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The to tal num ber albedo and av er age co sine of the po lar an gle for wa ter and ini tial
pho ton en ergy range from 20 keV to 100 keV are pre sented in this pa per. A wa ter
shield in the form of a thick, ho mog e nous plate and per pen dic u lar in ci dence of the
monoenergetic pho ton beam are as sumed. The re sults were ob tained through Monte
Carlo sim u la tions of pho ton re flec tion by means of the MCNP com puter code. Cal cu -
lated val ues for the to tal num ber albedo were com pared with data pre vi ously pub -
lished and good agree ment was con firmed. The de pend ence of the av er age co sine of
the po lar an gle on en ergy is stud ied in de tail. It has been found that the to tal av er age
co sine of the po lar an gle has val ues in the nar row in ter val of 0.66-0.67, ap prox i mately
cor re spond ing to the re flec tion an gle of 48°, and that it does not de pend on the ini tial
pho ton en ergy.
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IN TRO DUC TION

Di verse mod ern ap pli ca tions of ra di a tion, par -
tic u larly in med i cal di ag nos tics and ther apy, re fer to
thor ough in ves ti ga tions of ra di a tion in ter ac tions with
mat ter (nu clear cross-sec tions, par ti cle trans port, and
re flec tion) for pho tons in the en ergy do main bel low
100 keV. Es pe cially in di ag nos tic ra di ol ogy, scat tered
ra di a tion from the pa tient’s body is the main source of
the med i cal team’s ex po sure [1]. Thus, know ing the
an gu lar and en ergy dis tri bu tion of the re flected ra di a -
tion in the low-en ergy do main is of ut most prac ti cal in -
ter est. How ever, phys i cal quan ti ties that char ac ter ize
pho ton re flec tion (dif fer en tial and in te gral albedo co -
ef fi cients) are not well known in this en ergy range, or

at least, they have not been systhematically cov ered in
ex ist ing lit er a ture [2, 3].

In the first part of this pa per, val ues for the to tal
num ber albedo ob tained by Monte Carlo sim u la tions
of low-en ergy pho ton re flec tion from wa ter, for ini tial
pho ton en er gies from 20 keV to 100 keV in equal en -
ergy steps of 10 keV, are given. The re sults ob tained by 
sim u la tion, col lected in ten equally wide en ergy in ter -
vals and nine equally wide po lar an gle in ter vals, ad di -
tion ally elab o rated, were com pared with ref er ent lit er -
a ture data [2, 4]. In the sec ond part of the pa per, for
ini tial pho ton en er gies of 40 keV, 60 keV, and 100 keV,
energy dis tri bu tion of back-scat tered pho tons from
wa ter de scribed by the av er age co sine of the re flected
pho tons’ po lar an gle and the to tal av er age co sine, in te -
gral of the pre vi ously men tioned quan tity over en ergy,
are pre sented and ana lysed. In all sim u la tions, per pen -
dic u lar in ci dence of pen e trat ing pho tons is as sumed.

Re sults pre sented here were ob tained by the
MCNP code [5]. They ilustrate only a part of an  ex ten -
sive re search car ried out in the last cou ple of years in
the Vin~a In sti tute of Nu clear Sci ences in or der to in -
ves ti gate low-en ergy pho ton re flec tion by an a lyt i cal
meth ods and nu mer i cal sim u la tions. Some of the re -
sults have al ready been pub lished [6, 7], while a more
com pre hen sive re view will be in cluded into the Ph. D.
the sis of one of the au thors of this pa per [8].
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TO TAL NUM BER ALBEDO

Func tions which char ac ter ize pho ton re flec tion
are de fined un der the as sump tion that a wide beam of
di rected monoenergetic ra di a tion, de scribed by the
ini tial en ergy E0 and po lar an gle q0, hits the bound ary
sur face of the ma te rial and pho tons are re flected with
dif fer ent en er gies  E in dif fer ent di rec tions de scribed
by the po lar an gle q and azymuthal an gle j [6, 9].
Albedo co ef fi cients de fined as de scribed are equiv a -
lent to the albedo co ef fi cients de ter mined by the nar -
row beam of the di rected in ci dent ra di a tion.

The de ter mi na tion of the to tal num ber albedo is
based on the Monte Carlo cal cu la tion of the dou ble dif -
fer en tial num ber albedo co ef fi cient a E E( , ; , , )0 0q q j .
Ac tu ally, sim u la tions pro vide the dif fer ence num ber
albedo a E

N
ji ( , )0 0q  – dou ble in te gral of the pre vi ously

men tioned co ef fi cient

a E E a E E
N
ji

j i

( , ) ( , ; , , )sin0 0
0

2

0 0q j q q j q q
p

q

= ò ò òd d d
D DE (1)

In eq. (1), in dexes j and i re fer to the en ergy and an -
gu lar in ter vals used to col lect re flected pho tons. Based
on a E

N
ji ( , )0 0q  and the to tal num ber albedo def i ni tion

[8, 9]
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which rep re sents to tal prob a bil ity for pho ton re flec -
tion from the tar get ma te rial, the fol low ing equa tion
can be writ ten
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The to tal num ber albedo a EN ( , )0 0q  en ables a
semi-an a lyt i cal re con struc tion of the an gu lar and
en ergy dis tri bu tions of the re flected pho tons from
typ i cal shield ing ma te ri als by means of the pro ce -
dure de scribed in ref. [8]. Co ef fi cient a EN ( , )0 0q
de pends of the ini tial pho ton en ergy E0 and in ci dent
an gle q0 only parametrically. As the re sults dis -
cussed here re fer only to q0 = 0°, pa ram e ter q0 is
ommited from the list of ar gu ments by the con ven -
tion that aN (E0) º aN (E0, q0 = 0°).

Wa ter shield re sults

Val ues of the to tal num ber albedo cal cu lated
from the re sults of Monte Carlo sim u la tions of pho -
ton re flec tion from wa ter are pre sented in the sec ond
col umn of tab. 1. En er gies of  in ci dent pho tons are
cho sen in the range of 20 keV  to 100 keV. Pho tons re -
flected from the half-space wa ter shield are col lected
in ten equally wide en ergy in ter vals (width of one en -
ergy group is E0/10) and in nine equal in ter vals of the
po lar an gle q, each of them wide 10o. More de tailed

in for ma tion on the nu mer i cal sim u la tions per formed, 
as well as ba sic in for ma tion on the MCNP code, are
given in refs. [5, 6]. The re sults pub lished in the
Mashkovich's Manuel [2], based on Berger’s and
Raso’s pa per [4], are shown in the third col umn of
tab.1. Very good agree ment be tween the re sults cal -
cu lated from the MCNP sim u la tion and lit er a ture
data is ev i dent throughout the en tire en ergy range of
up to 100 keV. Thus, re gard ing pho ton re flec tion
from wa ter, dis crep an cies of our MCNP-based re -
sults with the ref er ent ones are less than 5% for the
ini tial pho ton en ergy of 20 keV and around 2% for the 
ini tial en ergy of 100 keV. In the midle of the en ergy
in ter val, the most im por tant one for med i cal ap pli ca -
tions, the rel a tive dis crep ancy of re sults for the ini tial
pho ton en ergy of 50 keV is only 1%.

AV ER AGE CO SINE OF THE
PO LAR AN GLE

The av er age co sine of the po lar an gle of re -
flected pho tons cos ( , ; )q qE E0 0   de fined by the dif fer -
en tial spec tral albedo a(E0, q0; E, q) is given by
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and can be cal cu lated from the val ues of the dif fer ence
num ber albedo a E

N
ji ( , )0 0q  de ter mined by Monte

Carlo sim u la tions of pho ton re flec tion
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Ta ble 1. To tal num ber albedo for water

E0 [keV]
Total number albedo

MCNP Referent results [2, 4]

20
30
40
50
60
70
80
90

100

0.0478
0.128
0.209
0.273
0.319
0.351
0.373
0.389
0.400

0.050

0.276

0.391



Here,  cos qi  de notes the co sine of the value of the
po lar an gle at the mid dle of the i-th an gu lar in ter val. It is
un der stood that en ergy E  in the ar gu ment of func tion 
cos ( , ; )q qE E0 0  be longs to the j-th en ergy in ter val.
How ever, de nom i na tors of eqs. (4) and (5) ac tu ally
pres ent the spec tral pho ton albedo a E EN ( , ; )0 0q . The
quan tity cos ( , ; )q qE E0 0  de notes en ergy dis tri bu tion of 
the av er age co sine of the po lar an gle for re flected pho -
tons ini tially di rected to wards the tar get sur face un der
an gle q0 and with the ini tial en ergy of E0. As for the to tal 
num ber albedo, when the pho ton in ci dence hap pens at
the right an gle (q0 = 0°), pa ram e ter q0 is ommited from
the func tion ar gu ment and the av er age co sine of the po -
lar an gle can be de noted as cos ( ; )q E E0 .

Wa ter shield re sults

The val ues of the av er age co sine of the po lar an gle
for pho tons re flected from wa ter, pre sented in tab. 2 have
been ob tained from the re sults of nu mer i cal sim u la tions
per formed by the MCNP code. In this anal y sis, a set of
sim u la tion re sults have been used for ini tial en er gies of
the in ci dent pho tons of 40 keV, 60 keV, and 100 keV. Fig -
ure 1 shows the graph i cal rep re sen ta tion of the data from
tab. 2. His to grams of the func tion cos ( ; )q E E0   for all
three ini tial en er gies have a sim i lar shape: from the left
side of the peak that ap pears at  en er gies slightly bel low
the ini tial ones there is a wide en ergy range with ap prox i -
mately flat dis tri bu tion and, af ter that, a sec ond peak in
the dis tri bu tion can be ob served for very low en er gies.
More de tailed ex pla na tion of the rather com mon dis tri -
bu tion shape can be given by sim ple anal y sis of the trans -
port pro cess that causes the re flec tion of the pho tons
from the tar get ma te rial.

Pho tons that hit the tar get sur face at a right an gle
can be re flected af ter (a) only one scat ter ing back ward
(scat ter ing at an an gle greather than 90o), (b) a small
num ber of scatterings – sev eral scatterings with a
small an gle de flec tion for ward re lated to the ini tial
pho ton di rec tion, and (c) a larger num ber of scat-
terings.

If the pho tons are re flected af ter only one scat -
ter ing back ward, that will be due to scat ter ing at an

an gle of about 140o on av er age, in de pend ently of
the ini tial pho ton en ergy in the en ergy range up to
100 keV [8]. The cor re spond ing po lar an gle for such 
pho ton re flec tion is q = 40° with cos q = 0.766. This
points to the height of the first peak ob served in the
en ergy dis tri bu tion of the func tion cos ( ; )q E E0 .
Small dif fer ences for dif fer ent ini tial pho ton en er -
gies come from the con tri bu tion of the pho tons re -
flected af ter a small num ber of scatterings. For the
scat ter ing at 140o, pho ton en ergy is re duced for an
amount de pend ent on the ini tial en ergy and will be
re flected by, ap prox i mately, the fol low ing en er gies:
for E0 = 40 keV with E = 35 keV, for E0 = 60 keV with 
E = 50 keV, and for E0 = 100 keV with E = 75 keV
[8]. Peaks on the his to grams ap pear exactly at en -
ergy in ter vals which cover the en er gies of the re -
flected pho tons.

If the pho tons are re flected through two or three
scatterings at sharp an gles, they can ap pear with
outcoming po lar an gles q that are greather than 40o, up
to the value of 90o. Then the val ues of cos ( ; )q E E0  are
lower and on the his to grams min i mums of about 0.37
to 0.41 are ob served. Outcoming en er gies of such pho -
tons are usu ally higher than the en er gies of the pho tons 
re flected by one back scat ter [8]; thus, the min i mum in
the dis tri bu tion ap pears closer to the ini tial pho ton en -
ergy.

The ma jor ity of re flected pho tons leave the tar -
get ma te rial af ter more sub se quent scatterings in all
di rec tions. Due to this, an gu lar pho ton dis tri bu tion
be comes prac ti cally iso tro pic,  re sult ing in the con -
stant value of the func tion  cos ( ; )q E E0 . This ef fect
is more ex plicit for higher ini tial pho ton en er gies,
when re flec tion oc curs af ter a con sid er ably greater
num ber of scatterings.

At the low est en er gies, the sec ond peak can be
ob served, this be ing more ex plicit for the ini tial en -
ergy of 60 keV and not so ob vi ous for that of
100 keV. For low ini tial en er gies (case 40 keV), the
peak is ab sent due to the dom i na tion of pho to elec -
tric ab sorp tion over the pho ton scat ter ing pro cess.
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Fig ure 1. En ergy de pend ence of the av er age co sine of the
po lar an gle for pho tons re flected from wa ter

Ta ble 2. Av er age co sine of the po lar an gle for pho tons
re flected from wa ter

E0 = 40 keV E0 = 60 keV E0 = 100 keV

E
[keV]

cos ( ; )q E E0
E

 [keV]
cos ( ; )q E E0

E
[keV]

cos ( ; )q E E0

2.0
6.0

10.0
14.0
18.0
22.0
26.0
30.0
34.0
38.0

0.622
0.623
0.604
0.631
0.693
0.691
0.686
0.660
0.723
0.365

3.0
9.0
15.0
21.0
27.0
33.0
39.0
45.0
51.0
57.0

0.735
0.656
0.654
0.695
0.692
0.685
0.672
0.647
0.672
0.407

5.0
15.0
25.0
35.0
45.0
55.0
65.0
75.0
85.0
95.0

0.661
0.704
0.697
0.691
0.685
0.669
0.644
0.707
0.311
0.402



To tal av er age co sine of the po lar an gle

By av er ag ing func tion  cos ( ; )q E E0  over en ergy, 
the to tal av er age co sine of the po lar an gle  cos ( )q E0  is
ob tained
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For wa ter, this co ef fi cient has val ues in side the
nar row in ter val 0.66-0.67 for an ini tial en ergy range of 
up to 100 keV. These val ues cor re spond to the re flec -
tion an gle q » 48°. It has been con firmed by fur ther
cal cu la tions that, for alu minum and iron in the same
range of ini tial pho ton en er gies, max i mal dis crep an -
cies of the pho ton re flec tion an gle from the value
given above are 1-2% [8].

CON CLU SION

The main con tri bu tion of this pa per is the sys -
tem atic anal y sis of low-en ergy pho ton re flec tion from
the wa ter shield, as well as a good agree ment be tween
the re sults of the Monte Carlo MCNP code and the ref -
er ent lit er a ture data. Val ues ob tained for to tal num ber
albedo co ef fi cients are re li able enough to be used as
base line data for de ter min ing an gu lar and en ergy dis -

tri bu tions of re flected pho tons. It has also been dem -
on strated that pho tons of ini tial en er gies of up to
100 keV which hit the wa ter tar get at a right an gle are
re flected at approximatelly 48o, in de pend ently of ini -
tial pho ton en er gies. A proper ra di a tion pro tec tion
strat egy for med i cal teams per form ing ra dio log i cal di -
ag nos tics can be es tab lished on the ba sis of this.
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TOTALAN  BROJNI  ALBEDO  I  SREDWI  KOSINUS  POLARNOG  UGLA
NISKOENERGETSKIH  FOTONA  REFLEKTOVANIH  OD  VODE

U radu su prikazani totalan brojni albedo i sredwi kosinus polarnog ugla za vodu i
primarne fotone u energetskoj oblasti od 20 keV do 100 keV. Pretpostavqeno je da je vodeni {tit u
vidu debele homogene plo~e i da snop monoenergetskih fotona upada pod pravim uglom. Rezultati
su dobijeni Monte Karlo simulacijama fotonske refleksije pomo}u MCNP ra~unarskog
programa. Izra~unate vrednosti za totalan brojni albedo upore|ene su sa najranije objavqenim
podacima i uo~eno je wihovo dobro slagawe. Podrobno je prou~ena energetska zavisnost sredweg
kosinusa polarnog ugla fotona. Na|eno je da totalan sredwi kosinus polarnog ugla ima vrednosti
u uskom intervalu od 0.66 do 0.67, ~emu pribli`no odgovara ugao refleksije od 48o, koji ne zavisi od
po~etne energije fotona.

Kqu~ne re~i: refleksija fotona, totalan brojni albedo, sredwi kosinus polarnog ugla,
jjjjjjjjjjjjjjjjjjjjjjjtotalan sredwi kosinus polarnog ugla, Monte Karlo simulacija,
                         MCNP program, voda


