sim u la tions of pho ton re flec tion
from homogeneous slab of the shield ing ma te ri als for
the in ci dent pho ton en er gies from 20 keV to 100 keV
are pre sented. Wa ter, alu mi num, and iron tar gets are
treated. MCNP-4C [9], FOTELP-2K3 [10], and
PENELOPE-2005 [11] com puter codes have been
used for the sim u la tion of pho ton in ter ac tions. The ob -
tained re sults have been com pared mu tu ally and with
the ref er ent data of B. P. Bulatov and col lab o ra tors
[17]. The con tri bu tion of flu o res cence pho tons to the
to tal num ber albedo has been taken into ac count,
which is sig nif i cant for the iron shield ing slab.

NUM BER ALBEDO – AN GU LAR
DIS TRI BU TION OF RE FLECTED
PHO TONS

The pho ton albedo co ef fi cient is de fined on the
as sump tion that a broad beam of par al lel and
monoenergetic pho tons, de scribed by en ergy E0 and
po lar an gle q0, reaches the bound ary sur face of the
plane tar get, and that the re flected pho tons come out
from the sur face with dif fer ent en er gies E, and dif fer -
ent di rec tions de fined by the po lar an gles q and the
az i muthal an gles  j [14, 17]. The in ci dent po lar an gle 
q0 is mea sured with re spect to the sur face in ward nor -
mal, while the exit po lar an gle q is de ter mined with
re spect to the out ward nor mal. As for the value of the
pho ton albedo, there is equiv a lence be tween the two
sim i lar monoenergetic re flec tion prob lems: one in -
duced by a broad par al lel beam of the ini tial pho tons
and the other pro duced by the monodirectional nar -
row beam.

The dou ble dif fer en tial num ber albedo co ef fi -
cient is de fined as a ra tio be tween pho ton num ber flow
rates [17]
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where J0 and J1 stand for the in ci dent and out go ing
flow rates of pho tons.

This co ef fi cient is ob tained by nu mer i cal sim u -
la tions of the pho ton re flec tion. In fact, the Monte
Carlo sim u la tions give the val ues for dif fer ence num -
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In dexes j and i in eq. (2) are re lated to the en ergy
and an gu lar in ter vals in which re flected pho tons are
col lected.

Based on com puted val ues of a E
N
ji ( , )0 0q  and

the def i ni tion of the num ber albedo [17]
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which rep re sents the prob a bil ity for pho ton re flec tion
in side the solid an gle d dW = 2psin q q, one can find
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Vari able j in the ar gu ments of quan ti ties in eq.
(4) is omit ted as only a per pen dic u lar beam of in ci dent
pho tons is con sid ered when iso tropy of albedo co ef fi -
cients is pres ent along the az i muthal an gle. The sign qi

de notes the value of the po lar an gle at the mid dle of
i-th in ter val, while sin qi  ap pears in the de nom i na tor of 
the right side term of eq. (4) due to con ver sion of the
dis tri bu tion func tion – from po lar an gle dis tri bu tion to
dis tri bu tion over co sine of the po lar an gle.

RE SULTS AND DISCUSSION

Val ues for the num ber albedo of pho ton cur rent
cal cu lated from the Monte Carlo sim u la tions of pho ton
re flec tion from wa ter, alu mi num, and iron are pre sented
in this pa per. The ini tial pho ton en er gies were cho sen in
the range from 20 keV to 100 keV. Re flected pho tons
were col lected in ten en ergy in ter vals of equal width of
E0/10 and nine equal in ter vals of the po lar an gle of width
of 10°. De tailed in for ma tion about Monte Carlo sim u la -
tions per formed by MCNP-4C, FOTELP-2K3, and
PENELOPE-2005 codes are given in pre vi ous pa pers
[18, 19].

Fig ure 1 shows the val ues of num ber albedo 
a EN ( , ; )0 0 0q q= °  cal cu lated from the sim u la tions
per formed by MCNP code. Num ber albedo co ef fi -
cients for wa ter and alu mi num rise monotonicaly
with the in crease of the ini tial pho ton en ergy E0

from 20 keVto 100 keV. This rise is about ten times
for wa ter and thirty times for alu mi num. For the iron
tar get there is a char ac ter is tic in ver sion in changes
of num ber albedo val ues for low en er gies of the in ci -
dent pho tons: with rise of the ini tial en ergy E0 from
20 keV to 40 keV, num ber albedo de creases more
than twice. Fur ther growth of the ini tial en ergy from
40 keV to 100 keV causes the con stant rise of num -
ber albedo for the iron tar get. The ex pla na tion of this 
phe nom e non is in pho ton ab sorp tion by K shell elec -
tron of an iron atom which oc curs at the pho ton en -
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ergy of 7.112 keV and is fol lowed by the emis sion of
char ac ter is tic flu o res cent ra di a tion of the al most
same en ergy [20]. The con tri bu tion of the flu o res -
cent ra di a tion to the to tal albedo is par tic u larly sig -
nif i cant for low ini tial pho ton en er gies bel low 40
keV. For ini tial en er gies above 40 keV this con tri bu -
tion is in sig nif i cant be cause only small frac tion of
the pri mary pho ton beam will reach the en ergy of
7.112 keV through the slow ing-down, dif fu sion and
ab sorp tion pro cesses in the tar get ma te rial, i. e.,
there is a small num ber of emit ted flu o res cent pho -
tons. Fig ure 1 also shows that pho ton re flec tion is
higher for light ma te ri als, i. e., pho ton ab sorp tion is
lower in such ma te ri als. Rough es ti ma tion can be
done that for ini tial pho ton en er gies of 100 keV
num ber albedo for wa ter is al most twice higher than
albedo for alu mi num. For lower ini tial pho ton en er -
gies this ra tio rises up to the value of seven. Com par -
ing the num ber albedo for wa ter and iron tar gets, ra -
tio of 20 is found at the ini tial pho ton en ergy of 50
keV and it de creases to the value of 10 for the ini tial
pho ton en ergy of 100 keV. Due to the flu o res cence
ef fect at low pho ton en er gies, this ten dency has sig -
nif i cant ir reg u lar i ties for the iron tar get.

The pho ton num ber albedo val ues cal cu lated
from the sim u la tion re sults ob tained by MCNP-4C,
FOTELP-2K3, and PENELOPE-2005 codes are pre -
sented graph i cally in fig. 2. Com par i sons are shown
for wa ter and alu mi num at the ini tial pho ton en er gies
of 40 keV  and 100 keV while the iron ini tial en ergy of 
40 keV is re placed with the en ergy of 60 keV in or der
to en able better graph i cal pre sen ta tion (the val ues are 
very low for the en ergy of 40 keV). It is ob vi ous that
in the wide en ergy range MCNP-4C and
FOTELP-2K3 re sults are in very good agree ment for
wa ter and alu mi num (max i mal rel a tive dis crep ancy
is bel low 5%), while the agree ment of the re sults for
iron is sat is fac tory (max i mal rel a tive dis crep ancy is
up to 10%). Re gard ing the po lar an gle q, the agree -
ment is better for the pho tons re flected in the di rec -
tion close to the bound ary sur face, i. e., for the po lar
an gle of  q » 90°. How ever, the dis crep an cies of the
re sults ob tained by PENELOPE-2005 code from two
other data sets (MCNP-4C and FOTELP-2K3) are
higher and there is an ev i dent ten dency to flat ten the
an gu lar dis tri bu tion of re flected pho tons. For ex am -
ple, dis crep ancy be tween the PENELOPE-2005 and
MCNP-4C re sults for wa ter is about 30% for the po -
lar an gle of  q = 0°, while the PENELOPE-2005 re -
sults are three times higher than the MCNP-4C re -
sults for the an gle of  q = 85°. It is im por tant to stress
that these dis crep an cies be tween the re sults ob tained
by dif fer ent codes for high val ues of the po lar an gle
do not af fect sig nif i cantly the es ti ma tion of pho ton
re flec tion be cause the num ber of pho tons re flected in
this an gu lar range (around  q = 85°) is ten times lower
than the num ber of pho tons re flected near q = 00. In
the more sig nif i cant range of low an gles the agree -
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Fig ure 1. Num ber albedo – an gu lar dis tri bu tion of  re -
flected pho tons for (a) wa ter, (b) alu mi num, and (c) iron.
Cal cu la tion based on nu mer i cal sim u la tions per formed
by MCNP-4C code



ment of the re sults is much better. The
PENELOPE-2005 re sults are in better agree ment
with the FOTELP-2K3 re sults than with the val ues
ob tained by MCNP-4C code. As the an gu lar dis tri bu -
tion of re flected pho tons cal cu lated by
PENELOPE-2005 code is pretty flat, dis crep an cies
from the re sults of two other codes are higher at the
ends of the po lar an gle range, while in the mid dle of
the po lar an gle range (45° £  q £  65°) there is a good
agree ment be tween all three data sets. Ex actly this
range of po lar an gles is the most im por tant one in ra -
di a tion pro tec tion con sid er ations for pro fes sion als
per form ing med i cal di ag nos tic prac tice and be ing ex -
posed to re flected pho ton ra di a tion.

The val ues for pho ton num ber albedo ob tained by 
MCNP-4C and FOTELP-2K3 codes have been com -
pared with the re sults pub lished by Bulatov and col lab -
o ra tors [17]. In fig. 3 the num ber albedo val ues for the
ini tial pho ton en er gies of 60 keV and 100 keV are
marked by dif fer ent sym bols. These en er gies have been
cho sen for graph i cal pre sen ta tion and com par i son be -
cause the en ergy of 60 keV was the low est ini tial en ergy
used in Bulatov’s sim u la tions of pho ton re flec tion. The
MCNP-4C re sults are in ter po lated and pre sented by the
solid line. The FOTELP-2K3 re sults are bel low the
MCNP-4C re sults for all three ma te ri als and both ini tial
pho ton en er gies, while the ref er ent num ber albedo val -
ues for wa ter and alu mi num are bel low these two data
sets. Bulatov’s re sults for iron are higher than the cor re -
spond ing MCNP-4C and FOTELP-2K3 re sults. The
agree ment be tween the MCNP-4C re sults and the lit er -
a ture data for wa ter and E0 = 60 keV is within 10% and
even lower for the en ergy of 100 keV. For alu mi num it is 
slightly better than for wa ter. The dis crep an cies for iron
at E0 = 60 keV are about 20% and only few per cent for
the ini tial pho ton en ergy of 100 keV. In gen eral, fig. 3
con firms good agree ment be tween the re sults pre sented 
in this pa per and the clas sic lit er a ture re sults of pho ton
re flec tion sim u la tion. Higher dis crep an cies no ticed for
the iron tar get and the ini tial pho ton en ergy of 60 keV
can be ex plained by not so good sta tis tics of Bulatov’s
sim u la tion which was lim ited to only ten thou sand pho -
ton his to ries and a small num ber of de tected pho tons
per one an gu lar-en ergy in ter val. Usu ally, this num ber is
bel low one hun dred and in some in ter vals even bel low
ten. Such un sat is fac tory sta tis tics was prob a bly the
main rea son why the anal y ses in that first com plete
monography of pho ton re flec tion did not cover the ini -
tial pho ton en er gies bel low 60 keV.

CON CLU SION

Sys tem atic cal cu la tion of pho ton num ber albedo
for slab shield ing ma te ri als and per pen dic u lar in ci -
dence of pho tons with the ini tial en er gies up to 100 keV
has shown that the two sets of re sults ob tained from the
re flec tion sim u la tion by MCNP-4C and FOTELP-2K3
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Fig ure 2. Num ber albedo of pho tons for (a) wa ter, (b) alu -
mi num, and (c) iron. Com par i son of the re sults ob tained
by MCNP-4C, FOTELP-2K3, and PENELOPE-2005
codes



codes are in very good mu tual agree ment, as well as in
good agree ment with the ref er ence data sets. The re sults 
of PENELOPE-2005 code have shown the ten dency to
flat ten the an gu lar dis tri bu tion and to have higher dis -
crep an cies from other data sets at the bound aries of the
po lar an gle do main. The cal cu la tions for iron have in di -
cated the anom aly of in creased num ber albedo for the
ini tial pho ton en er gies bel low 40 keV. This phe nom e -
non is caused by pho ton ab sorp tion at the en ergy of
7.112 keV by K shell elec tron in an iron atom and the
con se quent emis sion of flu o res cent ra di a tion of the
same en ergy and high yield.
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BROJNI  ALBEDO  NISKOENERGETSKIH  FOTONA  
ZA  VODU  ALUMINIJUM  I  GVO@\E

U radu je prikazan brojni albedo vode, aluminijuma i gvo`|a za energije incidentnih
fotona od 20 keV do 100 keV. Rezultati su dobijeni na osnovu Monte Karlo simulacija fotonske
refleksije upotrebom programa MCNP-4C, FOTELP-2K3 i PENELOPE-2005. Izra~unate vrednosti
upore|ene su sa klasi~nim podacima objavqenim od strane B. P. Bulatova i wegovih saradnika.
Uo~en je i analiziran uticaj fluorescencije na brojni albedo fotona za metu od gvo`|a i za
energije inicijalnih fotona ispod 40 keV.

Kqu~ne re~i:  refleksija fotona, brojni albedo fotona, Monte Karlo simulacija, voda,
jjjjjjjjjjjjjjjjjjjjjjjjaluminijum, gvo`|e


