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Abstract— We are investigating different micro- and nano-
structure approaches to neutron detection based on
inorganic scintillators. Specifically, we have been assessing
various neutron converter-scintillator configurations
through simulations and experiments. One promising
inorganic scintillator is ZnO due to its relatively high light
yield™, reasonable optical transparency in the visible
region?, and relatively low refractive index® compared to
other Zn-based crystals such as ZnS[¥. Accurate optical data
and rigid simulation tools are necessary to optimize the
dimensions of the neutron converter/scintillator systems.
Accurate optical data are necessary since the optical
parameters of a material depend on a variety of factors,
including but not limited to its morphology, crystal structure,
surface quality (surface roughness), as well as the
temperature at which it was manufactured. Therefore,
literature data show significant discrepancy when it comes to
the optical parameters for the material and it is important to
accurately measure these quantities for the specific sample of
interest. Neutron detection is a complex process that includes
neutron transport, charged particle transport, and light
transport in the active detection medium. Hence, a rigid
simulation tool is required to handle all these different areas
of physics with sufficient accuracy. In this work, Geant4 has
been chosen to carry out the simulations of these processes.
Geant4 (GEometry ANd Tracking) is a toolkit used in
various applications including high energy physics,
astrophysics, and radiation detection®™. The optical
simulation capabilities of Geant4 have been validated by
comparing the transmission and reflection data from UV-Vis
spectroscopy to the Geant4 models for different Zn-based
crystals. After validating the optical response of single
crystals, simulation models were constructed to model more
complex structures of ZnS-based alpha detection sheets (EJ-
440) from Eljen Technology. Optical parameters validated
with experimental results have been used in radiation
simulation in Geant4. This study will serve as a basis for our
ongoing effort to optimize and manufacture an efficient and
compact fast neutron detection module with micro- and
nano-structures.

Keywords — Spectroscopy, Geant4, Optimization, Neutron
Detectors, Scintillation

I. INTRODUCTION

AST neutron detection is achieved through either neutron

scattering or neutron capture reactions. Scattering-based
fast neutron detection systems typically employ hydrogen
atoms due to the similar mass to that of neutrons. On the other
hand, capture-based neutron detection systems utilize isotopes
that have high neutron capture cross section. Three of the most
important neutron capture reactions for neutron detection are
given herel®l:

3He +n - 3H + 'H + 0.764MeV
8Li+n— *He + 3H + 4.8MeV

"Li + *He + 2.31MeV + 0.48MeV (y) (94%)

10
B
tn 7Li + *He + 2.79MeV (6%)

1)

Although 2He has superior thermal neutron capture cross
section (5333 barns) than those of ®Li (940 barns) and *°B (3842
barns)(®, its worldwide shortage prohibits its widespread use in
newly developed detectorsl™. This aforementioned shortage of
3He has led researchers to develop neutron detectors based on
alternative approachest®l,

In our recent studies, we have investigated several
approaches to maximize the neutron detection efficiency of
various  neutron  converter/scintillator  configurationst®l.
Optimizations of different components of proposed neutron
detectors were carried out in Geant4 simulations. Although
neutronic data and charged particle models are relatively
consistent between Geant4, MCNP6[% and experimentsl’],
optical data have to be accurately measured for the material
samples of interest. The difficulty arises due to the fact that
optical constants are not only dependent on elemental
composition of the materials, but also on their morphology,
crystal structure, surface roughness, and the temperature at
which they were manufactured. Therefore, optical parameters
of the specific detector components should be measured, and
those same optical parameters must be used in optimization and
validation studies.

Moreover, the simulation tool has to be capable of accurately
capturing different optical phenomena. These optical
phenomena include refraction, surface reflection, and total
internal reflection, as well as bulk refraction and bulk reflection
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for samples with a polymeric-matrix containing particles, such
as EJ-440 detection sheets from Eljen Technologies.

In this work, we are investigating how Geant4 models
compare  against  the  experimental results  of
transmission/reflection  spectroscopy for samples with
thicknesses larger than/comparable to the wavelength of
electromagnetic radiation in the UV-Vis region.

Il. EXPERIMENTS

A Zn0O sample (99.99% purity) with dimensions of 10 mm x
10 mm x 0.5 mm was obtained from MSE supplies (Tucson,
AZ). A ZnS sample with 1-inch diameter and 3.175 mm
thickness was obtained from I11-VI Incorporated (Saxonburg,
PA). Two alpha detection sheets (EJ-440) were obtained from
Eljen Technologies (Sweetwater, TX) with two different
thicknesses of 0.1 mm and 0.25 mm. The EJ-440 sheets consist
of ZnS(Ag) powders bound to a 0.25-mm thick polyester sheets
on only one side, which allows Scanning Electron Microscopy
(SEM) images to be taken off the surface of the samples.
Moreover, several polyester sheets with 0.25-mm thickness
were obtained from Eljen Technologies to make separate
transmission/reflection measurement to decouple the effect of
polyester sheets from the EJ-440 responses.

Micro- and nano-structured ZnO and boron samples with
different thicknesses were manufactured in Material Research
Institute (MRI) at Pennsylvania State University (PSU).
Wavelength dependent refractive indices and extinction
coefficients of these samples were measured with Woollam M-
2000F Focused Beam  Spectroscopic  Ellipsometer.
Transmission/reflection spectra were measured with Cary-5000
UV-Vis-NIR spectrophotometer with an integrating sphere
attachment.

SEM images of EJ-440 samples were taken to calculate the
average particle dimensions of ZnS(Ag) powders, as well as
the standard deviation of their sizes. Iridium coating was
performed on the samples before SEM images were taken in
order to eliminate the charging and to make the images clearer.
It was observed through several different SEM images that the
samples were relatively homogenous in powder distribution.
Line-intercept analysis was conducted to find the mean particle
size and the standard deviation using SEM images.
Additionally, Energy Dispersive Spectroscopy (EDS) was
conducted to observe the impurities in the samples.

I1l. DATA ANALYSIS

UV-VIS spectroscopy results for transmission and reflection
were analyzed, and the optical absorption coefficients of the
samples were calculated. Measured transmission and reflection
can be related to the bulk absorption coefficient and the surface
reflection coefficient as follows for a single layer optical
system[1:

B (1 _ R)Ze—ad

m 1 — R2e¢—2ad (2)

R(l _ R)Ze—Zad

Rm =R+ 1 — R2e¢—2ad

(3)

where Tm, Rm, @, R, and d are the measured transmission,
measured reflection, bulk absorption coefficient, surface
reflection coefficient, and sample thickness, respectively.
Reflection coefficient can be related to the refractive index of
the material for normal incidence for samples with insignificant
absorption through [1:

_ -1y

k= (n+1)2

4

where n is the refractive index of the crystal. Equations 2 and
3 can be solved numerically to find the bulk absorption
coefficient and the surface reflection coefficient
simultaneously.

In most of the literature, the absorption coefficient is
calculated with the Beer-Lambert Law and the so-called
“Modified Beer-Lambert Law”[*. Although these models can
be applied to many samples, it is important to understand their
limitations. The Beer-Lambert Law and the Modified Beer-
Lambert Law are given as follows:

T,, = e~ad )
Ty = (1= Ry)?e ™ ©)

Both of these equations give accurate results in certain
regions of the transmission/reflection spectrum; however, they
do not give plausible results when their approximations are no
longer valid. As an example, Equation 5 is only valid when the
measured reflection is negligible compared to the measured
transmission in Equations 2 and 3. On the other hand, Equation
6 is only valid when the sample is considerably absorbent!*!l,
These limitations will be shown through Geant4 simulations in
Results and Discussion.

For two-layer systems such as those in EJ-440 sheets, none
of the equations discussed so far gives accurate results due to
the additional polyester backing. Polyester backing introduces
an extra bulk region, as well as two surfaces with different
refractive index mismatch (ZnS-polyester and polyester-air).
Therefore, Transfer Matrix Method (TMM)*? was used to
extract the absorption coefficient of the active detection region
for these samples. Expressions for the transmission and
reflection of a two-layer system are fairly complicated; as an
example, measured transmission of a ZnS-Polyester system
when the light is impinged from ZnS side is expressed as
follows:

T = (1-R1)(1-R2)(1-R3) (7)

ZnST {[(1-2Ry)Rse; L L+Ryezes L (—Ry)—RoRze; Leg +ezeq)
where R, R,, R are the reflection coefficients of air-ZnS, ZnS-
polyester, and polyester-air surfaces, respectively. e; and e; are
given by:

aldl’ e, = eazdz (8)

61 =e
where a4, a,, di, and d, are the ZnS absorption coefficient,
polyester absorption coefficient, ZnS thickness, and polyester
thickness, respectively. Similarly, there are the measured
reflection when light is impinged on ZnS side, as well as the
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measured transmission and reflection data when light is
impinged on polyester side, which, in total, amount to four
measured values. If the absorption coefficient of polyester was
measured separately using Equations 2 and 3, a4, Ry, R,, and
R5 can be found by solving four equations simultaneously.

Wave nature of light must be taken into account while
analyzing the UV-Vis spectra of thin samples. The wave nature
of light gives rise to interference fringes due to multiple
reflections of light waves inside the thin sample. A
mathematical expression can be used to represent these effects
in order to extract the absorption coefficients of the samples.
The mathematical expression of transmission for double-layer
systems involving a thin film and a thick substrate is shown
herel3l:

[tiata3tza]?]€2]%]€3]?

T= 1+ 2 2 4 2,22
T237134€3 T 1127236, T 11213465 €3

€)

where t.m and rnm are the transmission and reflection
coefficients, respectively. The term ex can be expressed as

—anxdeeZm'nxkdz

e, =e (10)
where k, and ny are the extinction coefficient and refractive
index of the material of interest, respectively, and k is the
wavenumber.

Particle size analysis was carried out using line-intercept
analysis on SEM micrographs from a Tescan FESEM. The
analysis processes used multiple lines drawn both horizontally
and vertically on the images. The number of particles crossed
by the lines was determined and the average particle size was
calculated by dividing the total line length by the number of
particles. Standard deviation of particle size was calculated
through error propagation using the uncertainty in the number
of particles crossed by the intercepting lines.

Mean particle size and the standard deviation are found using

= L 11

”_N 11
ON

O =H oy (12)

where u, L, and N are the mean particle size, total line length,
and total number of particles intercepted, respectively. g, and
oy are the uncertainties in mean particle size and number of
particles intercepted, respectively.

IV. COMPUTATIONAL METHODS

For the simulations of ZnS and ZnO crystals, a single volume
was created in Geant4 and a circular polychromatic beam of
light was impinged on one side of the target to mimic the
experimental setup. No surface definition was used in the
simulations; therefore, probabilities of reflection and refraction
are calculated directly from the refractive index data found in
the literature, which were verified with the experiments using
Equation 4. Transmission and reflection are determined by
tallying the total number of photons that escaped the crystal
through the back surface and the front surface (surface on which
light is impinged), respectively, and dividing them by the total
number of photons simulated. Similar simulation setup was
utilized for thin films with only difference being the addition of

quartz substrate into the models. Simulations were conducted
using the optical constants measured with ellipsometry and
verified with UV-Vis spectroscopy. Moreover, the neutron
detection efficiency of a single sandwich layer (ZnO-boron-
Zn0) was calculated with Geant4 simulations.

The EJ-440 sheets were simulated by modeling the
individual powders, size of which was measured with SEM
images. Modeling of individual powders was found necessary
to accurately reflect the complex nature of the detection sheets.
When EJ-440 was modeled as a single layer, simulations
severely underestimated the amount of reflected light due to no
reflection inside the sample. However, when powders were
modeled, reflection results in Geant4 converged to the
experimental data due to the multiple reflections taken place
inside the sample.

A Gaussian function was written in  Geant4
DetectorConstruction class with the mean particle size and
standard deviation information taken from SEM images. For
EJ-440, spherical particles (ZnS(Ag) powders) with
pseudorandomized radii were placed in a cubical volume of air.
Positions of the particles in the cubical volume were also
randomized. The cubical volume containing the ZnS(Ag)
powders were repeated and the entire active volume of the
detectors was filled with spherical ZnS(Ag). Finally, a 0.25mm
polyester sheet was created and placed behind the ZnS(Ag)
volume.

V. RESULTS AND DISCUSSION

We investigated the optical transport capabilities of Geant4
toolkit for single crystal samples, complex powder-based
samples, and thin samples. We used measured data from
ellipsometry, transmission/reflection spectroscopy and SEM in
Geant4 simulations. Results for different samples are shown in
the following subsections.

A. ZnS Crystal

Bulk absorption coefficient of the ZnS crystal was calculated
using the three methods discussed in Section Il and wavelength
dependent absorption length (1/a) was entered as input into the
Geant4 model. Refractive index data were taken from
literaturel®, The wavelength dependent refractive index was
also calculated through Equations 2-4 and compared to the
literature values. Experimental and simulation results for
transmission/reflection/absorption spectra are shown in Fig. 1.

Transmission Spectrum of ZnS Sample
60,

Experiment

Simulation (Beer-Lambert Law)

50 Simulation (Modified Beer-Lambert Law)
Simulation (Simultaneous solving for parameters)

40

3

%T

&

2

=]
_1I\\‘f[f]}]\\\‘llll|lf

ol b b b b b b b ba g
410 420 430 440 450 460 470 480 490 500

Wavelength(nm)

&7



EPJ Web of Conferences 253, 11010 (2021)
ANIMMA 2021

https://doi.org/10.1051/epjcont/202125311010

Reflection Spectrum of ZnS Sample

30

Experiment
28

Simulation (Beer-Lambert Law)

26 Simulation (Madified Beer-Lambert Law)

15 solving for p

24

22

%R

_Il\\\‘ll_!‘\\lll\l‘
F ¥

{

i

20

18

16

B T R R R R
Wavelength(nm)
Absorption Spectrum of ZnS Sample

I A A
480 490 500

80

70

6

S

5

=]

40

%A

|HII[\HI|I\H‘[I\[‘HI-L

Exporiment
20 Simulation (Beer-Lamben Law)

Sirmulati ied Bes

imbedt Law)

Simulation (Simultaneous solving for parameters

Coona b b beran bennn b b benaa by
Eﬂﬂ 410 420 430 440 450 460 470 480

Wavelength(nm)

TN
490 500

Figure 1. a) Transmission, b) reflection, and ¢) aAbsorption spectra of
the ZnS sample. Both experimental and simulation data are shown.

As shown in Fig.1, transmission increases as the wavelength
of the light photon increases (or energy of the photon
decreases). Experimental data are consistent with the data sheet
provided by the company. As stated in Section Il of this paper,
both the Beer-Lambert Law and the Modified Beer-Lambert
Law capture certain parts of the spectra accurately. However,
simultaneous calculation of bulk absorption and reflection
coefficients through Equations 2 and 3 give better results in the
whole wavelength region. The Beer-Lambert Law fails
significantly as reflection increases, whereas the Modified
Beer-Lambert Law fails where absorbance is minimal. Since
the Beer-Lambert Law completely ignores reflection, it
overestimates the absorption in the entirety of the spectrum.

Uncertainties in the simulations are less than 0.2% and they
are shown in the figures. Uncertainty estimation in UV-Vis
analysis was reported to be 0.15%-1%[*56],

The largest percentage difference between the experimental
and simulation results was found in the reflection spectrum with
the largest difference being 4.5%. The reason for this difference
was attributed to the inaccurate refractive index data and
imprecise surface definitions used in Geant4 models that
ignored possible surface roughness. Refractive indices
calculated with Equation 4 were on average 5% lower than the
literature values. When the simulations were done with the
calculated refractive indices, we found that the reflection
decreased and matched with the experiments in higher photon

energy region; however, it deviated from the experiments in the
lower photon energy region.

B. ZnO Crystal

The wavelength dependent bulk absorption coefficient of
ZnO crystal was calculated through Equations 2 and 3. The
sample cross-sectional area was 10 mm x 10 mm; therefore, a
micro-focusing lens was used to collimate the light onto the
center of the sample. Refractive indices calculated with
Equation 4 were used in the Geant4 models. Spectra calculated
from the simulations were compared against the experimental
spectra. As an example, the absorption spectrum is shown in
Fig. 2.

We observed a very good match between the experimental
and simulation results in the absorption spectrum. The highest
difference between the experiments and simulations was around
2% in the low energy region of the spectrum. Although not
shown here, we observed the largest difference between
experiments and simulations in the reflection spectrum with the
highest relative error being approximately 9.5%. We assign this
discrepancy to the combination of imprecise data of refractive
index and non-realistic surface conditions in the models.

Absorption Spectrum of ZnO Crystal
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Figure 2. Comparison of experimental and simulation absorption
spectra.

C. EJ-440 Sheets

Transmission/reflection spectroscopy measurements were
carried out for EJ-440 sheets with two different thicknesses.
Since these sheets are made up of two layers (ZnS(Ag) and
polyester), a total of four measurements were taken for each
sample with two transmission and two reflection measurements
with light impinged on both sides of the samples.

Moreover, UV-Vis measurements were carried out for a
single polyester layer obtained from Eljen Technologies to find
the bulk absorption coefficient of the polyester backing. The
polyester bulk absorption coefficient (e, in Equation 8) was
used to determine the bulk absorption coefficient of ZnS(Ag)
layer using Equation 7 and the additional three equations
discussed in Section 11 (not explicitly shown in Section IlI).

The mean particle size was calculated as 4.4 um and 4.5 um
for 0.1 mm and 0.25 mm EJ-440 sheets, respectively. The
standard deviations associated to those values were calculated
to be 0.88 um and 0.76 um. The active detector volume was
created in Geant4 with spherical ZnS(Ag) powders whose sizes
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were pseudorandomized through the following probability
density function (PDF) with experimentally verified mean and
standard deviation:

1 —(ch—ét)z 13
f(x)—\/z%e (13)

where y and o are the mean particle size and standard deviation
associated to it, respectively.

An SEM image taken with the secondary electron detector is
shown in Fig. 3 for a 0.1-mm thick EJ-440 sheet. Highly
complex internal structure of the powdery geometry of EJ-440
sheets was approximated by using spheres with

pseudorandomized radii calculated with Equation 13. Although
the model falls short to mimic the true structure, it nonetheless
introduces complicated passage for light and therefore causes
light to reflect off multiple boundaries inside the bulk material.
A unit-cell created in Geant4 using the data obtained from SEM
images is shown in Fig. 4.

Figure 4. Unit-cell in Geant4 for EJ-440 sheets. Particles are color
coded according to their sizes. All spheres are ZnS(Ag) with green
representing smaller than u-o, blue representing between u-o and u+o,
and red representing larger than u+o.

All the volumes shown in Fig. 4 are ZnS(Ag) with red
representing particles larger than p+ o, blue representing
particles whose sizes vary between y — ¢ and p + o, and green
representing particles smaller than pu — o. The unit-cell was

copied and repeated to create the active volume that represents
the EJ-440 sheet. A polyester sheet was defined as a single
rectangular-parallelepiped volume and placed behind the EJ-
440 active volume.

Absorption spectra obtained from the simulations for 0.1-mm
and 0.25-mm thick EJ-440 samples were compared to the
experimental spectra. Moreover, the spectra simulated using the
absorption length obtained by Beer-Lambert Law were also
compared to the experimental spectra. The comparison is
shown in Fig. 5.

The Beer-Lambert Law severely overestimates the
absorption in the sample in both cases. As explained in the
discussion in section ZnS Crystal, the Beer-Lambert Law does
not take into account the reflection and assumes that reflection
is zero for all wavelengths. Consequently, all the light that is
not transmitted is considered absorbed according to Equation 5;
hence, the absorption is overestimated.

Absorption Spectrum of 0.1mm EJ-400 Sheet
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Figure 5. Comparison of experimental and simulation absorption
spectra.

On the other hand, simulations with the bulk absorption
coefficient calculated through the “Multilayer Approach” gives
much better results and they are in agreement with the
experiments in terms of both absolute values and the general
trend.

Ignoring the internal structure of the samples results in a
significantly lower simulated reflection. This is a result of no
reflection inside the bulk material and reflection only from the
surfaces between air and the sample. Introducing the ZnS(Ag)
powders as micro-structures inside the bulk material causes
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incoming photons to reflect and change their paths multiple
times before they leave the sample; hence, increasing the
simulated reflection.

Capturing the general trend and the absolute values of
absorption is only possible by taking into account the polyester
layer and by modeling the internal structure of the sheets.

D. Thin Films of ZnO and Boron

Two ZnO samples with 450-nm and 939-nm thicknesses and
three boron samples with 150-nm, 998-nm, and 2027-nm
thicknesses were manufactured in MRI at PSU. The wavelength
dependent refractive indices and extinction coefficients of these
samples were measured with ellipsometry. Measured extinction
coefficients and refractive indices were plugged into the model
transmission (Equation 9), and the mathematical model for
transmission was compared to the experimental spectrum.

SEM images of boron and ZnO films alongside with their
transmission spectra are shown in Fig. 6.

Transmission Spectra of Boron Films
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Figure 6. SEM images of ZnO and boron thin films with their
transmission spectra.

Sample thickness and refractive indices are the main factors
that determine the interference fringe pattern. There was a
disagreement between the sample thicknesses measured with
SEM and ellipsometry. Although the difference is less than
10% for all the samples, it changes the constructive and
destructive interference pattern significantly in the model
transmission spectra. These discrepancies between the
ellipsometry and SEM data were taken into account while
creating the model transmission. The wavelength dependent
extinction coefficient and refractive index from the
ellipsometry were plugged into the model to finalize the model
transmission. Model transmission spectra for 450 nm and 939
nm ZnO sample are shown in Fig. 7.

Transmission Spectra of ZnO Films
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Figure 7. Model transmission for 450nm and 939nm ZnO thin films.

Although the experimental UV-Vis transmission and the
model transmission do not match in terms of oscillation
amplitudes, wavelength dependent extinction coefficient
measured with ellipsometry predicts the dampening of light
waves to approximately 80%.

Since Geant4 considers optical photons to be point-like
particles, the interference fringes cannot be simulated in
Geant4. However, Geant4 predicts a reasonable mean
transmission for most of the wavelength region of interest using
the ellipsometry data as shown in Fig. 8. At high energies, there
is a consistent pattern of ellipsometry overestimating the
extinction coefficient of the layers; therefore, Geant4 predicts a
significantly lower transmission.

Transmission Spectra of ZnO Films
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Figure 8. Comparison of experimental transmission spectra to Geant4
transmission spectra for ZnO thin films.

50

Finally, using the optical constants measured with
ellipsometry and verified with UV-Vis transmission and
reflection spectrometry, Geant4 models were constructed to
simulate the neutron detection efficiency of sandwich-like
structures. A circular thermal neutron beam was impinged on
the ZnO-boron-ZnO sandwich geometry with a cross-sectional
area of 3 cm x 3 cm. A photocathode surface was placed on one
end of the geometry and the neutron capture and neutron
detection efficiencies were tallied. A 20-photon threshold was
applied in order to consider a successful neutron detection. The
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neutron capture efficiency and the neutron detection efficiency  with Matter University Research Alliance (IIRM-URA) under

as a function of boron thickness are shown in Fig. 9. The ZnO
thickness was held constant at 4 um, which is the estimated
range of 1.78-MeV alpha particle in ZnO.

Neutron Capture Efficiency (%)
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Figure 9. Neutron capture efficiency and neutron detection efficiency

of ZnO-B-ZnO sandwich geometry with respect to varying boron

thickness.

X

Although the thermal-neutron capture efficiency reaches
approximately 10%, the thermal-neutron detection efficiency
saturates at approximately 4.5% due to the relative opaqueness
of the boron film and some of the reaction products not reaching
the scintillator medium. The neutron detection efficiency can be
substantially increased by increasing the number of layers and
by arranging multiple photosensors around the neutron
detector. The neutron detection efficiency is comparable to that
of similar structures for thermal neutrons!*"l,

VI. CONCLUSION

It has been shown that Geant4 is capable of modeling the
optical response of various structures including single crystal
and micro-structures, as well as nano-structures to a certain
extent. The transmission and reflection spectra of various
materials have been measured and it has been demonstrated that
Geant4 accurately predicts the optical behavior of these
materials when optical constants such as absorption coefficients
and refractive indices are calculated with appropriate
mathematical expressions. Optical constants of ZnO and boron
thin films have been measured with ellipsometry and verified
with UV-Vis spectroscopy. Finally, the neutron detection
efficiency of single sandwich geometry of ZnO-B-ZnO was
simulated with experimentally measured optical properties. It
has been found that a single micro-structure sandwich geometry
can achieve approximately 4.5% neutron detection efficiency,
which is comparable to those reported previously for similar
structures.
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