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Low-energy photon reflection from water, aluminium, and iron is simulated by the
MCNP code and results are compared with similar Monte Carlo calculations. For the
energy range from 60 to 150 keV and for the normal incidence of initial photons, a
universal shape of the normalized angular differential number albedo is observed and
after that fitted by the curve fitting procedure in form of a second order polynomial
over the polar angle. Finally, a one-parametar formula for the angular differential
number albedo is developed and verified for water through the comparison of results
with the semiempirical formulae and Monte Carlo calculations of other authors.
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INTRODUCTION

It has already been pointed out in radiation
protection literature that X-ray diagnostic tech-
niques irradiate the global population by more than
90% and that, from the point of view of radiation
protection, there is plenty of room for a significant
collective dose reduction in medical diagnostics. In
order to establish a qualified estimation of individ-
ual and collective exposures and adequate radiation
protection measures, there is a constant need for a
good knowledge of the space, angle and energy dis-
tribution of reflected radiation. Apart from experi-
mental investigations in this field, at least some of
these studies are theoretical by nature, mostly those
concerning the problem of low-energy photon re-
flection [1, 2].

In the past half'a century, the interest of the sci-
entific community has been mainly focused on the
high energy domain of neutron and photon radia-
tion in close agreement with the typical energy re-
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gions of radiation from nuclear power plants, differ-
ent experimental nuclear facilities and facilities
designated for specific military purposes. There-
tore, the high energy domain has been the prime
subject of analysis in a number of monographs
[3-5], and earlier scientific papers [6, 7]. Interest in
the photon energy domain below or around 100
keV may be regarded as a reliable sign of huge prog-
ress in nuclear medical practice. In theoretical stud-
ies, the Compton scattering for photons with ener-
gies below 100 keV may be treated with some
simplification, for instance, in the Thomspon form
which allows the determination of reflected pho-
tons or photon albedo coefficients by analytical or
semianalytical methods [8, 9]. In this manner, it was
possible to determine differential or integral albedo
coefticients by means of simple analytical functions.
Moreover, some helpful redefinitions in the realm
of theoretical studies of albedo coefticients were
taken into account [10, 11].

In this paper, we propose a new semiempirical
expression for the determination of the angular dif-
terential number albedo for low-energy photons.
Instead of following a common albedo concept
based on the combination of photon single scatter-
ing and multiple scattering components which
leads to the two-parameter formula, we make use of
the advantage that the normalized angular differen-
tial number albedo is a universal function for water,
aluminium, and iron in the energy range from 60 to
150 keV; and derive an one-parameter analytical for-
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mula. Aside from simplifying application, the val-
ues calculated by this expression are also in very
good agreement with the Monte Carlo simulation
data.

PHOTON NUMBER ALBEDO

The photon albedo denotes the ratio of the
flow rate of photons emitted from a small portion of
the surface to the flow rate of the primary photons
incident upon that surface [5, 12]; in this way; it ar-
ticulates the reflecting features of a surface. It is ob-
vious that reflection does not strictly suppose
merely the surface scattering of photons, but pre-
sumes, primarily, photon penetration through the
material and its interactions with nuclei and elec-
trons. Instead of the exact deterministic or stochas-
tic treatments of photon transport and reflection
which comprise the spatial, energy and angular dis-
tribution of initial and backscattered photons, as
well as the structural characteristics and geometry of
the reflecting material, as a simplified technique, the
albedo method is based on some quite correct as-
sumptions:

— the distance between points of photon entry and
photon emergence is neglected. This is an accept-
able simplification for radiation shields with di-
mensions greater then a few mean free paths and
for incident photons with a more or less constant
intensity in lateral directions,

— reflecting materials are plane, homogeneous and
infinite in thickness and laterally, i. e., they can be
geometrically modeled as a half-space. If the fi-
nite thickness of the reflector is greater then two
mean free paths, this assumption is fully ade-
quate, and

— air-scattering may be neglected.

Basic definitions

The photon albedo is defined on the premise
that a broad beam of parallel and monoenergetic
initial photons, characterized by energy £ and po-
lar angle 0, impinge the boundary surface of the
material, and that the reflected photons emerge
from the surface with energy E, and direction de-
tined by the polar angles 6 and the azimuthal angle
@. Here, the incident polar angle 6, is measured in
agreement to the surface inward normal, while the
exit polar angle 6 is determined with respect to the
outward normal. As for the value of the photon
albedo, there is full equivalence between the two
similar monoenergetic reflection problems: one in-
duced by a broad parallel beam of the initial pho-
tons and the other produced by the initial
monodirectional beam.

The double angular-energy differential num-
ber albedo is given as a ratio between photon num-
ber flow rates

J,(E,0,
ay (Ey,00; E, 0, 9) =¥ =
0

_ cosOD (E,0,¢) (1)
cosf,d,

Ineq. (1),Jy and J; stand for the incident and
outgoing flow rates, while @, and @, denote the
fluxes of the incident and reflected photons.

The angular differential number albedo is de-
tined as an integral of ay(Ey,00;E, 0,9) over all en-
ergies

Ey
ay (Ey, 0,0, ) = IaN (Ey,00; E,0,0)dE (2)
0

Similarly, the total number albedo ay (E,6,)
is defined as an integral of the angular difterential
numberalbedoay (E,0; 6,¢)overall reflected di-
rections

2n w2
ay(Ey,00)=[dp [ay(Eg,00;0,0)sin0d0  (3)
00

In the case of initial photon normal incidence,
0y = 0°, albedo values do not depend on the azi-
muthal angle ¢, i e., the reflected photons are
azimuthally independent. However, albedo values
rely on the polar variable, initial photon energy and
the physical nature of the reflector.

Calculation of the photon albedo
by the Monte Carlo method

In order to analyse the photon albedo problem
and establish a new expression for the angular differ-
ential number albedo, we have computed the double
angular-energy differential photon albedo of a ho-
mogeneous semi-infinite medium separated from
the void by a plane surface. We have considered wa-
ter, aluminium, and iron materials and have applied
the Monte Carlo simulation. The MCNP-4C code
[13] is used with the standard photon nuclear data li-
brary MCPLIB2. The data for the reflected photons
are collected in 9 angular and up to 20 energy groups
for perpendicularly injected photons of the initial en-
ergy in the range from 40 to 1000 keV. Simulations
have been realized with 103 or 10° photon histories,
resulting in a statistical uncertainty of less than 1%
for the total number albedo coefficient and less than
10% for each angular-energy interval. The number
of energy groups for each simulation was chosen ac-
cording to the initial photon energy; in order to en-
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sure the required statistical uncertainity of the results.
Here, we demonstrate a portion of the results con-
cerning the angular differential number albedo and
the total number albedo.

The angular differential number albedo for
the three materials and perpendicularly injected
photons of 60 keV initial energy is shown in fig.1.
Our results (solid symbols) are compared with the
Monte Carlo calculations of other authors (open
symbols) [3]. For water and aluminium, the agree-
ment between the two Monte Carlo simulations is
satisfactory, with a relative difference of around
10%, while the discrepancy for the iron material has
proven to be greater (the relative difference being
about 20%). This inconsistency should mainly be
attributed to the uneven angular-energy intervals of
the compared simulations and the modest statistics
of the Monte Carlo techniques in [3].

For the same materials in the energy range of
20 keV up to 1000 keV, the total number albedo
ay(Ey,0y) is shown in fig. 2. Again, our results are
presented by solid symbols, while the open symbols
stand for water and iron data of the other authors [4].
The agreement between our simulations and the ref-
erence data is almost perfect. For example, in the case
of water, the relative discrepancy of the results is
around 2% for energies below 200 keV, and a few per
mille for photon energies between 200 keV and
1000 keV. A similar conclusion is valid for iron, but
with a slightly weaker congruence of results than for
water.

A SEMIEMPIRICAL FORMULA
FOR THE PHOTON ALBEDO

In order to derive a simple analytic expression
tor approximating the numerical values of the angular
differential number albedo, we have to use the precise
numerical data of the backscattered radiation for se-
lected materials and specified energy ranges. For this
purpose, we have applied only a part of our MCNP
simulation data for water, aluminium, and iron mate-
rials, as well as a part from a more comprehensive set
of data for the same materials acquired by the Monte
Carlo simulation and for the three initial photon ener-
gies: 60 keV, 100 keV, and 150 keV [4]. Moreover, we
have reduced our analysis to the case of normal inci-
dence 0y = 0°).

In fig. 3, the angular differential number
albedo is presented in the form of full and dashed
lines so as to emphasize the shape of the angular de-
pendence of these functions. One can note a strong
dependence of the angular differential number
albedo on the type of material and initial photon en-
ergy. As a consequence of this common tendency,
the semiempirical formulae previously obtained by
fitting the corresponding set of albedo data [3-5, 7,
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Figure 1. Angular differential number albedo of wa-
ter, aluminium, and iron for photon initial energy of
60 keV. Comparison of our Monte Carlo results
(solid simbols) with the Monte Carlo simulations in
[3] (open simbols)
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Figure 2. Total number albedo of water, aluminium
and iron for photon initial energies from 20 keV to
1000 keV

12], have suftered from the large numbers of energy
and material dependent fitting parameters.
Therefore, we propose a more simplified tech-
nique based on the universal form of the normalized
albedo function, instead of the albedo function it-

self.
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Figure 3. Angular differential number albedo of wa-
ter, aluminium, and iron for photon initial energies of
60 keV, 100 keV, and 150 keV [3]

The normalized angular differential
number albedo

If the data on the angular differential num-
ber albedo obtained by the Monte Carlo simula-
tions are normalized to the unit value of the pho-
tons reflected perpendicularly backward, which
corresponds to the zero value of the polar angle
(69 = 0°), albedo functions assume an almost uni-
versal form. For example, the three distinct curves
describing photon reflection from water (previ-
ously, fig. 3), coalesce almost entirely, if drawn in
the normalized form (fig. 4). Except for the polar
angle 0 = 90°, when the differential angular num-
ber albedo has the lowest values anyway, the dif-
terences between the curves in fig. 4 are around
1-2%, or less.

Similarly, the normalized angular differential
number albedo for all three materials studied here,
and for the same initial photon energy of 60 keV,
are presented in fig. 5. In contrast to the empha-
sized differences between the three corresponding
curves in fig. 3, it is, once again, evident that the
three curves in fig. 5 are very close to each other.
However, as the albedo value is predominately in-
fluenced by the structure of relevant materials, the
relative differences among the curves are more pro-
nounced than in fig. 4. If one takes the normalized
angular differential number albedo of aluminium
as an acceptable reference value, the relative differ-
ences of water data fall within 3% and the data for
iron within the interval of 6%.
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Figure 4. Normalized angular differential number
albedo of water for photon initial energies of 60 keV,
100 keV, and 150 keV
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Figure 5. Normalized angular differential number
albedo of water, aluminium, and iron for photon ini-
tial energy of 60 keV

In addition, it has been verified that the rela-
tive differences of normalized albedo functions for
water, aluminium, and iron do not change essen-
tially within the range of selected initial photon en-
ergies. Therefore, the same universal form of a nor-
malized function may be proposed for all three
materials and energy ranges from 60 to 150 keV.
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Formula for the angular differential
number albedo

Supposing the universal form of the normal-
ized angular differential number albedo for the per-
pendicular incidence of the initial photons, we can
expressay (E,,0, = 0°;0)as a product of two func-
tions with the energy variable £ separated from the
angular variable 6

ay (Ey,0,=0%0)=A(E;)f(0) (4)

Here, we assume that the angular component
£(0) 1s a polynomial of the second order over 6

2 k
f(0)=2>a,0 (5)
k=0

In eq. (5), the polar variable 0 is measured in
radians and coefficients a; have the values of
ap=1.0072 , a;= -0.059532 and a,= —0.38169.
These coefticients are determined by dealing with
the normalized Monte Carlo simulation data for
aluminium, and 100 keV initial photons [3], while
applying the least square curve fitting procedure.

From egs. (3) and (4), it is easy to derive the
energy dependent coefficient 4 (E() by using the to-
tal number albedo ay, (E,0, = 0°)

A(E,) = ay (Ey,0,=0") _
"7 on lag+a, +(n-2)a,]

:aN(EO’Q():OO) (6)
3.2165
In tab. 1, for photon energies of 60 keV up to
200 keV, regarding all three materials, the numerical
values of the total number albedo ay (E,,0,=0°)
determined by the MCNDP-4C code are given, as well
as the calculated coefficients A(E).

Comparison of results

We compare our result, egs. (4-6), with some
semiempirical expressions already well known [3,

4]. These expressions are derived assuming that the
photon reflection, on the whole, should be given by
a linear combination of the terms for single-scat-
tered and many-scattered photons. One of the most
straightforward formulae for the angular differen-
tial number albedo is

cosf
ay (Eg,000,0) =———————
cosf +cos0,

'[CNKE(E()aQS)'mZ() +Cy | (7)

where K ;- (E),0,) 1s the Klein-Nishina energy scat-
tering cross-section for photons and 6, is the scatter-
ing angle which is defined by cos 8, = —cos 6 for the
normal incidence of initial photons. The two pa-
rameters Cy and C}, , which come from a fit of the
tormula (7) to experimental or Monte Carlo data,
are tabulated for different materials and various ini-
tial photon energies [3].

A more efficient variant of formula (7) has
also been provided in literature [4]

ay (Ey,00;0,0)=

cos6

cos6 + 00590\/1 +i(1 —cosb, )
0.511

{Ay Ky (Ey, 0, )'1026 +

+By [H,(cos0,)H, (cos8)—11} (8)

Ineq. (8),Ky (E,0,) is the Klein-Nishina num-
ber scattering cross-section, H,, is the Chandrasekhar
function tabulated precisely for the different values of cos
6 and parameter p (p is the ratio of the photon scattering
cross-section and the photon total cross-section). For se-
lected values of £y and for a number of common materi-
als, the values of 4y and By fitting coefficients can be
found in tables [4].

In fig. 6, we compare the values of the angular
differential number albedo obtained by the Monte
Carlo simulations and by different semiempirical for-
mulae for water and initial photon energy of 60 keV.
Full lines represent our semiempirical result, eqs.

Table 1. The values of total number albedo ay (E 8, = 0°) and coefficient A(E)

E [keV] Water Aluminium Iron
ayEgfo=0°)|  AE) | ayEeby=0)] AWy | ayEoh=0")]  A(Eo)
200 0.4182 0.1300 0.2907 0.0904 0.1092 0.0339
100 0.4001 0.1244 0.2163 0.0672 0.0444 0.0138
80 0.3734 0.1161 0.1731 0.0538 0.0302 0.0094
60 0.3192 0.0992 0.1141 0.0355 0.0162 0.0050
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Figure 6. Angular differential number albedo of water
for photon initial energy of 60 keV. Comparison of
formula (4) with other semiempirical expressions and
Monte Carlo results [3, 4]

(4-6), and solid circles stand for our simulations
done by the MCNP code. The results of the Monte
Carlo simulations [3] are given by the open circles,
and the two other semiempirical expressions, eqs.
(7-8), which come from references [3] and [4], are
presented by the cross and star symbols, respectively.
It is evident that, for water and 60 keV initial pho-
tons, our formula (4) is in full agreement with the
Monte Carlo simulation [3], in spite of the fact that
the normalized universal function f(6) has been ob-
tained by fitting the Monte Carlo simulation data [3]
for aluminium at 150 keV. Unexpectedly, the agree-
ment between this simulation data and the values ob-
tained by the referent formula (7) is rather poor, es-
pecially for the small reflection angle 6 = 0. It should
be emphasized that the formula (7) has also been ob-
tained by fitting the same set of data [3].

However, our MCNP simulations agree quite
well with the more sophisticated referent expression
(8) and difter for about 10% from the old Monte
Carlo simulations [3]. We have already explained that
the disagreement between the two Monte Carlo sim-
ulations comes from the different preset angular-en-
ergy intervals, as well as the modest statistics related
to the older one. Moreover, our simulation seems ap-
proved by the results of the advanced expression (8)
and this analysis points to the conclusion that our
albedo formula should be based on our new MCNP
simulation data, rather than on the older data ob-
tained from literature.

CONCLUSION

Contrary to the already existing two-parame-
ter formulae, egs. (7, 8), the semiempirical formula
(4) derived in this paper is a one-parameter func-
tion. It provides a clear analytical means for calculat-
ing the angular differential number albedo precisely
enough for most engineering purposes. Compared
to formula (7), it is more simple and more accurate,
while in relation to expression (8), it is more
self-sufficient, depending entirely on the A(E) pa-
rameter given in tab.1. However, formula (4) is re-
stricted to a normal incidence of initial photons and
the limited energy range from 60 to 150 ke V. To re-
move these restrictions as much as possible, we need
to investigate a more general reflection problem re-
lated to the oblique photon incidence in the larger
energy interval by means of the Monte Carlo simu-
lation.
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Cpnko MAPKOBWh, Bragan JbYBEHOB, Ponoisyo CUMOBHUH

JEAHA CEMMEMIIMPUICKA ®OPMYJIA 3A JUOEPEHINJAJTHU
BPOJHU AJBEJO HUCKOEHEPTETCKHUX ®OTOHA

ITomohy MCNP nporpama cumynupasa je pediekcuja HICKOEHEPreTcKuX (pOTOHA Off BOJIE,
allyMHHMjyMa M TBOXba M pe3ynTaTtu cy ynopebenu ca Bpepnoctuma Monte Kapno nmpopauyna. Y
eHepreTckom noapy4jy o 60 mo 150 keV u 3a HopMaHn ynajg nHUNHjaTHEX (POTOHA, YOUEH j€ 3ajeIHIIKU
00NIMK HOpMHUpaHOr AudepeHIujalHOr OpojHOr andefa KoMme je uroBameM jara opMma HOJIUHOMA
ApYror pefa 1o nojapHoM yriay. [ToToM je u3BeneHa jegHonapaMerapcka opmyna 3a guepeHIjaaHu
Opojun anbeno Koja je 3a peduiekcujy (oToHa of Boje MNOTBpheHa mopebewem pesyiarata ca
CEeMHUEMIMPHjCKIM (popMyama u pe3yaratuma MonTe Kapio npopadyHa gpyrux ayropa.

Kwyune peuu: peghaexcuja poiiona, ougpepenvyujarnu 6pojru anbeoo, Monitie Kapao meitiooa,

cemuemiiupujcxa gpopmyaa



