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ABSTRACT

Gamma transmission is a prominent technique for performing nondestructive testing and material
analysis, particularly high-precision thickness measurements. However, its accuracy is often com-
promised by small-angle scattering, in which photons deflected at shallow angles are incorrectly
counted by the detector as part of the primary transmitted beam. This is especially pronounced
when using common low-resolution scintillation detectors such as Nal(Tl). This study presents a
Monte Carlo simulation method, developed with the MCNP-CP software, to correct for the influence
of small-angle scattering in gamma transmission measurements. The method is demonstrated us-
ing simulations of a standard experimental setup with a 2 x 2 inch Nal(Tl) detector and a collimated
gamma-ray beam from three distinct radioisotope sources covering a broad energy spectrum: Co-
60 (1173 and 1332 keV), Cs-137 (662 keV), and Am-241 (59.54 keV). By computationally isolating di-
rectly transmitted photons from the scattered component, the true linear attenuation coefficients
are obtained for various single-element materials, including carbon, copper, and aluminum. The
results demonstrate a significant improvement in accuracy; after applying the correction, the cal-
culated attenuation coefficients deviate by less than 3% from the established NIST XCOM reference
values, compared with a 6% discrepancy observed without correction. It is also found that the
intensity of small-angle scattering has a complex dependence on material thickness, initially in-
creasing to a peak before gradually declining. Analysis of the buildup factor confirms that it has a
direct positive correlation with sample thickness, reflecting the increasing contribution of scattered
photons in thicker materials. The behavior of the buildup factor is also strongly energy dependent:
itis minimal at low energies (Am-241), shows the greatest sensitivity to the collimator's diameter at
intermediate energies (Cs-137), and converges at high energies (Co-60). This work provides a val-
idated method to enhance the precision of gamma-ray measurement systems by compensating
for systematic scattering deviations.

Key words: buildup factor, linear attenuation coefficient, scattering correction, MCNP-CP, nonde-

structive testing

INTRODUCTION

Gamma-ray transmission is a common nondestruc-
tive technique for material analysis and thickness
gauging that is valued for its simple setup, versatil-
ity, and low maintenance costs. However, its accu-
racy can be compromised by small-angle Compton
scattering, in which photons deflected at shallow an-
gles are incorrectly counted by the detector as part of
the unattenuated primary beam. This phenomenon
is particularly pronounced when using low-resolution
scintillation detectors like NaI(Tl), leading to system-
atic deviations in the calculated linear attenuation co-
efficients.

The contribution of scattered photons is usually quan-
tified by the buildup factor, which is an important
parameter in radiation shielding. Numerous stud-
ies have focused on calculating exposure and en-
ergy absorption buildup factors for various materi-

als using computational tools. For instance, investi-
gations on shielding bricks !, common materials like
water and concrete?, and specialized glass systems>
have demonstrated the reliability of software like MC-
NPX and the geometric progression method for these

47 These studies have confirmed that

calculations
Monte Carlo methods are highly effective for simu-
lating photon transport and shielding properties.

Precise thickness measurement is often essential for
quality control: it can detect slight variations in ma-
terial thickness due to defects. Various methods ex-
ist with distinct advantages. Gamma-ray techniques,

8-10 ffer

including transmission and backscattering
simple setups, continuous operation, and low mainte-
nance costs. They are also versatile, being unaffected
by temperature or chemical composition. Gamma
scattering is limited by saturation thickness, restrict-
ing its measurement range, whereas gamma transmis-

sion can measure a broader range. However, small-
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angle Compton scattering can interfere with the ac-
curacy of transmission measurements, especially with
low-resolution detectors like NaI(TIl). This effect is
stronger with thicker materials and larger detector
collimators. In 2000, Shirakawa introduced a non-
linear model incorporating small-angle scattering in
thickness measurements'!. Later studies explored a
simpler linear model to improve accuracy while min-
imizing complexity.

In this study, simulations were performed of a NaI(T1)
detector recording the transmission of gamma rays
from Co-60, Cs-137, and Am-241 sources. Nal(Tl)
is a commonly used type of detector and is particu-
larly suitable for material thickness measurements, in
both laboratory and field experimental setups. These
three gamma sources cover a wide energy range. The
high-energy gamma rays from Co-60 sources are suit-
able for thicker materials, and the low-energy gamma
rays from Am-241 are well suited for investigations of
thinner materials.

MATERIALS AND METHODS

Research subjects and methodology

Gamma-ray attenuation occurs through discrete in-
teractions with matter, primarily the photoelectric ef-
fect, Compton scattering, and pair production. As a
narrow beam passes through a material, the total in-
tensity of the gamma beam decreases because of inter-
actions with the material. Compton scattering is an
inelastic collision between a gamma ray and an outer-
shell electron. In this process, the gamma ray is de-
flected, transferring a portion of its energy to the elec-
tron, which is then ejected from the atom. The final
energy E,’ of the scattered gamma ray depends on
the scattering angle 0 and can be calculated with the
following formula:

Ey
E
1+ }/2(1 — cos0)

MeC

r_
E,=

where m,c? is the rest energy of an electron.

In gamma transmission measurements, a collimated
radiation source emits a narrow beam, which is re-
ferred to as good geometry. Under these conditions,
the gamma rays pass through a material and are atten-
uated, with the intensity reduction described by:

1= Ipexp(—px) ®)

In this formula, Iy and I denote the incident and trans-
mitted gamma-ray intensities, respectively; i (cm™!)
represents the linear attenuation coefficient, which
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depends on the energy of the gamma rays and the ma-
terial’s properties; and x(cm) is the thickness of the
material.

When a broadened beam is used, known as poor ge-
ometry, this basic equation no longer applies. In such
cases, an alternative expression must be used that in-
cludes a term B(x, Ey) to account for small-angle scat-
tering effects:

% =B(x,Ey)e ™* (3)
The extent of these effects varies between different
types of detectors, which have distinct responses to di-
rect and scattered gamma rays. The formal expression
for small-angle scattering considers the total intensity
I;ota1> which includes both transmitted and scattered
components, and the transmitted intensity Iy qps:

I,
B()C,Ey) — total (4)

Itrans

Although the overall and transmitted intensities vary
with sample thickness according to the Beer-Lambert
law, as expressed in Equation (2) the small-angle scat-
tering intensity follows a different behavior, which
can be described by 12

Licatter = a [6‘ H—e (b+e)x (5)

where a, b, and c are constants obtained from fitting
the curve.

Monte Carlo simulation software

MCNP-CP can perform calculations with nuclear
sources based on evaluated nuclear structure data
from ENSDF '3, It includes coincidence and nonco-
incidence counting modes, which can be used to cal-
culate and optimize the efficiency of both monoener-
getic and multipurpose detectors in measurements in-
volving real radiation sources. Three kinds of sources
were used in the simulation: Co-60 (1173 and 1332
keV), Cs-137 (662 keV), and Am-241 (59.54 keV).
The simulation configuration consisted of a gamma-
ray source, positioned behind a collimator with a
thickness of 9 cm and an inner diameter of 0.25 cm
to restrict the emission angle. The diameter of the de-
tector’s collimator (d,.,;) was varied from 8 to 14 mm,
with a thickness of 5.5 cm. The radioactive sources
were cylindrical in shape, with a height of 0.2 cm
and a radius of 0.2 cm. The emitted gamma rays
went through transmission targets with varying thick-
nesses from 1 to 150 mm. The investigated target
materials were aluminum, copper, and carbon. The
Nal(Tl) detector had dimensions of 2x2 inches and
was surrounded by an Al,O3 reflective layer with a
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Table 1: Material composition of cells

Cell Material Density (g/cm3) Explanation
1 Nal(TI) 3.67 Nal crystal of the detector
2 Al203 2.0 AI203 reflector of the detector
3,4,5,6 Al 2.699 Protective layer of the detector
7,8,11,13,17 Air 0.001205 Dry air
9,10 Pb 11.35 Detector collimator
12,15 Pb 11.35 Source collimator
14 Ceramic form 3.990 Gamma source
16 C 1.7667 Transmission target
Al 2.699
Cu 8.96

front thickness of 0.16 cm, along with an aluminum
layer of 0.009 cm thickness.

In the input file of the MCNP-CP simulation, the
“Mode P” option was used to simulate the transport
of photons only. In addition, the F8 tally was ap-
plied to generate the pulse height distribution spec-
trum. Specifically, the command “F8:P iz, (iger —
{+(ider)+(imalerial)}) (ger + {+(idet)+(imaterial)})” is
declared to separate the total intensity, transmitted in-
tensity, and scattered intensity. Here, i ,, represents
the cell index of the detector, and i,,,4s¢ris denotes the
cell index of the material plate in the simulation. Each
output file contains information on all three gamma
spectra: the total, transmitted, and scattered intensity
spectra. Using the transmitted component counts ob-
tained from the simulation, an exponential relation-
ship between the counts and thickness was then estab-
lished for the transmitted component, similar to the
form of Equation (2). The linear attenuation coefhi-
cient was determined by fitting the graph to the ex-
ponential function y = Aexp(- Bx). Furthermore, the
command “FT8 GEB a b ¢” was used to apply Gaus-
sian broadening to the peaks in the simulated spec-
trum. Table 1 presents the composition of the simu-
lated materials along with their densities and corre-
sponding cell numbers in the simulation. Figure 1
shows the cross-sectional view and the model of the
transmission measurement system of the simulation
in MCNP-CP.

RESULTS AND DISCUSSION

Investigation of the linear attenuation coef-
ficient

Figure 2 presents the simulated energy spectrum
recorded by the NaI(TI) detector after a collimated
Co-60 gamma-ray beam has passed through a 50 mm

thick aluminum sample. The MCNP-CP simulation
allows for the total detected signal to be deconstructed
into its constituent parts: the transmitted component
(photons that pass through the sample without inter-
action) and the scattered component (photons that
undergo Compton scattering within the sample be-
fore reaching the detector).
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Figure 2: Simulated spectrum for a 50 mm thick alu-
minum sample irradiated by a Co-60 source

Figure 3 shows fitted curves for the transmitted in-
tensity at the energy levels of 1173 and 1332 keV. The
same method was applied to process the data for all re-
maining collimator diameters and for aluminum, car-
bon, and copper. For each collimator, the thickness of
the samples varied from 1 to 150 mm. Table 2 shows
the linear attenuation coefficients of the samples ob-
tained before applying the correction from MCNP-CP
at different energy levels, as well as the relative bias
(%) between p and the corresponding fxcop value
from the XCOM database 4.
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(a) Cross-sectional view (b) Structure of the Nal (T1) detector

Figure 1: Schematic of the MCNP-CP simulation geometry

Table 2: Linear attenuation coefficients before correction

S ggﬁn) 59.54 keV 662 keV 1173 keV 1332 keV
plem™)  Apas (%) plem™h)  Apigs (%) u Apias I3 Apias
(em™") (%) (em™") (%)
c 8 0.307 -1.251 0.135 ~1.041 0.100  -4038 0095  -1.649
10 0.306 -1348 0.135 -1114 0.100  -3.942 0095  -1.649
12 0.306 -1477 0.135 ~1.187 0100  -3846 0095  -1.649
14 0.306 -1573 0.135 ~1.261 0.100  -3.942 0095  -1.649
Al 8 0.745 -1.765 0.199 ~1.443 0.147  -4118 0140  -2.500
10 0.742 ~2.095 0.198 ~1542 0.147  -3987 0141  -2431
12 0.740 2412 0.198 ~1.641 0.147  -3.987  0.40  -2.500
14 0.738 -2.636 0.198 ~1.691 0.147 4052  0.140  -2.500
Cu 8 14.442 ~0.872 0.634 ~2.569 0459  -4.886 0442 -2.599
10 14.425 -0.990 0.632 ~2.784 0460  -4.845 0442 -2.643
12 14.397 ~1.180 0.631 -2.999 0459  -4907 0442 -2731
14 14.378 -1313 0.630 ~3.153 0459  -5072 0441  -2.841

Note: Relative standard deviation St < 0.1%,Apjas = % x 100%

4031



VNUHCM Journal of Science and Technology Development 2026, 29(2): 4028-4036

Table 3: Linear attenuation coefficients after correction

Sam- dcol

5 () 59.54 keV 662 keV 1173 keV 1332 keV
Hc Apias (%) pe (em™)  Apigs (%) Me Apias (%) He (cm™)  Apigs (%)
(em™) (em™)
c 8 0.307 1.155 0.136 ~0.234 0.102 -1.923 0.097 0.000
10 0307 ~1.155 0.136 ~0.234 0.102 -1.923 0.097 0.000
12 0307 1155 0.136 ~0.234 0.102 -1.923 0.097 0.000
14 0307 1155 0.136 ~0.234 0.102 -1.923 0.097 0.000
Al 8 0.745 ~1.699 0.200 ~0.748 0.150 ~1.961 0.143 ~0.694
10 0743 ~1.963 0.200 ~0.748 0.151 1307 0.143 ~0.694
12 0741 2227 0.200 ~0.748 0.151 -1.307 0.143 ~0.694
14 0740 ~2.359 0.201 ~0.252 0.151 -1.307 0.143 ~0.694
Cu 8 14.443 ~0.865 0.641 ~1.446 0.476 ~1.449 0.453 ~0.220
10 14427  -0.974 0.641 _1.446 0.476 ~1.449 0.453 ~0.220
12 14400  -1.160 0.641 ~1.446 0.477 _1242 0.453 ~0.220
14 14381 ~1.290 0.641 ~1.446 0.477 _1242 0.453 ~0.220

Note: Relative standard deviation dpt < 0.1%,
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Figure 3: Simulated variation of the transmitted
counts with aluminum sample thickness measured
using an 8 mm collimator

Similar operations were carried out for the transmit-
ted component to obtain the linear attenuation co-
efficient after performing the correction (1) to sep-
arate the small-angle scattered component Table 3.
Comparing the results from MCNP with the XCOM
data, it can be seen that they agree closely, with the
relative discrepancy not exceeding 6% for the uncor-
rected data and not exceeding 3% for the corrected
data. Additionally, applying the fitting procedure to
the MCNP simulation data yielded a highly consis-
tent value for the linear attenuation coefficient after
correction [L. across the entire range of sample thick-

nesses, confirming the robustness of the method.

Correlation between variables

After verifying the accuracy of the p. value obtained
from the MCNP-CP correction, the correlation of var-
ious quantities with the shielding material density,
collimator diameter, and incident gamma-ray energy
was examined. These relationships were analyzed us-
ing principal component analysis (PCA). Table 4 lists
the variables considered in the PCA, namely, the ma-
terial density p, the collimator diameter d,;, the in-
cident gamma energy E, the initial intensity without
shielding Iy, the corrected linear attenuation coefhi-
cient [, the position of the maximum small-angle
scattering component Xy, and the relative discrep-
ancy between the attenuation coefficients before and
after correction Bias, . The formulae used to deter-

mine Xuqy 2and Biasy, are as follows:

d d B e
;x(lsc'utrer) =0& d—x {a (e xX_, (b+c)x>] -0
& Xmax = In 2]

a—a; a

H—HUe

C

Biasy = < > x 100% )

(6)
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Table 4: Data for PCA evaluation

4033

p(g/em®)  dey (mm) E (keV) o pie (em™')  Xpuc(cm)  Biasy (%)
2.6990 8 59.54 2577324  0.7452 1.4503 0
2.6990 10 59.54 3953520 0.7430 1.3725 0
2.6990 12 59.54 5444843  0.7410 1.3384 0
2.6990 14 59.54 6951317 0.7396 1.3261 0
1.7667 8 59.54 2577721  0.3073 2.9758 -1
1.7667 10 59.54 3954051 0.3072 2.8450 -1
1.7667 12 59.54 5445360 0.3069 2.7765 -1
1.7667 14 59.54 6951663 0.3068 2.7478 -1
8.9600 8 59.54 2576166  14.4431 0.0880 -2
8.9600 10 59.54 3951692 14.4268 0.0763 -2
8.9600 12 59.54 5441744 14.4001 0.0788 -2
8.9600 14 59.54 6946675 14.3813 0.0723 -2
2.6990 8 662 3496931 0.2004 3.7436 -2
2.6990 10 662 5339873  0.2004 3.5426 -2
2.6990 12 662 7361272  0.2004 3.4330 -2
2.6990 14 662 9420407  0.2005 3.3798 -2
1.7667 8 662 3494982 0.1360 49874 0
1.7667 10 662 5339835 0.1360 47048 0
1.7667 12 662 7361286  0.1361 4.5439 0
1.7667 14 662 9420363 0.1361 4.4659

8.9600 8 662 3495024 0.6410 1.4345 -1
8.9600 10 662 5340070 0.6410 1.3999 -1
8.9600 12 662 7361423  0.6408 1.3656 -1
8.9600 14 662 9420521  0.6408 1.3487 -1
2.6990 8 1173 1608579  0.1503 4.5879 -2
2.6990 10 1173 2286350 0.1505 4.4525 -2
2.6990 12 1173 3032747 0.1507 43513 -3
2.6990 14 1173 3803971 0.1507 4.2896 -3
1.7667 8 1173 1608532 0.1021 6.0528 -2
1.7667 10 1173 2286366 0.1022 5.8669 -2
1.7667 12 1173 3032810 0.1023 5.7256 -2
1.7667 14 1173 3804036 0.1023 5.6285 -2
8.9600 8 1173 1608622  0.4757 1.8362 0
8.9600 10 1173 2286511 0.4763 1.8064 0
8.9600 12 1173 3032738 0.4767 1.7734 0
8.9600 14 1173 3803966 0.4768 1.7545 0
2.6990 8 1332 1152925 0.1431 5.0847 -1
2.6990 10 1332 1639671 0.1431 4.8501 -1
2.6990 12 1332 2179249  0.1431 4.7979 -2
2.6990 14 1332 2740198 0.1431 47741 -2
1.7667 8 1332 1152825 0.0971 6.7532 -3
1.7667 10 1332 1639629 0.0971 6.4265 -4
1.7667 12 1332 2179236  0.0971 6.3288 -4
1.7667 14 1332 2740289  0.0972 6.2702 -4
8.9600 8 1332 1152880 0.4531 1.9705 -2
8.9600 10 1332 1639628 0.4531 1.9233 -2
8.9600 12 1332 2179306  0.4531 1.9152 -3
8.9600 14 1332 2740208  0.4532 1.9121 -3
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Figure 4: PCA loading plot

The PCA results in Figure 4 show that the first prin-
cipal component (PC1) accounts for 39.70% of the
total variance, with an eigenvalue of 2.78, making it
the most significant component. The second princi-
pal component (PC2) accounts for 22.96% of the to-
tal variance, with an eigenvalue of 1.61. Therefore,
together, PC1 and PC2 explain 62.66% of the total
variation in the dataset. This indicates that the two-
dimensional plot captures the overall data structure
effectively and clearly illustrates the main relation-
ships within the original dataset.

PC1 captures the contrast of u. and p with Xy
and Ey , whereas PC2 primarily represents variations
driven by d.,; and Iy relative to i, and p. The key
contributors to PC1 are ¢, P, Xmax, and Ey , whereas
for PC2, the most influential variables are d_,;, Iy, LL¢,
and p. The correlation analysis reveals clear patterns
among the variables: 1. and p exhibit a strong pos-
itive correlation, whereas Iy shows positive associa-
tions with both Bias;; and d..;. In contrast, i, and p
are strongly negatively correlated with x;4¢ and Ey,
with p and Xy displaying particularly strong oppo-
sition. Although E, and Xy are positively corre-
lated, they are negatively correlated with tt, p, I, and
Biasy, . Meanwhile, X;qr and d,;, as well as E, and
do1> show little to no correlation, as indicated by their
near-orthogonal positions.

The strong correlation between (i and p can be ex-
plained as follows. The linear attenuation coefficient
is defined as the product of the mass attenuation coef-
ficient and the material’s density. Therefore, the load-
ing plot accurately reflects the correlation between
these two quantities. In particular, for intermedi-
ate energy levels ranging from about 100 keV to 5
MeV, Compton scattering is the dominant interac-
tion mechanism. Since the probability of Compton
scattering depends largely on the electron density,

which is directly related to the material’s physical den-
sity, this explains the strong relationship observed be-
tween U, and p.

The energy Ey, and the quantity X, exhibit a
strong positive correlation, which is consistent with
the physical principle that as gamma-ray energy in-
creases, the mean free path of gamma rays in the ma-
terial also increases. That is, higher-energy gamma
radiation can travel a longer distance before undergo-
ing interaction processes. In cases where Xy is large,
gamma rays travel a greater distance before experienc-
ing a small-angle Compton scattering interaction.

Investigation of the buildup factor

In this subsection, the number buildup factor B is in-
vestigated. This quantity is determined by dividing
the total count by the transmitted component count,
as in Equation (4). for the attenuation of beam inten-
sity. Figure 5 shows the variation of the buildup fac-
tor of the aluminum sample with thickness for sev-
eral values of the collimator diameter and gamma-
ray energy. It can be seen that the buildup factor in-
creases with material thickness. When the collima-
tor radius increases, the B factor generally tends to in-
crease slowly. Therefore, it can be concluded that the
scattered component affects the buildup factor.

At the energy level of 59.54 keV, the accumulation
factor remains nearly unchanged, rising only slightly
from 1.00 to about 1.012. The curves for different col-
limator sizes (8, 10, 12, 14 mm) are similar. At these
low energies, the photoelectric effect dominates, lead-
ing to the complete absorption of photons without
generating scattered photons of significant energy. As
a result, few scattered photons contribute to the to-
tal spectrum, keeping the accumulation factor close
to unity.

When the energy is raised to 662 keV, the accu-
mulation factor shows a more pronounced increase
with thickness, reaching about 1.023. At this energy,
the separation between the curves (8-14 mm) is the
greatest across all cases, indicating that the influence
of the collimator slit size is strongest at this energy.
Here, Compton scattering is dominant, so a signif-
icant number of photons are redirected rather than
fully absorbed.

At higher energies (1173 keV and 1332 keV), the ac-
cumulation factor reaches its maximum values, peak-
ing at about 1.045 (at 1173 keV). Despite this higher
overall level, the separation between the curves (8-14
mm) is smaller than at 662 keV. Although Compton
scattering continues to dominate, at these high ener-
gies, photons are primarily forward scattered at small
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Figure 5: Relationships between thickness and buildup factor at various energy levels for an aluminum sample

angles. This reduces the effect of collimator slit size,
since both narrow and wide slits can effectively cap-
ture these forward-scattered photons.

CONCLUSION

The small-angle scattering component was isolated
using the extended MCNP-CP software. This allowed
for the accurate determination of the linear attenua-
tion coeflicients for single-element materials, namely,
carbon, aluminum, and copper. By eliminating the
contribution of small-angle scattering, the accuracy of
the calculated attenuation coefficients was improved,
with the relative deviation from the XCOM reference
data reduced to less than 3%, compared with an initial
6% discrepancy. A distinct correlation structure was
observed, with two opposing variable groups: the cor-
rected linear attenuation (i, and the material density
p, which are strongly correlated, and the position of
maximum scattering intensity x;,4x and the incident
gamma energy Ey .

The analysis confirmed that the number buildup fac-
tor has a complex dependence on material thickness,
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shielding geometry, and photon energy. The cor-
rection method proved to be particularly important
in the intermediate energy range (around 0.5 to 1.5
MeV), where Compton scattering is the dominant in-
teraction mechanism and its contribution to the de-
tected signal is largest. The size of the correction also
increases in direct proportion to material thickness, as
thicker samples increase the likelihood of scattering
events. Conversely, at low energies (below 100 keV),
where the photoelectric effect dominates, the impact
of small-angle scattering is minimal.

Future work could extend this methodology to more
complex scenarios, such as the analysis of multilay-
ered or composite materials commonly found in in-
dustrial applications. This would validate the robust-
ness of the technique for nondestructive testing of het-
erogeneous structures. Furthermore, a comparative
experimental study using a high-resolution detector,
such as a high-purity germanium detector, would be
valuable. This would serve to benchmark the perfor-
mance of the Monte Carlo correction by quantifying
the inherently lower scattering interference in high-
resolution systems.
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