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An important problem, which is currently overlooked in radiological protection, is the omission of the contri-
bution from low-energy photons when estimating the dose received by persons working in conditions of exposure
to ionizing radiation. As shown in this study, this contribution cannot be omitted because it determines the dose
in the workplace when an isotropic source of gamma rays (uncollimated beams) and thick shields are used. The
omission of the contribution from low-energy photons causes that the gamma-ray attenuation factors, often
marked in radiological protection with the letter k, as well as the transmission curves for isotropic gamma-ray
beams resemble those for collimated beams without the typical features of uncollimated beams. This causes
the estimated doses to be significantly underestimated. In this work the gamma-ray attenuation factors k were
determined by Monte Carlo simulations for basic shielding materials, for commonly used isotropic gamma-ray
sources. These factors are the basic parameters used to calculate the gamma-ray dose that a person who per-
forms professional activities with gamma rays can receive. Accurate calculation of this dose translates into work
safety. Justification for this research is the necessity to apply the exact k-factor values in radiological protection
in Poland where doses at workplaces are calculated according to the procedure given in Gostkowska’s book based
on the old Polish norm (1987). The ground of this norm are transmission curves from NCRP Report 49 (1976)
based on data obtained in the 1930’s, 40’s and 50’s, unsuitable for isotropic sources. Although the obtained
results refer to the Polish standard, the world’s norms based on the NCRP Report 49 also need innovation,
because the subsequent versions of this report published in 1991, 1994 and 1998 as well as the NCRP Report No.
151 considered as the new face of the NCRP Report No. 49 do not make the required correction. This work meets
these requirements by using the Monte Carlo simulation method based on the GEANT4 code.

1. Introduction

In the last decade the use of radiation sources spread over various
branches of human activity. Presently the radiation sources are applied in
industry, medicine and science. The primary device used to monitor the
dose or dose rate in the workplace is the radiometer. There are currently
three types of radiometers in use. One type of these devices is equipped
with one or more Geiger-Miiller counters. The second type uses semi-
conductors. Less commonly, radiometers are based on scintillation de-
tectors. However, in most cases, the measurement threshold of all types
of radiometers for gamma radiation is 100 keV or greater. As a result, the
measurement of the dose or the dose rate with the use of a radiometer
eliminates the contribution from low-energy photons originating from
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the scattering of higher-energetic gamma rays or from de-excitation of
excited or ionized atoms of the radiation shield. As this study proves, the
contribution from low-energy photons dominates in the case of isotropic
gamma-ray sources when thick shields are used. Currently, this contri-
bution is not taken into account in radiological protection, not only
because the design of typical radiometers does not allow it, but also
because the current norms and standards do not provide the necessary
data. The use of the radiation sources is regulated by the Nuclear Law. In
this work the discussed problem was examined for standards in force in
radiological protection in Poland. The Polish Nuclear Law (2003) is
compatible with the Euroatom Directives (Euratom Directives,; Summary
of the European Directive 2013/59/Euratom (SED), 2015), however
local regulations in several aspects of radiological protection are present.
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The procedures associated with the calculation of doses are very impor-
tant. They are based on national standards which in most cases are
compatible with each other as they use NCRP Report 49 (NCRP Report
No. 49., 1976). The Polish Norm PN-86 / J-80001 from 1987 is in force in
Poland. It is controversial to use the attenuation coefficient k included in
this standard. This is due to the fact that the k-factor values were esti-
mated directly from the transmission curves published in NCRP Report
49 from 1976 based on data obtained in the 1930’s, 40’s and 50’s mainly
through simple experiments (Kaye et al., 1936; Braestrup, 1946; Wyckoff
and Kennedy, 1949; Kirn et al., 1958; Ritz, 1958; Mooney and Braestrup,
1957; Kennedy et al., 1950; Frantz and Wyckoff, 1959). Some of these
data are inconsistent with each other, especially when obtained in in-
dependent experiments. An example can be the significantly different
transmission curves of gamma rays from ?2°Ra for the lead shield, pre-
sented by Kaye et al. and by Braestrup. At that time, measurements in the
field of radiation protection were usually performed without a precise
correction of the influence of a detector geometry, beam parameters and
other experimental details on results. This problem was highlighted by
Wyckoff et al. and Kirn et al., who considered the influence of the posi-
tion of the detector in relation to the shield on the change of amount of
scattered gamma rays reaching the detector and some other aspects
connected with scattered radiation. However, at that time many details
had to be disregarded due to technological limitations. Unfortunately, the
subsequent versions of NCRP Report No. 49 published in 1991, 1994 and
1998 (the last version) contain unchanged transmission curves for
isotropic gamma-ray beams. Although in 2005 the NCRP Report No. 151
(NCRP Report No. 151, 2005) was published, which can be considered as
the new face of the NCRP Report No. 49, however, it only included new
data for therapeutic beams. Problems related to radioactive sources have
been omitted in this document. Therefore, values of the attenuation
factor k covered by the Polish Norm PN-86/J-80001 should be corrected
by means of new technologies as the Monte Carlo method realized by
computer simulations, which ensures the obtain of high quality results.
This work comes out on the point of this challenge. In this study values of
the attenuation factor k were calculated using the Monte Carlo code -
GEANT4 (Agostinelli et al., 2003; Allison et al., 2006; GEANT4) applied
commonly in nuclear physics. In this study typical shielding materials
were considered. The calculations were performed for the wide range of
thicknesses of the shields, including all practical aspects.

In radiological protection in polish institutions it is recommended to
estimate the dose in accordance with a strictly defined procedure
described in Gostkowska’s book (Gostkowska, 2005) based on the
mentioned norm. This book is applied by polish radiological protection
inspectors for calculation of a dose in workplaces. In this Gostkowska’s
work values of the gamma-ray attenuation factors k in a function of a
thickness of the shield are included in charts reprinted from the Polish
Norm PN-86/J-80001 and in tables. The additional disadvantage of the
factors k included in (Gostkowska, 2005) is the lack of compatibility
between the k-factor values presented in the charts and in the tables. All
this does not guarantee accuracy in estimation of a dose, which is
required because of risk to exceed the limits of the dose for employees
working under conditions of exposure to ionizing radiation.

2. Method

2.1. Determination of the attenuation factor k for isotropic sources of
gamma rays

Basic problem related to radiological protection is accurate estima-
tion of a ionizing radiation dose D (cGy) in a workplace. For this purpose
the commonly used formula is recommended for gamma rays. It can be
expressed as follow (Gostkowska, 2005):

A

D
k-2°
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where I' (cGy m?2 GBq ! h™!) is the equivalent value of the exposure rate
constant, A (GBq) — activity of a radiation source, [ (m) — a distance
between a workplace and a location of a gamma - ray isotropic source, t
(h) — a working time in conditions of exposure to gamma rays and k is the
attenuation factor for gamma rays. The factor k is defined as the ratio of
the dose Dy or dose rate dDy/dt of incident gamma rays to the dose D or
dose rate dD/dt of gamma rays transmitted through a shielding material,
on the other side of a shield. Thus the attenuation factor k can be
described in the following way (Gostkowska, 2005):

_Do _ dD()/dl

k .
D~ dD/dr

(2)

In this work the factors k were determined by means of Monte Carlo
simulations for radioisotopes often used in practice in industry, in
medicine and in scientific laboratories. The following radioisotopes
were considered: °Co, 1%7Cs, 1311, 1921y, 198Ay, 2*Na, 22Na and *°Fe. The
calculations were performed for typical materials used in shielding
constructions i.e. concrete (2.3 g/cm3), lead (11.34 g/cmB), iron (7.87
g/cm3) and water (1.0 g/cms). The natural composition of elements
building the protective materials was introduced into a simulation code.
In the simulation of radioactive decays the gamma - ray transitions with
emission intensities (EI) higher than 0.2% were taken into account. The
details are discussed on the example of the °°Fe decay presented in
Fig. 1. In the simulation code EI's were represented by the values
normalized to 1 for each radionuclide individually. The example with
the described approach is presented in Table 1.

In the simulations the upper limits of thicknesses of the shielding
material layer were as follow: 120 cm for concrete, 35 cm for iron, 30 cm
for lead and 250 cm for water. The considered thicknesses were slightly
larger than those included in (Gostkowska, 2005). In this work the Monte
Carlo GEANT4 code with the low-energy extension module (also called
Livermore) for the simulation of electromagnetic interactions was used.
The used module includes models describing the interactions of photons,
electrons and positrons with matter down to about 250 eV i.e. close to the
K-shell Auger peak from carbon (Journel et al., 2008), using interpolated
data tables based on the Livermore library as EADL-EEDL-EPDL (Cullen,
EPICS2014). It was validated in many works (Lechner et al., 2010; Cir-
rone et al., 2010; Kadri et al., 2007), also for complicated geometry
(Mesbahi et al., 2005; Konefal et al., 2015). This was a serious argument
for using this code in this research.
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Fig. 1. The scheme of the radioactive decay of the >°Fe radioisotope with the
half life of its ground state of 44.503 days; Q — energy of the p- decay in keV, E —
energy of the gamma - ray transition in keV i.e. energy of emitted photons in the
gamma decay, IE — emission intensity expressed in %, T;,» — a half life of the
exited states of the °°Co nucleus, p — state occupation probabilities. The tran-
sitions with IE > 0.2%, were taken into consideration in the simulation.
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Table 1

The table contains the chosen data of the gamma ray transitions for the *°Fe
radioisotope and parameters used in the simulation code for realizing emission
of gamma rays by the 5°Fe radiation source. The values of the wi parameter
define the boundaries of the intervals whose widths are proportional to EI. The
energy of the emitted photon was determined by the randomly selected value
from the w; parameter range using a random number generator generating a
uniform distribution with values in the range <0; 1>. If the randomly selected
value was in the range (wyw;, ;> for i = 0, ...4, the emission of a photon with
energy E;, ; was simulated. This simulation method of gamma decay was applied
to all radionuclides considered in this work.

E [keV] EI [%] n; = El/sum* W, = 25: -
i=0

E; = 142.652 EI; = 1.02 n; = 0.0098 w; = 0.0098

Ep = 192.349 EI, = 3.06 n = 0.0294 wy = 0.0392

E; = 334.800 El; = 0.27 ns = 0.0026 ws = 0.0418

Eq = 1099.251 El; = 56.50 ng = 0.5430 wy = 0.5848

Es = 1291.596 Els = 43.20 ns = 0.4152 ws=1

*sum :ZS: EIL = 104.05, **wy = 0.
i=1

The geometry of the simulated system consisted of the isotropic point
source, the shielding material layer and the 175 cm x 175 cm x 30 cm
workplace volume filled with water, corresponding to the space in
which the employee may stay at the workplace. A workplace with these
sizes represents the volume occupied by the human body when working
with gamma ray sources. We assumed a constant distance between the
workplace and the radioactive source. We also assumed that an
employee may stand upright and, if necessary, move sideways only up to
175 cm (the average height of an adult male) while performing pro-
fessional activities. The workplace acted as a water logical detector.
Water is a material equivalent to biological tissue, recommended by
dosimetric protocols for dose determination (IAEA TRS-398, 2006). The
use of logical detectors for dose estimation was discussed in (Pietrzak
et al., 2016). The dose was recorded in the entire volume of the work-
place in order to determine the value of factor k. The scheme of the
simulated geometry is shown in Fig. 2.

2.2. Verification of the simulation

Verification of the calculation program was carried out by the
comparison of results of simulations and measurements for the simple
set consisted with a ®°Co (or 137Cs) radiation source, a lead shield and a
high purity germanium (HPGe) detector placed on the concrete sub-
strate. The experiment was performed using a HPGe detector by Can-
berra, cooled with liquid nitrogen. In this experiment the lead shields of
30.15 mm, 49.00 mm and 79.15 mm were used. Activities of the used
60Co and '%Cs radiation sources were 0.36 MBq and 2.08 MBq,
respectively. The view of the experimental system is presented in Fig. 3.
The scheme of the simulated detector is shown in Fig. 4. The simulated
geometry mirrored the experimental one. Each measurement lasted 10
min. Values of k determined as a relative doses absorbed in the HPGe
detector were compared taking into account contributions of photons
with energies ranging from 100 keV to 2505.7 keV i.e. to the energy of
the ®%Co sum peak, when verified by the use of the cobalt source. In the
case of verification using the ’Cs source, this energy range was from
100 keV to 661.7 keV. We assumed 100 keV as the low-energy threshold
for quantitative verification measurements, because we did not have a
professional gamma-ray source that could be used to perform efficiency
calibration of the HPGe detector in the range of energies below the
adopted threshold. In the low energy range, the qualitative verification
was carried out. It consists in comparing the energy spectra from mea-
surements and simulations. The spectra normalized to their maxima
were compared.
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Fig. 2. Scheme of the simulated geometry. d — the thickness of the shielding
material layer. The upper limits of d were given in the text. The simulated
system was surrounded by air (0,00129 g/cm?®).
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Fig. 3. The %0Co (or '¥7Cs) source was located in a plastic holder in the axis of
the HPGe detector in the distance of 10 cm from the surface of the detector
window cap.

3. Results
3.1. Outcomes of verifying study

Results of the calculation program verification are included in
Table 2. The experimental errors AD; expressed as a percentage were
estimated according to the following formula:

JN,

i

AD; =Y"1100%, 3)

where N; is a number of events registered in the detector,i=0ori=d,
where index i is equal to O for the measurement without the shield and
d is a thickness of the lead layer. In the verifying experiment the value of
the AD; ranged from 0.1% to 0.25% dependently of the thickness of the
shield. The final uncertainty of k (= Dy / Dq) can be calculated as follow:

Ak = \/(ADo)* + (AD,)*. 4
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Fig. 4. The scheme of the simulated HPGe detector with sizes of its components. a) The side projection of the detector, b) 3D visualization of cylindrical germanium
crystal used in the detector. The center of the germanium crystal is a reference point against which all lengths and distances have been calculated.

Table 2
Summary of the verification of the calculation program.

a) With the use of the ®°Co source.

Thickness d of Pb layer [cm] k from simulations k from experiment

3.0 4 4
4.9 9 8
7.9 34 36

a) With the use of the **’Cs source.

Thickness d of Pb layer [cm] k from simulations k from experiment

3.0 88 89
4.9 174 171
7.9 329 335

Ak calculated in this way was 0.3%. The uncertainty Ak determined
for the simulations was calculated in the same way as for the experi-
mental values. Regardless of the thickness of the lead shield it did not
exceed 0.1%.

The obtained compatibility of the calculated and measured k-factor
values is satisfactory. The observed differences are caused by the
occurrence of slight density inhomogeneities in the lead layers used in
the experiment, what was observed when taking measurements with the
same lead bricks symmetrically rotated 180° about the HPGe detector
axis passing through the center of the source. Of course, in the simula-
tions homogeneity of the mass distribution in the shielding material was
assumed.

Fig. 5 summarizes the spectra for gamma rays from an isotropic 187¢s
source after the radiation passed through a 15 cm thick lead layer. In
general, the spectra are compatible. The biggest difference is the 7.3 keV
Rayleigh scattering peak shift towards higher energies i.e. the experi-
mental peak has its maximum at 186.2 keV, while that of the simulation
has its maximum at 193.5 keV.

3.2. Obtained values of the gamma ray attenuation factor k

The results of calculations of the factor k for concrete, lead, water and
iron are presented in Fig. 6a—d. The logarithmic scale was used for clear
presentation of all subtleties of the characteristics. In the purpose of
reduction of statistical fluctuations, the mathematical functions (poly-
nomials, powers and exponentials functions) were fitted using the least
squares method to the points obtained from simulations. Additionally,
this approach makes the k-factor values continuous distributions in all
range of considered thicknesses. It also made it possible to carry out the
very sensitive comparison with the values given by Gostkowska in
(Gostkowska, 2005). The number of primary gamma rays for each
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Fig. 5. Comparison of the spectrum obtained from the simulation with the
measured spectrum. The spectra were obtained for the isotropic beam of
gamma rays from the '*’Cs source, immediately after the radiation passed
through the 15 cm thick lead shield. The width of the energy bins in which the
events were counted in the simulations was 0.4 keV, equal to the energy width
of a single channel of the multi-channel analyzer. The adopted width of energy
bins enables an accurate comparison of the spectra, however, the simulation
spectrum is endowed with large statistical fluctuations.

individual simulation was selected in such a way that maximal statistical
fluctuations represented by the difference between the k-factor value
estimated with the fixed mathematical function and that taking directly
from the simulations does not exceed 1% of the value obtained by
simulation. Most often it ranged from 107 to 10° for a single simulation.
All distributions k(d) presented in this work were obtained using the
described simulation-fit procedure. For the lead shield, the distributions k
(d) are presented for all eight radioisotopes. For the remaining shielding
materials, the distributions k(d) of six or seven radioisotopes are shown.
Some cases of k(d) were omitted in the figures because the k-factor values
for %°Fe and ??Na are similar to those for ®°Co. Similarly, for water, the
k-factor values for 1°®Au are similar to those for *?Ir and *3'1.

The shape of the curves is specific and in most cases the flattening is
visible when using a logarithmic scale. For most of these curves the
thickness of the layer at which the change of the k-factor gradient is
visible i.e. the thickness related to the beginning of the curve flattening
area, can be determined. This thickness depends on the type of material
and the radionuclide, i.e. the energy of gamma rays. Lower energy of
gamma rays and higher material density favor the occurrence of flat-
tening at lower thicknesses of the shield. For example, in the case of
198A1 and the lead shield, the flattening of the characteristic becomes
noticeable already at 2.5 cm while for ®°Co and the iron shield as much
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Fig. 6. The gamma-ray attenuation factor k versus the thickness d of the shield
for commonly used shielding materials and radioisotopes. a) concrete, b) lead,

c) water and d) iron.
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as 29 cm is needed to obtain this flattening. The explanation for this
flattening is presented in the next part of the article. The uncertainties of
k are not shown in the figures showing the dependence k(d) because
they are not visible in the scale of these figures.

The obtained k-factor values were compared with those published by
Gostkowska in (Gostkowska, 2005). In the publication by Gostkowska, as
mentioned, the values of k are presented in charts as well as in tables.
However, the data shown in charts differ significantly from those
included in tables. Therefore, the separate comparison was made for
these two sets of the k-factor values (Fig. 7 and Table 3). Fig. 7 shows the
comparison of the k-factor values for °®Au and lead as a shielding ma-
terial. In Table 3 the differences between the calculated k-factor values
and those presented in (Gostkowska, 2005) are included for the chosen
thicknesses of the shielding materials for five considered radionuclides.

Additionally, the influence of the size of the volume in which the
dose is estimated on the values of k was investigated. In these studies,
dose calculations were performed for the volume of 175 cm x 175 cm x
30 cm. For comparison, a smaller volume of 5 cm x 5 cm x 5 cm was also
considered. The choice of such sizes was not accidental. The smaller
volume can be related approximately to the size of the sensitive part of
the radiometer containing the Geiger-Miiller counters. The larger vol-
ume corresponds to the exemplary space in which a person working in
conditions of exposure to ionizing radiation can stay at a workplace, as
described in the "Methods" section. In the simulations, both volumes
were represented by water logical detectors of the above-mentioned
sizes. The result of this comparison is presented in Fig. 8.

The k-factor values turn out to be dependent on the size of a volume
in which a dose is estimated. k is larger for the large volume for the same
shield thickness. The differences between k estimated for the large and
the small volume are clearly increasing with the increasing thickness of
the shield. They range from a few percent to even 20% for the 30 cm
thick lead shield. The difference results from the fact that a larger vol-
ume is reached by a greater number of lower-energy photons coming out
of the shield at greater angles in relation to the horizontal axis. The
water absorption efficiency of these low-energy photons is greater.

The dependence k(d) presented in Gostkowska’'s work is approxi-
mately distributed as for a collimated beam, as shown in Fig. 9 for %°Co
and the lead shield. The k(d) distributions for the collimated beam and
for the beam from an isotropic source, calculated using the Monte Carlo
method, and the k-factor value distributions presented in the chart and
the table in (Gostkowska, 2005) were compared. In the case of the k(d)
distribution for the collimated beam and the distributions presented in
Gostkowska’s work, there is no flattening typical for isotropic beams.

The attenuation of the collimated photon beam (i.e. the narrow
beam) as a result of its passage through a layer of homogeneous matter

100000000
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1000000
100000
1000
100 ——MC simulations, this work
——Table, [16]
10 —Chart, [16]
1
0 2 4 6 8 10

d [cm]

Fig. 7. The gamma-ray attenuation factor k determined in this work and that

included in (Gostkowska, 2005) versus the thickness d of the lead shield

for 1®Au.
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Table 3
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The percentage differences between the gamma-ray attenuation factors k estimated in this work and those given by Gostkowska in (Gostkowska, 2005) for the chosen
thicknesses of shielding materials. Diffcy, = (kpy — kGc)/kews 100 and Diffyap = (kny — k) /knws 100, where ki, - the gamma-ray attenuation factor determined in this work,
ke and kg, presented in (Gostkowska, 2005), in the charts and in the tables, respectively. The lack of the values in several cells is caused by no data in (Gostkowska,
2005). The negative value of the parameter Diff,, or Diff,q indicates that the value of k determined in this work is less than that delivered by Gostkowska.

Thickness d [em] Cs-137 Co-60 Na-24 Au-198 1-131
Diffiap Diffen Diffiab Diffcn Diffiab Diffen Diffiap Diffen Diffian Diffen
Concrete
10 31.6 15.4 21.5 1.8 16.6 16,9 52,5 —67,6 44,1 —-14,6
50 82,6 53,6 74,0 58,1 56,3 60,6 73,8 27,6 7,6 80,7
100 —64,1 X 88,0 77,4 64,1 78,2 —6418,6 X —19010.3 X
Lead
1 6,5 -13,7 9,7 3,3 8,4 —6,2 33,2 -76,8 18,5 17.0
5 30.5 26.9 10.8 13.5 15.6 1.1 —396.9 46.7 —5188.7 23.2
10 —784.3 —565.2 36.4 19.8 34.8 16.5 X X X X
Water
10 21.2 13.3 21.0 21.0 18.4 2.1 22.6 22.6 22.5 22.5
50 40.1 59.1 16.9 37.8 14.8 18.1 52.1 58.0 56.7 55.9
100 60.9 56.1 44.0 37.7 18.8 26.7 68.0 55.8 56.2 56.0
Iron
5 18.2 —25.0 10.8 -1.1 X X 19.0 28.6 14.1 16.7
10 37.5 26.6 26.7 -3.7 X X 45.0 42.9 28.5 49.5
20 12.0 38.4 50.0 38.0 X X —1142.0 X —2232.7 X
100 000 10 000 000
1 000 000
10 000
100 000
25000 e —
-
1000 20 000 /,/ 10 000
15000 /
k anen | 1000 _
100 — Collimated beam
=80 ‘ 100 Isotropic source
0
10 15 20 25 30 10 Chart, [16]
~——Workplace volume of 175 cm x 175 em x 30 cm > Table, [16]
Radiometer volume of Scmx5cmx 5cm 1 -
1 0 - 10 15 20 25
0 - 10 15 20 25 30 35

d [cm]

Fig. 8. The k-factor value distributions for workplaces of various sizes. The
blue line represents the workplace of 175 cm x 175 cm x 30 cm whereas the
red one shows the distribution for the 5 cm x 5 cm x 5 cm volume of a radi-
ometer. The presented curves were derived for ®°Co and the lead shield. The
zoom of the area between 15 cm and 30 cm is shown with no logarithmic scale
in the inset. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

can be defined by the following formula:

k=e", ®)
where ;i (cm™?) is the photon linear attenuation coefficient. In Fig. 10
the dependence 5) was fitted to the data from (Gostkowska, 2005) and
from this work.

The distributions k(d) presented by Gostkowska can be precisely
described by the relation 5) typical for narrow (collimated) beams of
photons, not suitable for isotropic sources of gamma rays while the data
obtained in this work clearly differ from this dependence. This proves
that the transmission curves contained in NCRP Report No. 49 being the
main base for the Polish Norm PN-86,/J-80001, were most likely derived
by the extrapolation method using the function contained in formula 5),
of course appropriately transformed to the description of the trans-
mission curves i.e:

Tkl e, 6)

d [cmj

Fig. 9. The comparison of the k-factor values calculated using the Monte Carlo
method for the isotropic source and the collimated beam, for Co-60, with those
presented in the chart and in the table in (Gostkowska, 2005).

where T is a transmission coefficient. Thus, the k-factor values, and thus
also the transmission curves from the NCRP Report No. 49, require
correction so that they could be used for beams from isotropic gamma-
ray sources. It is true that this NCRP document also includes trans-
mission curves for scattered gamma rays. However, these curves also
show no distribution properties for isotropic sources. Additionally,
NARP Report No. 49 does not include data for water as a shielding
material.

The k(d) curves for isotropic beams in the range of smaller thick-
nesses of a shield run over the distributions for narrow beams. For
example, for the 19Au source up to a lead thickness of 4 cm, the ob-
tained k-factor values are greater than those presented in the tables in
(Gostkowska, 2005) (Fig. 7). Similarly for 60(30, this area appears in the
range of lead shield thicknesses up to 15 cm (Fig. 9). It is due to the fact
that in the case of an isotropic beam the path of the photons in the
shielding material is longer than in the case of narrow beams, and thus
the energy degradation of the isotropic beams is greater. This degrada-
tion of energy is mainly a consequence of Compton scattering. This leads
to a stronger absorption of the isotropic beam, which gives k-factor
values being greater for the isotropic beam than for the narrow beam.
This tendency is broken when there is a flattening in the k(d) distribu-
tion for isotropic beams. This flattening not observed with a narrow
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Fig. 10. The results of fitting of the exponential function to the data read from (Gostkowska, 2005), using the least squares method, a) the data from the table and b)
from the chart for ®°Co and lead. The analogous fitting procedure was applied to the dependence k(d) determined in this work c). A value of the square of the Pearson
coefficient R? close to 1 indicates that the fitted function describes the distribution k(d) very well.

beam is primarily caused by low-energy photons causing a difference in
the quality of gamma rays reaching the workplace. This fact is illustrated
by the spectra of the energy absorbed in the workplace, presented in
Fig. 11, for a collimated and isotropic ®°Co beams, for two lead shield
thicknesses of 15 cm and 20 cm.

The low-energy photons giving the first peak in the spectrum for the
isotropic beam come from incoherent Compton scattering on electrons
of lead atoms, which causes energy degradation of these photons and
Doppler broadening of their energy distribution. Doppler broadening
results from the pre-collision motion of the bound electrons. Of course,
due to the strong photoelectric effect absorption in the lead in the energy
range of these photons, those that reach the logical detector are mostly
formed in the part of the shield closest to the workplace. In addition, the
spectrum for the isotropic source shows a peak at about 200-220 keV. It
corresponds to the energy of the photons that leave the lead shield due to
Rayleigh scattering. It is at about 200-220 keV that the Rayleigh cross
section becomes comparable to the Compton and photoelectric cross
sections, which allows many photons to avoid another incoherent
scattering, as well as their complete absorption by the electron shell of
lead atoms. However, in the case of the collimated beam spectrum, the
dominance of primary and other higher-energy photons is visible. This
results in much lower energy absorbed in the workplace for the 20 cm
thick shield compared to absorption for the 15 cm thick one. Quanti-
tative analysis of the spectra showed that the energy absorbed in the
workplace for the shield of 20 cm is only 4.9% of the energy absorbed for
the 15 cm shield. In the case of an isotropic beam, this fraction of the
absorbed energy is much larger, it amounts to 18.3%, and this is mainly
due to the absorption of low-energy photons with energies below 100
keV. Additionally, the higher energy absorption efficiency for the beam
from isotropic sources results from the fact that isotropically emitted
photons fall on the workplace surface at different angles and therefore
they can travel greater distances in the logical detector, giving the water
more energy, while the photons of the collimated beam move along

trajectories close to the beam axis and thus their trajectories in the water
will be shorter and less energy left. The explanation of this phenomenon
is presented in Fig. 12 showing the energy absorption efficiency curves
eqp(E) for the applied workplace for two beams with photon trajectories
creating angles of 0° and 30° with the axis of symmetry of the simulated
system.

It is worth noting that the flattening of the k(d) curves characterized
by a small k-factor gradient occurs in a relatively large range of shield
thicknesses. The reason for the low gradient is relatively a small change
in the quality of the isotropic beam of photons reaching the workplace,
manifested by a small change in the energy spectrum of these photons in
the range of shield thicknesses where this flattening is observed. This is
evidenced by the comparison of the spectra of the photon energy
absorbed in the logical detector for the isotropic 1*’Cs source and the
lead shield with a thickness of 10 cm and 20 cm (Fig. 13a).

As for lead, one can explain the flattening of k(d) curves for other
shielding materials. Fig. 13b shows the spectra of the photon energy
absorbed in the logical detector after the isotropic beam of photons from
the 1%7Cs source has passed through the iron layers with a thickness of
20 cm and 24 cm. For iron, two peaks are also visible.

4. Discussion

Application of the Monte Carlo simulation makes it possible to get
the high quality results even for the thick shields. The disadvantage of
the experimental approach is necessity of the application of radiation
sources with high activity, particularly for thicker shielding layers which
is connected with the increased radiation risk. This problem disappear
when the experiment is replaced by simulations. Additionally, the use of
logical detectors permits to avoid the perturbation of the radiation flu-
ence caused by a detector affecting a measurement result.

As mentioned, the gamma-ray attenuation factors k given in (Gost-
kowska, 2005), are presented in charts as well as in tables. However,



M. Biazkiewicz and A. Konefat

500
a)
400
300 —720 cm
N 15¢cm
200
100
0 - ”~
0 0,2 04 0,6 0.8 1 1,2 1.4
5000 E [keV]
4000
=20 cm
3000 ~
15cm
N
2000
1000
0 /
0 0,2 04 0,6 0,8 1 12 14
E [keV]

Fig. 11. The energy spectrum of photons reaching the 175 cm x 175 cm x 30
cm water workplace (logical detector), using the ®°Co source and the lead
shield, a) for the isotropic beam, b) for the collimated beam, for two chosen
thicknesses of the lead shield of 15 cm and 20 cm. These shield thicknesses were
chosen for this comparison, because for the 15 cm shield the k-factor values for
both beam types are similar, while for the 20 cm shield there is a large
discrepancy between the k(d) distributions. N — the number of events registered
in the 10 keV bin per 2.10° primary photons, E — energy of photons registered
in the logical detector.
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values of k from the charts differ from those included in the tables even
about two hundred percent. The differences are much higher than un-
certainties caused by the readout from the charts. Additionally, the
k-factor values presented in (Gostkowska, 2005) and in the Polish Norm
PN-86/J-80001 are largely based on NCRP Report No. 49 and therefore
on experiments from 1930’s, 40’s and 50’s. In that time any in-
vestigations were not supported by the Monte Carlo method or another
precise calculation method. This points to the need to determine the
k-factors using modern technologies.

It is also worth noting that in (Gostkowska, 2005) the mean energies
of gamma rays from decays are strongly approximate. For example, the
energy suggested by Gostkowska for calculations for ?Ir is 0.6 MeV
whereas this energy is equal to 371.9 keV when calculating accurately
according to the radioactive decay, taking into account all transitions
with emission intensity (EI) greater than 0.2%. Precision in estimation of
gamma-ray mean energy affects to a choice of the k-factor value for a
dose calculation when estimated with the use of the tables included in
the Gostkowska’s book. All this makes that the dose estimated using
values of k-factor from (Gostkowska, 2005) is not reliable. The use of the
data from Gostkowska’s work can involve the error impossible to esti-
mate. This study provides the comprehensive data with the possibility of
distribution of the electronic version. Furthermore, this work is the
unification of approach for the k-factor value determination.

The applied GEANT4 code provides the possibility to simulate such
subtle processes as the Compton scattering of low-energy photons on the
electrons of an atom, taking into account the Doppler effect. The atomic
shell effects in the Compton scattering are included in the G4Klein-
NishinaModel used in the simulation program in this work. In this model
the angular and energy distribution of the incoherently scattered photon
is given by the product of the differential Klein-Nishina formula and the
so-called incoherent scattering function studied by Hubbell (Hubbell
et al., 1974). Several other scientific codes also provide the ability to
simulate the described effects. An example would be the code EGS4
(Nelson et al., 1985).
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Fig. 12. The absorption efficiency curves versus the photon energy — €4(E) for photons absorbed in the 175 cm x 175 cm x 30 cm water workplace (logical detector),
for photons whose trajectory directions create angles of 0 and 30° with the axis of symmetry of the system. The photon movement directions at the place of entry to

the workplace are marked with arrows.
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Fig. 13. The spectra of the photon energy absorbed in the workplace (logical detector) for gamma rays from the isotropic 3’Cs source passing through a) the 15 cm
and 20 cm thick lead shield and b) the 20 cm and 24 cm thick iron one, i.e. within the range of the flattening of the k(d) curve. The spectra presented in Fig. 13a were
obtained for 2+10° primary photons whereas these in Fig. 13b for 10® ones. Otherwise as in Fig. 11.

5. Conclusions

This work provided very accurate values of the gamma-ray attenu-
ation factor k for the commonly used isotropic gamma-ray sources and
typical protective materials. Application of the Monte Carlo method
made it possible to get accurate data in the wide range of the shield
thicknesses without the use of strong radiation sources and the extrap-
olation method. In spite of the fact that the main motivation of this work
was improvement of the dose estimation procedure used in radiological
protection in Poland, the obtained k-factor values have universal char-
acter and they can be applied in all procedures of a dose calculation
when the gamma-ray attenuation factor k appears.

The gamma-ray attenuation factors k included in the Gostkowska’s
book and in the Polish Norm PN-86/J-80001 as well as the transmission
curves presented in the NCRP Report No. 49 and in the subsequent
versions of this document published in 1991, 1994 and 1998 (the last
version) have no practical significance because they do not induce the
effects related to the isotropic gamma-ray sources. Therefore, their use
can lead to serious errors in dose estimation in the workplace and
furthermore leads to a large underestimation of the dose when using
thicker shields. As mentioned, in 2005 the NCRP Report No. 151 was
published, which can be considered a new face of the NCRP Report No.
49. However, it only includes new data for therapeutic beams. Problems
related to radioactive sources have been omitted in this document.
Therefore this presented work is important for ensuring high-quality

dose estimation in radiation protection also in industry and in scienti-
fic laboratories. Obviously, the k-factors determined in this study are
related to the applied geometry of the simulated system including the
radioactive source, the shield and the workplace. Any change in the
workplace size, the source-shield distance, etc. will affect the k-factor
values. The greater these changes, the more pronounced these impact
will be. Research on the influence of geometry on the k-factor values will
be the purpose of our further investigations.

It is worth noting that in recent years, the novel materials have
appeared and are used as the shields, since traditional radiation shielding
materials, namely lead and concretes, have few disadvantages such as
toxicity, strength, etc. Many researchers reported some novel and alter-
native shielding materials such as glass or polymer to prevent from
gamma radiation (Agar et al., 2019; Kaur et al., 2017). The modern y-ray
shields are often made from some binary alloys: Pb-Sn, Pb-Zn, and
Zn-Sn, or from the multiple elements. The lower atomic number
component present in the alloy may prove to be an effective filter for
low-energy photons due to the much larger cross-section for absorption
by the photoelectric effect, compared to the Raleigh scattering cross
section at lower energies. However, this requires detailed research.
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