44

Nuclear Technology & Radiation Protection –2/2007

TOTAL NUMBER ALBEDO AND AVERAGE COSINE OF
THE POLAR ANGLE OF LOW-ENERGY PHOTONS
REFLECTED FROM WATER
by

Srpko MARKOVI], Vladan LJUBENOV, and Rodoljub SIMOVI]
Received on October 3, 2007; accepted on November 19, 2007

The total number albedo and average cosine of the polar angle for water and initial
photon energy range from 20 keV to 100 keV are presented in this paper. A water
shield in the form of a thick, homogenous plate and perpendicular incidence of the
monoenergetic photon beam are assumed. The results were obtained through Monte
Carlo simulations of photon reflection by means of the MCNP computer code. Calculated values for the total number albedo were compared with data previously published and good agreement was confirmed. The dependence of the average cosine of
the polar angle on energy is studied in detail. It has been found that the total average
cosine of the polar angle has values in the narrow interval of 0.66-0.67, approximately
corresponding to the reflection angle of 48°, and that it does not depend on the initial
photon energy.
Key words: photon reflection, total number albedo, average cosine of polar angle, total average
cosine of polar angle, Monte Carlo simulation, MCNP code, water

INTRODUCTION
Diverse modern applications of radiation, particularly in medical diagnostics and therapy, refer to
thorough investigations of radiation interactions with
matter (nuclear cross-sections, particle transport, and
reflection) for photons in the energy domain bellow
100 keV. Especially in diagnostic radiology, scattered
radiation from the patient’s body is the main source of
the medical team’s exposure [1]. Thus, knowing the
angular and energy distribution of the reflected radiation in the low-energy domain is of utmost practical interest. However, physical quantities that characterize
photon reflection (differential and integral albedo coefficients) are not well known in this energy range, or
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at least, they have not been systhematically covered in
existing literature [2, 3].
In the first part of this paper, values for the total
number albedo obtained by Monte Carlo simulations
of low-energy photon reflection from water, for initial
photon energies from 20 keV to 100 keV in equal energy steps of 10 keV, are given. The results obtained by
simulation, collected in ten equally wide energy intervals and nine equally wide polar angle intervals, additionally elaborated, were compared with referent literature data [2, 4]. In the second part of the paper, for
initial photon energies of 40 keV, 60 keV, and 100 keV,
energy distribution of back-scattered photons from
water described by the average cosine of the reflected
photons’ polar angle and the total average cosine, integral of the previously mentioned quantity over energy,
are presented and analysed. In all simulations, perpendicular incidence of penetrating photons is assumed.
Results presented here were obtained by the
MCNP code [5]. They ilustrate only a part of an extensive research carried out in the last couple of years in
the Vin~a Institute of Nuclear Sciences in order to investigate low-energy photon reflection by analytical
methods and numerical simulations. Some of the results have already been published [6, 7], while a more
comprehensive review will be included into the Ph. D.
thesis of one of the authors of this paper [8].
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TOTAL NUMBER ALBEDO
Functions which characterize photon reflection
are defined under the assumption that a wide beam of
directed monoenergetic radiation, described by the
initial energy E0 and polar angle q0, hits the boundary
surface of the material and photons are reflected with
different energies E in different directions described
by the polar angle q and azymuthal angle j [6, 9].
Albedo coefficients defined as described are equivalent to the albedo coefficients determined by the narrow beam of the directed incident radiation.
The determination of the total number albedo is
based on the Monte Carlo calculation of the double differential number albedo coefficient a( E 0 , q0 ; E , q, j ).
Actually, simulations provide the difference number
albedo a Nji ( E 0 , q0 ) – double integral of the previously
mentioned coefficient

information on the numerical simulations performed,
as well as basic information on the MCNP code, are
given in refs. [5, 6]. The results published in the
Mashkovich's Manuel [2], based on Berger’s and
Raso’s paper [4], are shown in the third column of
tab.1. Very good agreement between the results calculated from the MCNP simulation and literature
data is evident throughout the entire energy range of
up to 100 keV. Thus, regarding photon reflection
from water, discrepancies of our MCNP-based results with the referent ones are less than 5% for the
initial photon energy of 20 keV and around 2% for the
initial energy of 100 keV. In the midle of the energy
interval, the most important one for medical applications, the relative discrepancy of results for the initial
photon energy of 50 keV is only 1%.
Table 1. Total number albedo for water
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In eq. (1), indexes j and i refer to the energy and angular intervals used to collect reflected photons. Based
on a Nji ( E 0 , q0 ) and the total number albedo definition
[8, 9]
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which represents total probability for photon reflection from the target material, the following equation
can be written
10
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a N ( E 0 , q0 ) = å å a Nji ( E 0 , q0 )

Total number albedo

E0 [keV]
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The total number albedo a N ( E 0 , q0 ) enables a
semi-analytical recon struction of the angu lar and
energy distributions of the reflected photons from
typical shielding materials by means of the procedure described in ref. [8]. Coefficient a N ( E 0 , q0 )
depends of the initial photon energy E0 and incident
angle q0 only parametrically. As the results discussed here refer only to q0 = 0°, parameter q0 is
ommited from the list of arguments by the convention that aN (E0) º aN (E0, q0 = 0°).
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AVERAGE COSINE OF THE
POLAR ANGLE
The average cosine of the polar angle of reflected photons cos q( E 0 , q0 ; E ) defined by the differential spectral albedo a(E0, q0; E, q) is given by
cos q( E 0 , q0 ; E ) =
2p

p/ 2

ò dj ò cos qa( E 0 , q0 ; E , q, j )sin qd q
=

0

0
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and can be calculated from the values of the difference
number albedo a Nji ( E 0 , q0 ) determined by Monte
Carlo simulations of photon reflection

Water shield results
Values of the total number albedo calculated
from the results of Monte Carlo simulations of photon reflection from water are presented in the second
column of tab. 1. Energies of incident photons are
chosen in the range of 20 keV to 100 keV. Photons reflected from the half-space water shield are collected
in ten equally wide energy intervals (width of one energy group is E0/10) and in nine equal intervals of the
polar angle q, each of them wide 10o. More detailed
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Here, cos qi denotes the cosine of the value of the
polar angle at the middle of the i-th angular interval. It is
understood that energy E in the argument of function
cos q( E 0 , q0 ; E ) belongs to the j-th energy interval.
However, denominators of eqs. (4) and (5) actually
present the spectral photon albedo a N ( E 0 , q0 ; E ). The
quantity cos q( E 0 , q0 ; E ) denotes energy distribution of
the average cosine of the polar angle for reflected photons initially directed towards the target surface under
angle q0 and with the initial energy of E0. As for the total
number albedo, when the photon incidence happens at
the right angle (q0 = 0°), parameter q0 is ommited from
the function argument and the average cosine of the polar angle can be denoted as cos q( E 0 ; E ).

Figure 1. Energy dependence of the average cosine of the
polar angle for photons reflected from water

Water shield results
The values of the average cosine of the polar angle
for photons reflected from water, presented in tab. 2 have
been obtained from the results of numerical simulations
performed by the MCNP code. In this analysis, a set of
simulation results have been used for initial energies of
the incident photons of 40 keV, 60 keV, and 100 keV. Figure 1 shows the graphical representation of the data from
tab. 2. Histograms of the function cos q( E 0 ; E ) for all
three initial energies have a similar shape: from the left
side of the peak that appears at energies slightly bellow
the initial ones there is a wide energy range with approximately flat distribution and, after that, a second peak in
the distribution can be observed for very low energies.
More detailed explanation of the rather common distribution shape can be given by simple analysis of the transport process that causes the reflection of the photons
from the target material.
Photons that hit the target surface at a right angle
can be reflected after (a) only one scattering backward
(scattering at an angle greather than 90o), (b) a small
number of scatterings – several scatterings with a
small angle deflection forward related to the initial
photon direction, and (c) a larger number of scatterings.
If the photons are reflected after only one scattering backward, that will be due to scattering at an
Table 2. Average cosine of the polar angle for photons
reflected from water
E0 = 40 keV

E0 = 60 keV

E0 = 100 keV

E
cos q(E0; E ) E cos q(E0; E ) E cos q(E0; E )
[keV]
[keV]
[keV]
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

angle of about 140o on average, independently of
the initial photon energy in the energy range up to
100 keV [8]. The corresponding polar angle for such
photon reflection is q = 40° with cos q = 0.766. This
points to the height of the first peak observed in the
energy distribution of the function cos q( E 0 ; E ).
Small differences for different initial photon energies come from the contribution of the photons reflected after a small number of scatterings. For the
scattering at 140 o, photon energy is reduced for an
amount dependent on the initial energy and will be
reflected by, approximately, the following energies:
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 histograms appear exactly at energy intervals which cover the energies of the reflected photons.
If the photons are reflected through two or three
scatterings at sharp angles, they can appear with
outcoming polar angles q that are greather than 40o, up
to the value of 90o. Then the values of cos q( E 0 ; E ) are
lower and on the histograms minimums of about 0.37
to 0.41 are observed. Outcoming energies of such photons are usually higher than the energies of the photons
reflected by one backscatter [8]; thus, the minimum in
the distribution appears closer to the initial photon energy.
The majority of reflected photons leave the target material after more subsequent scatterings in all
directions. Due to this, angular photon distribution
becomes practically isotropic, resulting in the constant value of the function cos q( E 0 ; E ). This effect
is more explicit for higher initial photon energies,
when reflection occurs after a consid erably greater
number of scatterings.
At the lowest energies, the second peak can be
observed, this being more explicit for the initial energy of 60 keV and not so obvious for that of
100 keV. For low initial energies (case 40 keV), the
peak is absent due to the domination of photoelectric absorption over the photon scattering process.
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Total average cosine of the polar angle
By averaging function cos q( E 0 ; E ) over energy,
the total average cosine of the polar angle cos q( E 0 ) is
obtained
cos q( E 0 ) =
10

9
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tributions of reflected photons. It has also been demonstrated that photons of initial energies of up to
100 keV which hit the water target at a right angle are
reflected at approximatelly 48o, independently of initial photon energies. A proper radiation protection
strategy for medical teams performing radiological diagnostics can be established on the basis of this.
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Srpko MARKOVI], Vladan QUBENOV, Rodoqub SIMOVI]
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

