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This pa per pres ents the re sults of the anal y ses of pho ton re flec tion from pla nar tar gets for
nor mal pho ton in ci dence and for dif fer ent shield ing ma te ri als (wa ter, con crete, alu mi num,
iron, and cop per), in the range of the ini tial pho ton en er gies from 20 keV to 300 keV. Cal cu la -
tions of pho ton re flec tion pa ram e ters based on the re sults of Monte Carlo sim u la tions of the
pho ton trans port have been per formed us ing MCNP4C code. In te gral re flec tion co ef fi cients, 
pre sented as func tions of the ra tio of to tal cross-sec tion of pho tons and ef fec tive atomic num -
ber of tar get ma te rial, show uni ver sal be hav iour for all the ana lysed shield ing ma te ri als in the
se lected en ergy do main.
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IN TRO DUC TION

In te gral num ber and en ergy re flec tion co ef fi -
cients for dif fer ent par ti cles (ions, elec trons, neu trons,
and pho tons) can be pre sented as uni ver sal func tions
within spec i fied ranges of the ini tial en er gies of in ci -
dent par ti cles. As a con se quence, a sin gle func tion can
suc cess fully de scribe re flec tion of one type of par ti -
cles from dif fer ent tar get ma te ri als within the de fined
en ergy range. Num ber of pa pers has been pub lished on 
that topic in the sci en tific lit er a ture over a lon ger pe -
riod of time [1-8]. In this pa per, re flec tion of pho tons
from typ i cal shield ing ma te ri als (wa ter, con crete, alu -
minum, iron, and cop per) for ini tial pho ton en er gies
rang ing from 20 keV to 300 keV, is con sid ered.

In the pre vi ously pub lished pa pers [5, 6] we de -
ter mined the num ber and en ergy albedo co ef fi cients
for sev eral ma te ri als of im por tance for spe cific ap pli -
ca tions of pho ton ra di a tion where albedo prob lems are 
of in ter est. Re sults pre sented there, as well as in this
pa per, cover the in ter val of ini tial pho ton en er gies E0

from 20 keV up to 300 keV. Cal cu lated albedo pa ram e -
ters are valid for nor mal in ci dent beam of pho tons
which tar gets a thick ho mo ge neous slab of a shield ing
ma te rial. The beam is then partly re flected from the

ma te rial while some of the pho tons are ab sorbed by the 
tar geted ma te rial.

The pho ton in te gral re flec tion co ef fi cients
(albedo co ef fi cients) are de ter mined on the ba sis of
Monte Carlo code MCNP4C trans port sim u la tion [9].
The MCNP4C also pro vides de tailed an gu lar and en -
ergy dis tri bu tions of re flected pho tons, with sep a ra -
tion of the con tri bu tions to the to tal re flec tion com ing
from pho tons un der go ing dif fer ent num ber of col li -
sions in the ma te rial.

This “col li sion by col li sion” anal y sis en ables de -
ter mi na tion of the mean num ber of pho ton col li sions
prior to the fi nal pho ton re flec tion, for dif fer ent ma te -
ri als and for dif fer ent ini tial pho ton en er gies. The
mean num ber of pho ton col li sions ap peared to be a
suit able pa ram e ter for the anal y ses of the uni ver sal
char ac ter is tics of the re flec tion phe nom ena [4, 7]. 

In this pa per anal y ses are done us ing the pa ram e -
ter m/Zeff, (where m is the to tal cross-sec tion of pho tons
and Zeff the ef fec tive atomic num ber of tar get ma te -
rial), i. e. the albedo co ef fi cients and the mean num ber
of col li sions are pre sented as func tions of the m/Zeff,
pa ram e ter. We con firmed the uni ver sal be hav iour of
the in te gral re flec tion co ef fi cients when they are pre -
sented as func tion of m/Zeff, which brings all the in di -
vid ual curves for dif fer ent ma te ri als close to one uni -
ver sal curve. An a lyt i cal ex pres sions for the uni ver sal
curves are pro posed.

V. L. Ljubenov, et al.: Pho ton Albedo Co ef fi cients as Func tions of m/Zeff  ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2013, Vol. 28, No. 3, pp. 247-253 247

* Cor re spond ing au thor; e-mail: v.ljubenov@iaea.org



PHO TON RE FLEC TION AS A FUNC TION
OF m/Zeff PARAMETER

In our pre vi ously pub lished pa per [7] it was
shown that it was pos si ble to pres ent the num ber and
en ergy albedo of pho tons as func tions of the mean
num ber of pho ton col li sions in the ma te rial and that
these func tions were uni ver sal for sev eral shield ing
ma te ri als. The mean num ber of pho ton col li sions,
how ever, is not known be fore hand for a given ma te rial 
and ini tial pho ton en ergy and has to be de ter mined by
de tailed and time con sum ing Monte Carlo sim u la tions
“col li sion by col li sion” for each shield ing ma te rial and 
for each ini tial pho ton en ergy, in di vid u ally.

In or der to elim i nate the need of know ing the
mean num ber of col li sions in the anal y ses of the pho -
ton re flec tion, and thus the need for Monte Carlo sim u -
la tions, we made an ef fort to es tab lish re la tions be -
tween the in te gral re flec tion co ef fi cients and some
ba sic pa ram e ters de scrib ing the pho ton trans port in the 
tar get ma te rial, which are al ways well known in ad -
vance. Such pa ram e ters are char ac ter is tics of the in ci -
dent pho ton beam  and the tar get ma te rial: ini tial pho -
ton en ergy E0, ef fec tive atomic num ber of the tar get
ma te rial Zeff and the to tal cross-sec tion for pho ton in -
ter ac tion in the tar get ma te rial m = m(E0).

Val ues of Zeff for dif fer ent ma te ri als ana lysed are 
given in tab. 1, where Zeff for com pounds (wa ter) and
mix tures (con crete) are de ter mined ac cord ing to
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Here, ji is the frac tion of the to tal num ber of
elec trons which be longs to the el e ment i, and Zi is the
atomic num ber of the el e ment i. Such a way of cal cu -
lat ing en ergy in de pend ent Zeff val ues has been used for 
the ap pli ca tions within the en ergy range of X-rays, but
also gives good re sults in our anal y ses in the do main
up to 300 keV. More ro bust model for cal cu lat ing Zeff

is pre sented in ref. [10].

Fig ure 1 pres ents graph i cally the de pend ence of
the pa ram e ter m/Zeff on the ini tial pho ton en ergy E0 for
five dif fer ent tar get ma te ri als. The en ergy de pend ent
val ues for m are taken from ref. [11].

In pre lim i nary analises sev eral pa ram e ters were
pro posed to, rel a tively suc cess fully, pres ent the in te -
gral re flec tion co ef fi cients for dif fer ent shield ing ma -

te ri als in a uni ver sal way. It was de ter mined that the
pa ram e ter m/Zeff, de fined as a ra tio of the to tal
cross-sec tion for pho ton in ter ac tion m and the ef fec tive 
atomic num ber of the tar get ma te rial Zeff, pro vides for
the best group ing of all the graphs for dif fer ent tar get
ma te ri als into one uni ver sal curve, valid for the ana -
lysed pho ton en ergy do main.

Fig ure 2 shows the de pend ence of the mean
num ber of pho ton col li sions n on the pa ram e ter m/Zeff,
for all the ma te ri als con sid ered. The graph shows also
a suit able fit ting func tion, pre sented as a sum of ex po -
nen tial terms. Ta ble 2 gives ab so lute and rel a tive dis -
crep an cies of the val ues de ter mined based on the
Monte Carlo sim u la tions from the cor re spond ing val -
ues of the uni ver sal fit func tion.

The pro posed fit func tion for de ter mi na tion of
the mean num ber of pho ton col li sions n as a func tion
of the pa ram e ter m/Zeff is
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Ta ble 1. Ef fec tive atomic num ber Zeff for the main
shield ing ma te ri als analysed

Material Zeff

Water 7.42

Concrete 12.55

Aluminum 13

Iron 26

Copper 29

Fig ure 1. Ra tio of the to tal cross-sec tion for pho ton
in ter ac tion m and the ef fec tive atomic num ber Zeff as a
func tion of the ini tial pho ton en ergy E0

Fig ure 2. Mean num ber of pho ton col li sions in the
ma te rial be fore the fi nal re flec tion as a func tion of the
pa ram e ter m/Zeff



For all the ma te ri als but wa ter max i mal dis crep -
an cies ex ist at the up per limit of the con sid ered en ergy
range (E0 = 300 keV) and they range from 4.9% for

alu minum to 13.5% for cop per. Most of the val ues de -
ter mined based on the fit func tion for all the ma te ri als
are within 5% of the Monte Carlo val ues. This en ables
re li able re con struc tion of the main num ber of col li -
sions in the en ergy range up to 200 keV, which can
then be ap plied for de ter mi na tion of the to tal num ber
albedo, us ing an a lyt i cal for mu las pro posed in [7].

Fur ther anal y ses showed that the to tal num ber
albedo aN in the do main of ini tial pho ton en er gies up to 
300 keV can suc cess fully be de ter mined di rectly from
the pa ram e ter m/Zeff, with out a need to per form
two-step re con struc tion: m/ .Z n aeff N® ®  Fig ure 3
shows the to tal num ber albedo of pho tons for dif fer ent
ma te ri als, pre sented as a func tion of the pa ram e ter
m/Zeff. Good con flu ence of all the points for dif fer ent
ma te ri als is achieved, so the uni ver sal an a lyt i cal for -
mula can be found by ad e quate fit ting.

An a lyt i cal ex pres sion for the to tal num ber
albedo of pho tons aN, de ter mined by fit ting the re sults
of the nu mer i cal sim u la tions to a sum of ex po nen tial
terms, is
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From fig. 3 it is ob vi ous that the points do not lie
along a com mon curve so well as in the case of the
mean num ber of pho ton col li sion n, so the dis crep an -
cies of the Monte Carlo re sults and the ones the uni ver -
sal curve gives are higher. Ta ble 3 pres ents ab so lute
and rel a tive dis crep an cies of the val ues de ter mined
based on the Monte Carlo sim u la tions from the cor re -
spond ing val ues of the uni ver sal fit func tion.

The pre sented val ues of the ab so lute and rel a tive
dis crep an cies il lus trate that the to tal num ber albedo,
when pre sented as a func tion of m /Zeff, is not sat is fac -
to rily re pro duced over the en tire en ergy do main ana -
lysed, es pe cially for heavier ma te ri als. There are
higher dis crep an cies close to the bor ders of the en ergy
in ter val 20 keV-300 keV. For the en er gies close to the
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Ta ble 2. Ab so lute and rel a tive dis crep an cies be tween the
Monte Carlo and “fit” val ues for the mean num ber of
col li sions

Material E0 [keV] n
Fit – MC*

(Fit – MC) ×100/MC
[%]

Water

20 0.053 4.311

30 0.017 1.066

40 0.064 3.201

50 0.047 2.017

60 –0.029 –1.101

80 –0.140 –4.702

100 –0.221 –6.781

150 –0.265 –7.174

200 –0.151 –3.842

300 0.066 1.524

Concrete

20 –0.013 –1.254

30 –0.017 –1.450

40 –0.016 –1.215

50 –0.068 –4.617

60 –0.096 –5.857

80 –0.063 –3.248

100 –0.035 –1.599

150 0.029 1.098

200 0.119 4.179

300 0.354 11.259

Aluminum

20 –0.007 –0.682

30 –0.003 –0.246

40 0.016 1.257

50 –0.025 –1.754

60 –0.057 –3.641

80 –0.060 –3.257

100 –0.059 –2.842

150 –0.077 –3.098

200 –0.027 –0.986

300 0.148 4.879

Iron

20 0.024 2.377

30 0.019 1.813

40 0.002 0.188

50 –0.017 –1.624

60 –0.026 –2.360

80 0.005 0.431

100 0.024 1.892

150 –0.012 –0.829

200 0.021 1.281

300 0.135 7.040

Copper

20 0.020 1.907

30 0.013 1.242

40 0.004 0.353

50 –0.008 –0.721

60 –0.022 –2.011

80 –0.004 –0.373

100 0.028 2.304

150 0.024 1.768

200 0.064 4.108

300 0.240 13.485

*MC means the Monte Carlo sim u la tion re sults for n

Fig ure 3. To tal num ber albedo of pho ton as a func tion
of m/Zeff



lower limit of the en ergy do main (20 keV) the ab so lute 
val ues of the to tal num ber albedo of pho tons are low,
so that a de duc tion of two small val ues re sults in

higher rel a tive dis crep an cies. For the higher en er gies
the pro posed an a lyt i cal for mula does not re con struct
the “sat u ra tion” of the aN which oc curs for wa ter
above 100 keV and for con crete above 150 keV (fig. 1
in ref. [7]). The fit ting curve an tic i pates a con tin u ous
in crease of the to tal num ber albedo with the in crease
of E0, which cor re sponds to de crease of the pa ram e ter
m/Zeff. This is not the case for wa ter and con crete above 
150 keV, but still the dis crep an cies for these two light
ma te ri als are within 20% and 25%, re spec tively, over
the whole en ergy do main.

In case of met als (alu minum, iron, and cop per),
dis crep an cies above 20% ex ist only in a cou ple of
points close to the bound aries of the en ergy do main
ana lysed. If these points are dis carded, then the val ues
pre dicted by the fit are well within 20% from the
Monte Carlo re sults for all the ma te ri als and for all the
re main ing ini tial pho ton en er gies.

Known dis crep an cies be tween the Monte Carlo
based re sults and the re sults re con structed from the
uni ver sal an a lyt i cal func tion give a pos si bil ity to de -
ter mine the en ergy do mains for which the pro posed
uni ver sal rep re sen ta tion is sat is fac tory and ac cept able
for prac ti cal ap pli ca tions.

NUM BER ALBEDO WITH OUT
CON TRI BU TION OF THE ONCE
SCAT TERED PHO TONS

In  the do main of ini tial pho ton en er gies up to
300 keV, the dom i nant con tri bu tion to the to tal pho ton
re flec tion is com ing from the pho tons back scat tered
one time. For heavy tar gets as iron and cop per, this
com po nent of the to tal re flec tion is the ma jor one in
terms of ab so lute val ues (>50% of the to tal re flec tion), 
while for light ma te ri als as wa ter and con crete, it is the
ma jor one in rel a tive terms (higher than the con tri bu -
tion from pho tons scat tered twice, or three times, etc.).
It is well known that the flux of par ti cles re flected from 
the ma te rial af ter one scat ter ing can be de ter mined ex -
actly by an a lyt i cal means. That led us to the idea to
sub tract this “an a lyt i cal” com po nent from the to tal re -
flected pho ton flux, and to try to de ter mine the in te gral
re flec tion co ef fi cients more pre cisely by fit ting only
the nu mer i cal re sults which cor re spond to the to tal re -
flec tion com po nent com ing from par ti cles scat tered
more than once in the tar get ma te rial. Here we de scribe 
two op tions for pre sent ing the pho ton num ber albedo:
(a) us ing the dif fer ence of the to tal re flec tion and the
re flec tion af ter only one scat ter ing, and (b) us ing the
ra tio of these two com po nents of the re flected pho tons.

Fig ure 4 pres ents the num ber albedo of pho tons
scat tered at least twice, aNtot – aN1, as a func tion of the
pa ram e ter m/Zeff, where aNtot de notes the to tal num ber
albedo (sum of all the pho tons re flected af ter any num -
ber of scatterings in the tar get ma te rial), and aN1 is the
num ber albedo of pho tons re flected af ter only one
scat ter ing.
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Ta ble 3. Absolute and relative discrepancies between the
Monte Carlo and “fit” values for the total number albedo 
aN

Material E0 [keV] aN

Fit – MC*
(Fit – MC) × 100/MC

[%]

Water

20 –0.001 –2.275

30 0.002 1.248

40 –0.003 –1.213

50 –0.023 –8.543

60 –0.044 –13.895

80 –0.066 –17.774

100 –0.072 –18.052

150 –0.053 –12.736

200 –0.020 –4.716

300 0.048 12.037

Concrete

20 0.002 18.760

30 –0.001 –2.927

40 –0.016 –26.016

50 –0.024 –24.736

60 –0.022 –16.474

80 –0.017 –8.536

100 –0.018 –7.430

150 –0.010 –3.266

200 0.011 3.614

300 0.063 20.608

Aluminum

20 0.004 59.267

30 0.006 23.681

40 –0.005 –9.632

50 –0.012 –14.985

60 –0.011 –9.726

80 –0.010 –5.498

100 –0.014 –6.576

150 –0.016 –6.028

200 –0.001 –0.304

300 0.046 15.553

Iron

20 0.012 55.660

30 0.006 57.827

40 0.002 23.230

50 0.002 13.231

60 0.003 21.517

80 0.005 15.652

100 0.001 1.638

150 0.012 15.246

200 0.035 32.265

300 0.069 49.993

Copper

20 0.000 –0.597

30 0.001 4.692

40 0.000 4.097

50 0.000 –0.349

60 0.002 13.230

80 0.007 31.090

100 0.006 19.462

150 0.014 23.429

200 0.043 50.094

300 0.089 79.193

*MC means the Monte Carlo sim u la tion re sults for aN



Af ter fit ting the nu mer i cal val ues, ob tained by
the Monte Carlo sim u la tions, to a sum of ex po nen tial
terms, aNtot – aN1 can an a lyt i cally be pre sented as
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Fig ure 5 pro vides an al ter na tive rep re sen ta tion,
op tion (b), us ing the ra tio aN1/aNtot, which cor re sponds 
to the frac tion of num ber albedo com ing from pho tons
scat tered only once.

It is ev i dent from figs. 4 and 5 that the qual ity of
the fit is better when the ra tio aN1/aNtot is used case (b),
so the anal y sis of the ab so lute and rel a tive dis crep an -
cies, pre sented in tab. 4, is given for the case (b) only.

Fig ure 5 il lus trates that the frac tion of the num ber
albedo, which co mes from the once scat tered pho tons,
is ab so lutely dom i nant for low ini tial pho ton en er gies
(m/Zeff >0.1) and for heavy tar gets (iron and cop per),
while only for lighter ma te ri als (wa ter, con crete, and
alu mi num) and for high ini tial pho ton en er gies its con -
tri bu tion to the to tal re flec tion falls be low 30%.

An a lyt i cal func tion pro posed here for fit ting the
nu mer i cal val ues of the frac tion aN1/aNtot is
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Fig ure 4. Num ber albedo of pho tons scat tered at least
twice

Fig ure 5. Frac tion of the num ber albedo aN1/aNtot as a
func tion of m/Zeff

Ta ble 4. Absolute and relative discrepancies between the
Monte Carlo and “fit” values for the ratio aN/aNtot

Material E0 [keV] aN/aNtot

Fit – MC*
(Fit – MC)×100/MC

[%]

Water

20 0.006 1.049

30 0.010 2.035

40 –0.043 –8.058

50 0.019 4.110

60 –0.033 –6.374

80 –0.004 –0.913

100 0.017 3.723

150 –0.014 –3.212

200 0.036 9.432

300 0.002 0.446

Concrete

20 0.007 0.734

30 0.012 1.326

40 0.010 1.134

50 0.007 0.815

60 0.019 2.249

80 0.016 1.836

100 0.003 0.372

150 0.005 0.590

200 0.006 0.778

300 0.021 2.761

Aluminum

20 –0.024 –2.952

30 –0.002 –0.231

40 0.014 2.098

50 –0.022 –3.106

60 –0.009 –1.338

80 –0.003 –0.533

100 –0.010 1.672

150 –0.036 –5.700

200 –0.044 –6.906

300 0.010 –1.745

Iron

20 –0.009 –0.926

30 –0.013 –1.356

40 –0.004 –0.401

50 –0.010 –1.007

60 –0.002 –0.177

80 –0.004 –0.422

100 0.002 0.166

150 –0.004 –0.454

200 0.000 –0.015

300 0.005 0.486

Copper

20 0.020 5.339

30 0.034 9.914

40 0.016 4.527

50 0.012 3.661

60 0.020 6.344

80 0.015 4.827

100 0.011 4.131

150 –0.013 –4.394

200 –0.006 –2.416

300 –0.044 –18.924

*MC means the re sult for aN/aNtot cal cu lated from Monte Carlo
.sim u la tions
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where the co ef fi cients have the fol low ing val ues: A1 =
=.–0.57405, A2 = 0.96296, x0 = 0.01613, p = 1.15364.

There are not too many points for all the ma te ri -
als and all the ini tial pho ton en er gies where the rel a tive 
dis crep an cies are higher than 5% (3 for wa ter, 2 for
alu mi num and 4 for cop per) and only one point with
dis crep ancy above 10% (cop per for 300 keV). Speak -
ing in the m/Zeff do main, dis card ing cou ple of points at
the do main bound aries, the rel a tive dis crep an cies be -
tween the nu mer i cal val ues and the an a lyt i cal func tion
(5) are ac cept able: for the re gion m/Zeff < 0.1 they are
be low 6%, and for m/Zeff > 0.1 be low 1%.

CON CLU SIONS

Uni ver sal char ac ter is tics of the in te gral pho ton
re flec tion co ef fi cients for nor mal pho ton in ci dence
have been ana lysed in this pa per and the in te gral re -
flec tion co ef fi cients are pre sented as func tion of the
pa ram e ter m/Zeff. This pa ram e ter has been pro posed as
it con tains the quan ti ties de scrib ing the char ac ter is tics
of the tar get ma te rial (m, Zeff) and the in ci dent pho ton
beam (m as a func tion of E0). The pa ram e ter m/Zeff is al -
ways known for any com bi na tion of the tar get ma te rial 
and the in ci dent pho ton en ergy, so it does not re quire
com plex nu mer i cal cal cu la tions to be de ter mined as it
was the case when the main num ber of pho ton col li -
sions was used as a pa ram e ter to de scribe the pho ton
re flec tion co ef fi cients. Five shield ing ma te ri als were
ana lysed in the do main of the in ci dent pho ton en er gies
from 20 keV to 300 keV. By us ing such a pa ram e ter,
we dem on strated the uni ver sal be hav iour of sev eral
in te gral pho ton albedo co ef fi cients, which yields a
pos si bil ity of es tab lish ing an a lyt i cal mod els for
approximative de ter mi na tion of these re flec tion co ef -
fi cients elim i nat ing thus the need for com plex Monte
Carlo sim u la tions of the pho ton trans port. The qual ity
of such mod els and its ap pli ca bil ity for dif fer ent ma te -
ri als and ini tial pho ton en er gies was dis cussed based
on the ab so lute and rel a tive dis crep an cies of the an a -
lyt i cal re sults from the ref er ent Monte Carlo re sults.

AU THOR CONTRIBUTIONS

The se lec tion of ma te ri als and the do main of ini -
tial pho ton en er gies for anal y ses was done by R. D.
Simovi}. Monte Carlo sim u la tions were pre pared, car -
ried out and post-pro cessed by V. L. Ljubenov. The fit -
ting pa ram e ter was pro posed by V. L. Ljubenov, who
per formed the fit ting as well. Both au thors ana lysed
and dis cussed the re sults. The manu script was pre -
pared jointly by both au thors. The fig ures and ta bles
were pre pared by V. L. Ljubenov.
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Vladan Q. QUBENOV,  Rodoqub D. SIMOVI]

ALBEDO  KOEFICIJENTI  FOTONA  KAO  FUNKCIJE  m/Zeff  PARAMETRA

U radu su izlo`eni rezultati analiza refleksije fotona od ravne mete pri upadu fotona 
pod pravim uglom, za razli~ite za{titne materijale (vodu, beton, aluminijum, gvo`|e i bakar) i u
opsegu po~etnih energija fotona od 20 keV do 300  keV. Prora~uni refleksije zasnivaju se na Monte
Karlo simulacijama transporta fotona koje su obavqene programom MCNP4C. Izra~unati
integralni koeficijenti refleksije, prikazani u zavisnosti od pogodno izabranog parametra
m/Zeff, univerzalne su funkcije za tipi~ne za{titne materijale u odabranoj energetskoj oblasti.

Kqu~ne re~i: foton, ukupni ~esti~ni albedo, Monte Karlo simulacija, MCNP pro gram


