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Abstract

An approximating formula recently proposed by the authors for gamma-ray buildup
factors of multilayered shields was applied for very thick shields up to 40 mfp. For this
purpose, modifications were made to the model and the fitting method to improve the
data reproducibility. The previous model was expanded so that it included both the
plane normal and point isotropic geometries.

The verification test of the modified model was made for three materials; water, iron
and lead. The separately published data of double-layered shields for point isotropie
buildup factors calculated by EGS4 from 0.1 MeV to 10 MeV were used as well as
newly calculated data at 1 MeV for the planc-normal geometry, and data for the point
isotropic geometry of triple-layered shields at 1 and 10 MeV.

The present. formuia generally shows a very good reproducibility of the multilayer
buildup factors, even in case of very thick shielding problems. The observed error
between the approximating description and the EGS4 data is 15% in the intermediate
energy range, about 30% in the higher energy range, and 35% at 0.3 MeV. However,
the error in the approximation reaches a factor of 4 in the worst case at 0.1 MeV.

I INTRODUCTION

The point kernel method has been widely used in gamma-ray shielding design. The shiclds
and equipments used in nuclear facilitics are composed of various component malerials.
Therefore, it has been desired to enable the use of multilayer buildup factors in point
kernel codes. Correspondingly, many studies ) have been conducted to express the
multilayered buildup factors by simple expressions so that they may be parameterized by
these formulae and incorporated in the point-kernel codes.

These formulae proposed so farll). ) have tried 1o describe multilayer buildup factors
as combinations of those of the composing materials. Unfortunately, the buildup factor in
multilayered materials shows a very complex behavior, reflecting changes in the gamma-
ray energy spectrum in the shield from one material to the other. Since the buildup factor
of 1he monolayered shield contains only integrated information about the spectrum in the



malterial, the combinations of the buildup factors of monolayered naterials can reflect a
gspectrum change in the multilayered material only in an indirect. manner. As a result,
these formulae succeeded in reproducing the multilayer buildup factor only for specific
cases.

[n our previous paperst {1 we proposed a new model having the vector form which
explicitly included cnergy spectrum information in the model. The model was success-
fully applied to double- and triple-layered shield problems up to 10-mfp(mean free path)
thickness at energics from (0.5 1o 10 MeV.

The objectives of the present study are to make some modifications to the model so
that the model may better reproduce reference buildup factors even for very thick shielding
problems up to 40 infp, then to test the modified model by using the results of the electron
and gamma-ray shower code FEGS84 (12) calculations obtained by the new technique.(19):(14)

In our previous papers, the approximating model was developed to describe buildup
factors of the plane normal geometryt9 first, and the modcl was changed to be applied to
the point isotropic geometry(!1. [n the present work, these are unified to a single model
that includes the both geometries.

Our approximating description of buildup factors for the point isotropic geometry con-
tains the radius dependence of the probabilities of the transmission through and backscat-
tering from a one-mfp-thick material shell, which has been expressed by simple analytical
expressions that include empirical parameters. The parameters for the albedo were as-
sumed to be cornmon for all of the materialst!!) to minimize the number of parameters.
However, errors caused by this assumption was no longer trivial in the case of the very
thick shield problems. Therefore, those parameters of the albedos were treated as being
material dependent in this work in order to improve the data reproducibility.

The empirical paramneters included in the nodel were determined in previous papers{10.(11)
by fitting the expression to buildup factors of double-layered shields. Therefore, the pa-
rameters of the three materials were determined in two steps, using the data of the double-
layered shiclds composed of materials 1 and 2, and then those of materials 1 and 3. When
the sequence of the fitting was changed, the fitted parameters slightly varied, which some-
what affected the composed buildup factors,

Here, in the present study, the parameters of three materials were determined simulta-
neously by fitting the expression to all of the buildup factors of possible combinations for
double-layered shields of the three materials, i.e. materials 1 and 2, materials 1 and 3, and
materials 2 and 3. This process decreases the ambiguity in determining the parameters,
caused by the selection of the combination of two materials and sequence of the fitting.

Finally, the modifiecd model was tested by buildup factors of double-layered shields
listed as tables in Ref. 14, where three materials{water, iron and lead) were assumed in the
calculations. The data at 0.1, 0.3, 0.6, 1, 3, 6 and 10 MeV of the point isotropic geometry
were utilized. In addition to the above data, buildup factors up to 35-mfp depth at 1
MeV of the plane geometry, and those of the point isotropic geometry for 40-mip-thick
triple-layered shields at 1 and 10 MeV were generated in this work.

The present paper is organized as follows. Seetion 2 gives an outline of the present
model. Section 3 gives the resulls of a feasibility test of the model based on the data for
AQ0-mlp-thick shields. The final section contains conclusions.



II DESCRIPTION OF APPROXIMATION MODEL OF BUILDUP FAC-
TORS

II.1 Outline of the Approximating Model

We use the vector form 1o express the energy spectrum of gamtna-rays, dividing the energy
range from () to the source energy (Ep) into 4 diserete groups.

A multilayered shield of thickness r of N materials, i.e. ni-infp-thick material 1, ny-mfp-
thick material 2, and so on, is considered. This shield is followed by an infinite medinm of
material N. [n the point isotropic geometry, the shield is a sphere of radius r, and a point
isotropic gamma-ray source is located at the center of the shicld. For the plane geometry,
the shield is a plane of thickness 7, and a broad beam of gamma-rays is injected normal
to the plane.

The dose buildup factor { Bp) at depth r is given by

N
Bp :C(I 4 BN)(HT;H)S R (l)
-1

where § is a source intensity vector, whose explicit expression is S = (1,0,0,0), Ty the
transmission matrix of material I, n; is the thickness of the material [ in mfp unit, By the
albedo matrix for the outside material (N}, T the unit matrix, and (7 the conversion vector
from the energy-fluence index to the dose index (10,01

The transmission matrix (1) is defined with a [-mfp-thick shell for each material, which
depends on the radius of the shell in the point-isotropic case. The matrix is calculated by

T, = K20, 2
P11
where Tj; is the ij-element of matrix 'I', and ¢;; is the group-averaged transmitted fiux
in the i’th group for the incidence of the j'th group source of the unit intensity. For the
detailed definition and assumptions for the calculation of ¢;;, see Refs. 10 and 11.

The factor K in Eq.(2) is a correction factor for not considering the angular distribution
of gamma-rays in the model, and is given as K is 1(j = 1), a(j = 2), 8(j = 3) and y(j = 1),
where a, 3,v are empirical parameters determined by the least-squares method, so that
the expression (1) gives the best fit to the data of the buildup factors.

The factor f in 15q.(2) is set to be unity for the planc normal geometry, and to be f,
for the point isotropic geometry, where fp describes the shell-curvature dependence of the
gamma-ray transmission probability in spherical geometry, and is defined as f, = 1{i = 1),
Ri(i = 2,3), and Ry(i = 4). The factors Ry{l = 1,2} are a function of radins thal contains
two fitting parameters (a; and b).('D

We approximated'®{11) the infinite albedo matrix (Bx (r)) of Eq.(1) by a finite medium
one; a l-mfp-thick shell of material N which was a spherical shell of a 1-mfp-inner radius
in the case of the point isotropic geometry. The ij-clement ((By)i;) of the albedo matrix
is given by

qu’ Gl dE
' i

where ¢;3(F) is the reflected gamma-ray flux from the shell, while assuming normal in-

(Bn)iy = : (3)

cidence of the jth-group gamma-rays of the unity intensity, 7(£) is the fuence-to-dose
conversion factor at the energy E, and 1 an 'th group averaged one of 5(1).



The factor ¢ in Eq.(3) is a geometrical factor so as to modify the calculated albedo
matrix to be used for a given depth; g is unity (plane normal geometry), and gp (point
isotropic geometry), where g, describes the dependence of the albedo on the radius (r} at
the given depth in spherical geometry. This is explicitly given by

by { by
y = 1 — - g~ l- — N 4
! (‘ | ﬂ) 7! (1 h)“B}’ W

L))

where rg is the 1-mip-thickness of material N. The parameter A was empirically sel as 0.5
in the previous model!'!). However, sinee the albedo should approach to zero when the
radius (r) approaches zero, we changed the expression of A in this work so that gp = 0 at
r=10;

h = bf(gi). (5)

The empirical parameters (ag and bg) are considered as material dependent in this paper
and are estimated from the least squares-fitting procedure described below.

I1.2 Calculation of the Matrices and Determination of the Empirical Param-
eters

The group structure used in this work is one tested in Ref. 11. This group structure puts
mote emphasis on the higher energy range, and the width of the group becomes rather
wider in the lower encrgy range.

With this group structure, we calculated the transmission matrix using the EGS4
code(’) A 1-m fp-thick slab was used to calculate the matrix of the slab geometry, assum-
ing a source of unit intensity normally incident to the slab. On the other hand, to calculate
the matrix of the point isotropic geometry, a 1-mfp-radius sphere was used, assuming a
source of unity intensity at its center. The albedo matrix was also calculated using EGS4
and the same conditions as described above in the slab geometry. In the point isotropic
geometry, an albedo calculation was made for a l-mip-thick shell with an inner radius
of the 1-mfp length, where gamma rays were injected normal to the inner surface. The
obtained albedo values werce renormalized so that the buildup factor at the 1-mfp depth
would exactly reproduced by formula (1).

kixpression (1) contains the empirical parameters «, 2 and ~ included in K, e, bl =
1,2) in Ry, and ag, bg of Eq.(5). These parameters are assumed to be both material and
energy dependent. It is noted that three materials (water, iron and lead) were assumed
in this work. All of the parameters were determined by the least-squares method at each
energy so as to simultaneously fit expression (1) to the reference buildup factors of all
single- and double-layered shields comprising the considered materials.

To determine the parameters of materials 1, 2 and 3, we considered three combinations of
these materilas: materials 1 and 2, materials 2 and 3, and materials 1 and 3. Also, for each
ol the material combinations, we nse reference data of the four material configurations of N-
mip thickness. For example, the configurations considered for the combination of materials
I and 2 were single-Tayered shiclds of both materials, a double-layered shield of the n-mfp
material 1 followed by material 2, and the same thickness shield with the reversed order
of the material arrangement. We prepared three sets of the above mentioned data, where
the thickness of the st layer was changed threefolds: n(1), n(2) and n(3) mfp.



We defined the square of the relative difference in buildup factors W by

T = SRR x B'm(ﬂ") - BU‘HL{"{) K Byrt(?’l,) - B()m(n") 2
e -1 Z Z Z |:{ B()m("f) } * { Bm(’ﬂ’) } ] 3 (6)

F=1m Lk -1n —nlk)

where B,,(n") = the buildup factor given by Eq.(1) at a depth of n’' mfp; fy,,(n) =
the corresponding reference data; n’ = n(k) to N, representing depths after the material
boundary, where n(k) = 1 for the monolayered materials; k= 1 to 3, representing the
three different. first-layer thicknesses; m = 1 to 4, representing the above four material
configurations; [ = 1 to 3, representing the three combinations of materials. The summa-
tion on I means the fitting of the buildup factors for all kinds of double-layered shields
that can be made up by three materials.

The value of W is a function of 27 parameters (o, 3, v, ay, by, a2, by, ag and bg) of
materials 1, 2 and 3. These 27 parameters were simultancously changed gradually in a
direction where the value W most quickly approached the minimum one until W became
less than a predetermined small value.

[n all cases of point isotropic sources, we used N = 40 and n(1) = 5,7n(2) = 10 and
n{3) = 20 as described in Ref. 14, whereas N = 35 and n(1) = 5, n{2) = 10 and n(3) = 21
were used for the plane source.

II1 APPLICATION OF THE EXPRESSION TO THE MULTILAYER BUILDUP
FACTORS

I11.1 Application of the Expression to the Multilayered Slab Geometry

The buildup factors of 1-MeV gamma-rays normally incident to a slab in the plane geom-
etry were calculated using EGS4 for single- and double-layered shields of material combi-
nations of water, iron and lead, whose total thickness was 35 mfp and lst-layer thickness
was 5, 10 and 21 mfp. The present approximating model was applied to the obtained
buildup factor data. Since the plane geometry was used, the fitting parameters were only
a, 4 and v in the factor K.

The results of the data fitting are given in I"igs.l through 3 for shields composed of
water and lead, water and iron, and iron and lead, respectively.

Figure 1 shows a comparison of the reproduced buildup factors by the present model
along with reference data for the double-layered shields comprising water and lead shields.
The data reproduced by the present model agree quite well with those by the EGS4
calculation. In more detail, a discrepancy of 16% at maximum is seen in the data of
the shields of 21-mfp water followed by lead. However, the difference in this amount is
acceptable for an approximating expression ol the buildup factor, which may be used in
routine shielding designs.

Because the albedo of gamma-rays differs largely between water and lead, the buildup
factor of double-layered shields at the material boundaries differs from the corresponding
values of the monolayered shiclds. This behavior of the buildup factor of the double-layered
shields is very well reproduced by the present model.

A comparison of the data reproduced by the present model with the reference ones for
shields comprising water and iron is shown in Fig.2. The overall agreement between them
is very good. The largest disagreement of 12% between them is seen in the data of the
double-layered shield of 21-mfp water followed by iron. Low-energy gamma-rays which are
built. up in the water shicld are quickly absorbed in the fivst few-mfp ol a thick shield of



iron, which is moderately reproduced by the present model. The 12% discrepancy shown
in I'ig.2 is not a serious problem for the approximating model. However, if we desire to
express the behavior of the buildup factor exactly in this transient region, the number of
groups must. be increased. The same thing may be pointed out for the similar discrepancy
already seen in I'ig. 1 concerning the data of a shield of 21-mfp thick water followed by
lead.

Results for shields comprising iron and lead are given in Fig.3, where data based on
the present model are compared with the reference data obtained by EGS4. Again, the
agrecment, between them is satisfactory. The maximum amount. of disagreement. between
them s 10%, which is seen at a 35-mfp thickness for a shield of 21-mfp thick iron followed
by lead.

ITI.2 Application of the Model to Point Isotropic Buildup Factors

The behavior of the buildup factor strongly depends on the gamma-ray energy, reflecting
the change in the linear attenuation coefficient and production rates of secondary pho-
tons, such as bremsstrahlung and fluorescence. Correspondingly, the gamma-ray energy
where the buildup factor shows typical behaviors can be classified into three regions: low-
, intermediate- and high-energy ranges. Thercfore, results of an application test of the
present model is discussed for cach of these energy ranges.

IT1.2.1 Intermediate Energy Range

The energy range from 0.5 MeV up to 3.5 MeV is the most important one for applying the
point kernel method, where major gamma-ray sources are included. The Compton scat-
tering dominates the gamma-ray reaction in this energy range, and the linear attenuation
coefficient decreases with rising the gamma-ray energy. Below 1 MeV, the photoelectric
cross seclion increases quickly with lowering the energy. Generally, the the buildup factor
in this energy range becomes larger with decreasing the atomic number.

Typical results of the present model in this energy range are shown in Fig. 4 for double-
layered shields comprising water and iron at 1 McV. When the figure is compared with
the corresponding one of Fig. 2 for the plane geometry, a very different behavior of the
point isotropic buildup factor is clearly scen.

The length corresponding to 1 mfp at 1 MeV is very different between water and iron,
whereas the difference in the buildup factor is not very large between the two materials.
Under this condition, the buildup factors of the double layered shields of iron followed by
water show an excess over the corresponding buildup factor of the water shield, and those
of the shields of water followed by iron fall below the iron data. These behaviors of the
reference buildup factors as well as the absolute values are quite well reproduced by the
current model.

An exarnple of data fitting by the present model at 3 MeV is shown in Fig. 5 for double-
layered shields of water and lead. At this encrgy, the difference in the value of the buildup
factor is not large, even between water and lead. A buildup factor of 20-mfp lead followed
by water shows an interesting behavior. When the material is switched from lead to water,
it increases quickly and goes over the corresponding values of water, then approaches to
the buildup factor of water again. All data in the figure are reproduced by the present
model quite well, except for the very small discrepancies seen just, after the boundaries
trom water to lead.
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In general, the reproducibility of the buildup factor in this energy range by the present
model is very good. The maximum observed error of the approximation is about 15% for
all of the tested cases of double-layered shields at 0.6, 1 and 3 MeV. The error is largest
at 0.6 MeV, and smallest at 1 MceV.,

The buildup factors of triple-layered shields were calculated using the EGS1 code at |
MeV. The applied shields are of 40-mfp thickness and having the following configuration:
&-mfp water t 4-mfp iron { lead, 8 mfp iron { 4-mip lead | water, and &8-mfp lead | 1-mfp wa-
ter | iron. The buildup factors of these shiclds were reproduced by the present model by
using pre-determined parameters obtained by using the data of double-layered shiclds.
T'he thus-composed results are compared with the corresponding data of the EGS1 caleu-
lations in Fig. 6. Tt can be seen in the figure that the data of all material configurations
are very well reproduced by the present model, except for a small discrepancy seen near
to the material boundaries fromw lighter materials to lead.

IT1.2.2 High-Energy Range

In the high-energy range, i.e. E, 26 MeV, the lincar attenuation coefficient of heavy
materials, like lead, increases with the gamma-ray energy due to an increase in the pair-
production cross section. Thercfore, scattered photons down to the Compton minimum
energy have a greater probability of penetration through the shield than do photons at
the source energy. Moreover, the bremsstrahlung production cross section is fairly large
for high-cnergy electrons in lead. This increases the number of photons near and below
the Compton minimum energy. [ is noted that the critical energy in lead is 7 MeV, which
means that the multiplication of photons may take place by a cascade reaction at 10 McV
in the lead shield. Conscquently, the buildup factor in lead becomes very large at deep
locations. In general, the buildup factor in this energy range becomes larger in the order
of the atomic number of the material, which means that the buildup factor of water is the
smallest of water, iron and lead.

The results of the present model at 10 MeV are compared with the reference data of
EGS4 in Fig. 7, where the buildup factors of shields comprising water and lead are shown.
The buildup factors in the lead shields, both in the single- and double-layered shields,
increase very quickly with increasing the lead thickness. This behavior of the buildup
factor in the lead shield is very well reproduced by the present model in Fig. 7.

However, the buildup factor in the water shield is slightly underestimated by the present
model, especially in double-layered shields. The maximum amount of the discrepancy ob-
served between the two data is ~30%, which is observed al. 6~20 mip thicknesses in water
shields. The gamma-ray spectrum in lead is very soft, compared with the hard spectrum
in water. This spectrum change from lead to water may not, be very well reproduced by
the present. model, because of the 4-group approximation.

The point. isotropic buildup factors at. 10 MeV of triple-layered shields were calculated
using BGSA. The shields considered were 8mfp water | d-mfp iron | lead, 8-mlp iron t1-
mtp lead {-water, and 8-mfp lead+ 4-mfp water {iron. The paramcters already determined
using the data for the double-layered shields were used in the present model to compose
the buildup factors of the triple-layered shiclds.

The thus-obtained results are compared with the corresponding ones from EGS4 in IFig.
8. I'he buildup factors of the triple-layered shields based on the present model agree quite
well with those from the 13GS84 caleulation except for at around 20 mfp in water of a shicld
of iron | lead | water, where the present. model underestimates the buildup factor by about



30%. This underestimation corresponds to the underestimation scen for the double-layer
data in the water region of Fig. 7.

The behaviors of the buildup factors at 6 MeV were quite similar to those at 10 MeV.
However, the reproducibility of the data by the present model was improved. The under-
estitnation observed in the water shields was resolved at. 6 MeV.

111.2.3 Low-Energy Range

In the low-cnergy range, ie. 0.1 and 0.3 MeV, the absorption cross section is generally very
large, except. for light materials. This causes a hardening of the gamma-ray spectrum in
the shields, and almost no gamma-rays exist in the 44l group. Corresponding to this, the
correction factor ( fp) defined in section I1.1 is changed in this energy range: f, = L(i = 1),
Ri(i =2), Ro(i=3),and | (i =),

On the other hand, in the water shicld, low-cnergy gamma-rays buildup in the 4th
group very quickly, which results in large values of the buildup factor at deep locations.
Nevertheless, the above definition of £, is also used for water. Generally, the characteristics
of the buildup factor differ very much in this energy range, depending on the material. It
should be noted that when the original definition of fp was used instead of the above one,
the obtained results were similar to, but slightly worse than those given by the above one.
All of the data described below were fitted results with fp as defined above.

An example of the results of the present model at 0.3 MeV is shown in Fig. 9 for
shields comprising water and lead. The water buildup factor becomes as large as 5 x 10°
at 40-mfp depth, whereas that of lead stays at about 2, even at the deepest location. T'he
reproducibility of the data based on the present model is satisfactory.

In the case of double-layered shields of iron and lead, an ~35% disagreement,, which was
the largest error observed of all cases at 0.6 MeV, was scen between the present model
and the reference data in the lead shields behind iron.

[t was already reported(®) that the buildup factor of lead at 0.1 MeV increased very
quickly with increasing the lead thickness, and reached a value of as large as ~ 10!! at 40-
mip thickness. On the other hand, the buildup factor of iron at the same cnergy remained
at a very small value, even for a very thick shield. The water buildup factor at this energy
becomes as large as 3 x 10" at 40-mfp thickness, and much larger than at higher energies.

These extreme behaviors of the buildup factor were caused by changes in the gamma-
ray spectrum in the shields. The intense absorption characteristics remove low-energy
gamma-rays in iron, and form the very hard spectrum, whereas in water, the low-energy
gamma-rays buildup greatly, due to the low absorption cross section. The existence of the
K- and L-edges, and the production of fluorescences changes the situation very differently
in lead, where the produced secondary photons penetrate the lead shicld via the cross
section windows just below the edges.

As explained, the spectrum difference of gamma-rays in these materials is very large at
0.1 MeV, and the tew group spectrum expression of the present model may no longer be
valid. Therefore, it is interesting to test whether or not the present. model works at (0.1
MeV.

The buildup factor for the combination of iron and lead is shown in Fig. 10, which is
the most extreme case that the material having the largest buildup factor of ~ 101 at 40
mfp is combined with iron of the smallest buildup factor as low as about 4 at the same
depth. In this case, the buildup factors in iron in double-layered shiclds of lead followed
by iron decrease moderately to those ol the ivon monolayer. These buildup factors are



quite well reproduced by the present model.

However, the buildup factors in lead in the double-layered shields of the reversed material
order are overestimated by the present model by a factor of 2~4. The gamma-ray specirmum
in iron has the largest value at the source energy, and decreases quickly with decreasing the
gamma-ray energy. On the other hand, although very big peaks exist in the lead spectrum
due to the K-X rays of ~89 keV, the spectrum value above this energy is very small.
T'herelore, regarding the FGS4 results the gamma-ray buildup in the lead starts with
some delays behind the material boundaries after gamma-rays near to the source energy
are scattered down to an energy range below the K-edge. In the present model, the region
above 80 keV up to 99 keV is in the same energy group, and the above-mentioned detailed
spectrum difference between iron and lead is not described. The increase in the buildup
factor starts in lead just after the material boundary, which leads to an overestimation of
the buildup factor. The increase in the energy group number at a higher energy range is
needed to improve the reproducibility of the buildup factors.

The buildup factors are shown in Fig.11 for the combination of water and lead, which
is an example of the extreme behaviors of the buildup factor at 0.1 MeV. In this case,
the overall agreement of the data between the present model and the EGS4 calculation is
better than that for the combination of iron and lead. This is because the energy spectrum
of gamma-rays in both lead and water spreads in wider energy groups than in the iron
shields, and the spectrum variation between the two materials is better described by the
present, model.

Interesting behaviors of the buildup factor are pointed out for the double-layered shields.
The buildup factor in the 2nd layer of water followed by lead once decreases just behind the
material boundary, then starts increasing quickly with the lead thickness. The temporary
decrease in the buildup factor is caused by the cutoff of the very low-energy part of gamma-
rays that had built. up in water. A reversed behavior is seen in the buildup factor of the
shields of lead, followed by water, where a temporary excess of the buildup factor to the
corresponding data of the lead monolayered shield occurs. The latter behavior is caused by
the disappearance of strong absorption at very low energies when the material is changed
from lead to water. [t should be noted that these interesting behaviors of the buildup
factor are very well reproduced by the present model.

IV CONCLUSION

Our modified approximating model of the multilayer gamima-ray buildup lactor was tested
based on the reference buildup factor data estimated by using EGS4 for very thick shields
of up to 40 mfp.

As a conclusion of the tests, it is pointed out that the present approximating model
generally has a very good capability to reproduce the multilayer buildup factors, even in
very thick shields. The observed error was within 15% in the intermediate energy range,
about 30% in the higher energy range, and 35% at. 0.3 MeV.

At a very low energy of 0.1 MeV, the error of the approximation reaches a factor of 4 in
some cases. However, this error is acceptable as an approximating formula of the buildup
factor, considering a very large change of ~ 10!! in the buildup factor.

In the next step, the possibility of interpolating the parameters and the matrices with
the gamma-ray energy and the Z-number of materials should be tested. Then, a systematic
parameterization of the buildup factors will be started for major shielding materials. In
parallel with these studies, we will incorporate the current. expression into a point kernel
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