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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. Calcu-
lated values for the total number albedo were compared with data previously pub-
lished 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, par-
ticularly 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 radia-
tion in the low-energy domain is of utmost practical in-
terest. However, physical quantities that characterize
photon reflection (differential and integral albedo co-
efficients) 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 en-
ergy steps of 10 keV, are given. The results obtained by
simulation, collected in ten equally wide energy inter-
vals and nine equally wide polar angle intervals, addi-
tionally elaborated, were compared with referent liter-
ature 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, inte-
gral of the previously mentioned quantity over energy,
are presented and analysed. In all simulations, perpen-
dicular incidence of penetrating photons is assumed.

Results presented here were obtained by the
MCNP code [5]. They ilustrate only a part of an exten-
sive research carried out in the last couple of years in
the Vinca Institute of Nuclear Sciences in order to in-
vestigate low-energy photon reflection by analytical
methods and numerical simulations. Some of the re-
sults 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 £ and polar angle 8, hits the boundary
surface of the material and photons are reflected with
different energies FE in different directions described
by the polar angle 8 and azymuthal angle ¢ [6, 9].
Albedo coefficients defined as described are equiva-
lent to the albedo coefficients determined by the nar-
row beam of the directed incident radiation.

The determination of the total number albedo is
based on the Monte Carlo calculation of the double dif-
ferential number albedo coefficient a(£,,0,; E,0,¢).
Actually, simulations provide the difference number
albedo aﬁ (E,,0, )— double integral of the previously
mentioned coefficient

.. 2
al(Ey.00)= [dp [dE [a(E,.0y; E.0,p)sin 0d0
0 AE, A9, (1)

Ineq. (1), indexesj and i refer to the energy and an-
gular intervals used to collect reflected photons. Based
on ay (E,,0,)and the total number albedo definition
[8, 9]

2 Ey n/2
ay(Ey,00)= [do [dE [a(E,0,;E,0,¢)sin 0d0
0 0 0 2)

which represents total probability for photon reflec-
tion from the target material, the following equation
can be written

0 9 .
ay(Ey,00)= ‘21 Zlajj\; (Eo,00) (3)
j=li=

The total number albedo a (£, .0, )enables a
semi-analytical reconstruction of the angular and
energy distributions of the reflected photons from
typical shielding materials by means of the proce-
dure described in ref. [8]. Coefficient ay(E,.0,)
depends of the initial photon energy £ and incident
angle 6, only parametrically. As the results dis-
cussed here refer only to 8, = 0°, parameter 6, is
ommited from the list of arguments by the conven-
tion that ay (E,) = ay (Ey, 8, =0°).

Water shield results

Values of the total number albedo calculated
from the results of Monte Carlo simulations of pho-
ton 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 re-
flected from the half-space water shield are collected
in ten equally wide energy intervals (width of one en-
ergy group is £,/10) and in nine equal intervals of the
polar angle 0, each of them wide 10°. More detailed

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 cal-
culated 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 re-
sults 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 applica-
tions, the relative discrepancy of results for the initial
photon energy of 50 keV is only 1%.

Table 1. Total number albedo for water

Total number albedo
Ey [keV]
MCNP Referent results [2, 4]

20 0.0478 0.050

30 0.128

40 0.209

50 0.273 0.276

60 0.319

70 0.351

80 0.373

90 0.389

100 0.400 0.391
AVERAGE COSINE OF THE
POLAR ANGLE

The average cosine of the polar angle of re-
flected photonscos 8(E | ,0,; E) defined by the differ-
ential spectral albedo a(E, 6,; E, 0) is given by

cosO(E,,0y; E)=
2n w/2
[de [cosOa(E,,0,; E,0,¢)sin 0dO
0 0

- (4)

2 w2
[do [a(E,,04; E,0,¢)sin 0dO
0 0

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

cosO(E,0y;E)=

9 .
>cos0;a(E,,0)

_i=l

9 .
Eaﬁ(Eo :00)

— 1=

9
Zlcos 0,a},(Ey,0)

a\ (Ey 00 F) (5)
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Here, cos 0, denotes the cosine of the value of the
polar angle at the middle of the i-th angular interval. It is
understood that energy £ in the argument of function
cosO(E,,0,; E) belongs to the j-th energy interval.
However, denominators of egs. (4) and (5) actually
present the spectral photon albedo a  (E,0,; E). The
quantitycos 0(E ,0,; £ )denotes energy distribution of
the average cosine of the polar angle for reflected pho-
tons initially directed towards the target surface under
angle 0 ,and with the initial energy of £,,. As for the total
number albedo, when the photon incidence happens at
the right angle (0, = 0°), parameter 6, is ommited from
the function argument and the average cosine of the po-
lar angle can be denoted as cos O(E; E).

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 0of 40 keV, 60 keV, and 100 ke V. Fig-
ure 1 shows the graphical representation of the data from
tab. 2. Histograms of the function cos @(£; £) 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 approxi-
mately 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 distri-
bution shape can be given by simple analysis of the trans-
port 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 90°), (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 scat-
terings.

If the photons are reflected after only one scat-
tering backward, that will be due to scattering at an

Table 2. Average cosine of the polar angle for photons
reflected from water

Ey=40keV Ey=60keV Ey=100 keV
E cosO(Ey; E) £ cosO(Ey; E) 3 cosO(Ey; E)
[keV] 077 [keV] 0"/ [keV] 0.

2.0 0.622 3.0 0.735 5.0 0.661
6.0 0.623 9.0 0.656 15.0 0.704
10.0 0.604 15.0 0.654 25.0 0.697
14.0 0.631 21.0 0.695 35.0 0.691
18.0 0.693 27.0 0.692 45.0 0.685
22.0 0.691 33.0 0.685 55.0 0.669
26.0 0.686 39.0 0.672 65.0 0.644
30.0 0.660 45.0 0.647 75.0 0.707
34.0 0.723 51.0 0.672 85.0 0.311
38.0 0.365 57.0 0.407 95.0 0.402

0.8

cosd (Ey; E)

02 . . . . . ; . . :
0 20 40 60 80 100
Ey ke

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

angle of about 140° 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 8 = 40° with cos 8 = 0.766. This
points to the height of the first peak observed in the
energy distribution of the function cos@(E; E).
Small differences for different initial photon ener-
gies come from the contribution of the photons re-
flected after a small number of scatterings. For the
scattering at 140°, photon energy is reduced for an
amount dependent on the initial energy and will be
reflected by, approximately, the following energies:
for E,=40keV with E=35keV, for £, =60 keV with
E=50keV, and for E, =100 keV with £ =75 keV
[8]. Peaks on the histograms appear exactly at en-
ergy intervals which cover the energies of the re-
flected photons.

If the photons are reflected through two or three
scatterings at sharp angles, they can appear with
outcoming polar angles 6 that are greather than 40°, up
to the value of 90°. Then the values ofcos O(E; £ )are
lower and on the histograms minimums of about 0.37
to 0.41 are observed. Outcoming energies of such pho-
tons 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 en-
ergy.

The majority of reflected photons leave the tar-
get material after more subsequent scatterings in all
directions. Due to this, angular photon distribution
becomes practically isotropic, resulting in the con-
stant value of the function cos 0(£; £). This effect
is more explicit for higher initial photon energies,
when reflection occurs after a considerably greater
number of scatterings.

At the lowest energies, the second peak can be
observed, this being more explicit for the initial en-
ergy 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 photoelec-
tric absorption over the photon scattering process.
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Total average cosine of the polar angle

By averaging function cos 6(E; £ )over energy,
the total average cosine of the polar angle cos (E,)) is
obtained

cosO(E,)=

s

Mo

coséia-]’z(Eo,OO)

.
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|
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cosé,»aﬁ(Eo,Oo)
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(6)
ay(Eq,0)
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For water, this coefficient has values inside the
narrow interval 0.66-0.67 for an initial energy range of
up to 100 keV. These values correspond to the reflec-
tion angle 6 = 48°. It has been confirmed by further
calculations that, for aluminum and iron in the same
range of initial photon energies, maximal discrepan-
cies of the photon reflection angle from the value
given above are 1-2% [8].

CONCLUSION

The main contribution of this paper is the sys-
tematic analysis of low-energy photon reflection from
the water shield, as well as a good agreement between
the results of the Monte Carlo MCNP code and the ref-
erent literature data. Values obtained for total number
albedo coefficients are reliable enough to be used as
baseline data for determining angular and energy dis-

tributions of reflected photons. It has also been dem-
onstrated that photons of initial energies of up to
100 keV which hit the water target at a right angle are
reflected at approximatelly 48°, independently of ini-
tial photon energies. A proper radiation protection
strategy for medical teams performing radiological di-
agnostics can be established on the basis of this.
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Cpuko MAPKOBHWh, Baragan JbYBEHOB, Ponoisyo CUMOBHNH

TOTAJ/IIAH BPOJHU AJBEIO U CPEAILU KOCHUHYC ITOJAPHOI' YIIA
HUCKOEHEPTETCKUX ®OTOHA PE®JIEKTOBAHUX O BOJE

Y paay cy mpuka3zaHu TOTajlaH OpOjHU ajI0eo U CPefbh KOCHHYC MOJIAPHOT yIia 3a BOAY U
npumMapue potone y eneprerckoj obmactu o 20 keV mo 100 keV. [IpeTnocTaBbeHO je fa je BOICHH IITUT y
BHJly Aebelle XOMOT'eHe IUI0YE 1 []a CHOIl MOHOSHEePreTCKuX (hOTOHA yIaja moj IIpaBuM yriioM. Pesynratu
cy nob6ujenn Monrte Kapno cumynanujama ¢otoHcke peduekcuje nomohy MITHIT pauynapckor
nporpama. VMzpauynaTte BpeJHOCTH 3a TOTanaH OpojHH anbeno ynopebene cy ca HajpaHuje 00jaB/beHUM
mofaMa 1 yOUeHO je BUXOBO To0po ciarame. [1ogpo6Ho je mpoyueHa eHepreTcKa 3aBICHOCT CPEeHher
KOCHHYca moyapHor yria ¢porona. Habeno je ma Toranan cpeiilbi KOCHHYC OJIAPHOT YIila Ma BPeJHOCTH
y yckoM uHTepBainy o 0.66 1o 0.67, ueMmy npuGIIKHO ofiroBapa yrao pediekcuje ox 48°, Koju He 3aBUCH Off

novyeTHe eHepruje (poToHa.

Kmwyune peuu: peghaexcuja poitiona, woitianan 6pojuu anb6edo, cpedri KOCUHYC HOAAPHOZ YZAda,
WoManam cpedibll KOCUHYC loaaproz yzaa, Mouitie Kapao cumyaayuja,
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