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The European Pathfinder project Unicorn aims to develop advanced nanoparticle-based scintillating materials
for high-resolution and rapid-response radiation detection. This work explores the scintillation properties of
nanocrystals in polymer matrices, aiming at applications in gamma and beta decay detection. The production
of such scintillating composite requires to estimate the effect of absorption and scattering processes in the
light transport on the performance of the final detector system. This contribution explores a novel experimental

method using a spectrophotometer with a plug-in integrating sphere to obtain these parameters and investigates
their influence on the light collection via Monte Carlo simulations in Geant4.

1. Introduction

Scintillators coupled with photodetectors are widely employed for
detection of ionizing radiation in various fields such as high-energy
physics, medical diagnostics, homeland security, and industry [1]. In
research areas where large scintillator volumes are necessary, typically
in the search for rare events, state-of-the-art inorganic crystals fall short
in meeting the demands for cost and scalability while maintaining good
energy resolution [2]. On the other hand, organic scintillators offer
better scalability but suffer from limited energy resolution, highlight-
ing the need for new materials specifically designed to meet these
demanding requirements.

To address this, nanoparticle-based scintillators embedded in poly-
mer or glass matrices offer a promising solution, providing composi-
tional flexibility, scalability, and cost-effectiveness compared to con-
ventional bulk crystals or commercial plastic scintillators [3-5]. Among
their advantages over plastic scintillators is their potential to boast
higher light yield, better energy resolution and faster scintillation decay
featuring ultra-fast (subnanosecond) components [6]. Moreover, they
emit in a narrower wavelength distribution.

However, modern nanocomposites face challenges due to their high
scattering and absorption, which limit the amount of scintillation light
reaching the photodetector and, consequently, their applicability in

radiation detection [7]. To address this, it is essential to investigate
how absorption and scattering properties affect the light transport and
light collection at the photodetector to help manufacturers develop
nanocomposites competitive with current scintillators on the market [8,
91.

2. Methods

2.1. Nanocomposite scintillators

To overcome the challenges of traditional scintillation materials
such as inorganic crystals or organic plastic scintillators, an approach
employing inorganic quantum confined nanocrystals (NCs) of nm di-
mensions embedded in polymer matrices might be exploited. This offers
a combination of high density and good energy resolution of inorganics
with the compositional flexibility and low production costs of plastic
scintillators. Nanocomposites are an attractive prospect thanks to their
efficient luminescence and excellent timing characteristics with effec-
tive decay times of a few nanoseconds [10-12]. This is also illustrated
in Fig. 1 which presents the scintillation decay time spectrum of 0.1%
CdSe/CdS dot-in-plate NCs in PMMA measured by TCSPC method
under low-energy X-ray excitation using a set-up described in [13].
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Fig. 1. Scintillation kinetics of 0.1% CdSe/CdS dot-in-plate NCs in PMMA
measured by TCSPC method under X-ray excitation using a set-up described
in [13].

Recently, nanocomposites have been successfully manufactured in
high loadings (up to 40 wt%) thanks to co-polymerizable surface ligand
exchange, thus increasing their stopping power for high energy X-rays
or y-ray while keeping a certain level of transparency [14].

2.2. Monte Carlo simulation

In order to study the effect of nanocomposite optical properties
on the final detector performance, a Monte Carlo simulation frame-
work modeling various geometries of the radiation detector using the
GEANT4 toolkit was set up. As an example, a 5 x 5 x 5 cm?® block
of a nanocomposite is simulated as a prospect for neutrinoless double
beta decay detection [15]. The nanocomposite can be coupled to an
arbitrary number of photodetectors; the two studied configurations
were one photodetector coupled to one of the faces and six photode-
tectors, one on each face of the nanocomposite, surrounding the whole
scintillator block. In the single-photodetector geometry, the remaining
faces are covered with a perfectly reflective material to maximize light
collection. An illustration of the geometries can be found in Fig. 2.
A primary electron with a kinetic energy of 1.5 MeV, emulating one
of the two electrons emitted during a neutrinoless double beta decay,
is generated at random positions uniformly distributed within the vol-
ume and deposits its energy into the medium while producing optical
photons by both scintillation and Cherenkov mechanisms. These are
subsequently transported while undergoing absorption and scattering
processes before being collected at the photocathode.

The described framework does not account for the effects of in-
dividual nanoparticles; instead, it treats the nanocomposite volume
as homogeneous, using macroscopic properties that reflect the overall
absorption and scattering of the nanocomposite.

2.3. Light transport in a scintillator

The transport of the scintillation photons is influenced by absorption
and scattering processes that the photons undergo while traveling to
the photodetector. During absorption, the photon is lost as a result
of its interaction with the NCs; therefore lowering the efficiency of
the scintillator. During scattering, which comprises Rayleigh and Mie
components, the photon is elastically re-emitted in a different direction,
effectively lengthening the photon path and causing the photon to
be more likely absorbed by the NCs. This behavior is illustrated in
subfigures (b), (c) and (d) of Fig. 2.

Rayleigh scattering occurs when the size of the scattering particle
is much smaller than the incident photon wavelength. The angular dis-
tribution of re-emitted photons is almost isotropic while the scattering
cross-section is heavily wavelength-dependent as og,yejgn A~ [16].
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(a) (b)

Fig. 2. Visualization of the trajectory (red line) of a 1.5 MeV electron
producing scintillation and Cherenkov photons (green lines) (a). Scintillator
nanocomposite with no scattering considered, read out with six photodetectors
(black cuboids) (b). Nanocomposite read out with one photodetector only: both
scattering attenuation lengths (Rayleigh and Mie) set to 1 mm (c), and to
0.1 mm (d). The yellow dots represent points of interaction with material.

Mie scattering is more significant when the wavelength of the
incident photon is comparable to the size of the scattering parti-
cle [17]. The angular distribution of re-emitted photons is much more
forward oriented while the cross-section is not heavily wavelength-
dependent [18].

2.4. Light collection efficiency

To obtain the light collection efficiency at the photodetector, the
simulation framework requires an input of the parameters describing
the absorption properties and the scattering properties comprising of
Rayleigh and Mie components.

The absorption properties are calculated from the experimental
data of total transmittance of a 3-mm thick nanocomposite sample of
0.1% CdSe/CdS dot-in-plate NCs in PMMA (shown in Fig. 6). In this
configuration, the losses due to scattering are minimal due to the small
thickness of the sample; therefore, the absorption of the nanocomposite
can be well estimated. The absorption length L, is obtained with the
following equation

In10

7
where « is the absorption coefficient, A = log(I/1) is the sample
absorbance calculated from the transmittance T = I/I;,, R = (n —
1)?/(n + 1)* is the sample reflectivity calculated using the refractive
index n of PMMA only, and d = 3 mm is the sample thickness. Thanks to
the correction using the sample reflectivity, Fresnel reflections on the
surface are accounted for. The resulting dependence of the absorption
length on wavelength is shown in Fig. 3.

The scattering attenuation lengths ig,, and ly;, are defined as the
average length traveled by a photon before it is Rayleigh and Mie
scattered, respectively. As these parameters are difficult to measure
experimentally, the first step of our approach was to estimate the
collection efficiency performing a scan over a range of anticipated
scattering values of Ag,, and 4y, while keeping the absorption fixed.
The light collection efficiency (LCE), simply defined as

€8]

Ly, = é = [A+2log(1 - R)|
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Fig. 3. Absorption length of a nanocomposite sample of 0.1% CdSe/CdS dot-
in-plate NCs in PMMA calculated from its transmission properties.
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Fig. 4. Comparison of different configurations in the spectrophotometer set-up
with a plug-in integrating sphere.

is then calculated for each of the different scattering attenuation
lengths.

To estimate the LCE correctly, the refractive index of the nanocom-
posite was set equal to the refractive index of the polymer host (PMMA)
while for the entrance window of the photodetector it was set to
fused silica. The photodetector was coupled to the nanocomposite with
optical grease (n = 1.472).

2.5. Experimental characterization of transmittance

In order to experimentally characterize the absorption and scat-
tering properties of nanocomposites, a set-up comprised of a spec-
trophotometer with a plug-in integrating sphere, shown in Fig. 4, was
designed. The set-up offers the versatility to exchange between three
different configurations focusing on the collection of transmitted light
through the sample.

The angular transmittance configuration collects the light transmit-
ted through the sample while the part that was scattered is lost due to
the large distance between the sample and the entrance window of the
integrating sphere.
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Fig. 5. Simulation studies of the light collection efficiency dependence on Ag,,
while keeping Ay = 10° mm (left) and the dependence on 1, while keeping
ARay = 10° mm (right) for a 5 x 5 x 5 ¢cm® nanocomposite of CdSe/CdS dot-
in-plate NCs in PMMA matrix coupled to 1 and 6 photodetectors depicted by
blue circles and red squares, respectively.

The total transmittance configuration where the sample is placed
at the entrance window uses a reflective plate at the other end of
the integrating sphere which allows to recollect the transmitted part
of the light as well as the part of the light that is scattered in the
direction of the integrating sphere. For a thin enough sample, this
configuration provides the best reference of solely absorption properties
of the measured sample.

Finally, the diffuse transmittance configuration uses the same sam-
ple placement as in total configuration, but the reflector at the end
of the integrating sphere is exchanged for an absorber. In this way,
the light that is only transmitted through the sample will be absorbed,
while the scattered part will be recollected.

3. Results and discussion
3.1. Light collection efficiency scan

In order to study the effect of different scattering components on
the light collection efficiency, 100 k events were generated per each
scattering length value and the LCE was calculated according to
(2). For all of the simulation runs, the absorption properties of the
nanocomposite were fixed using the experimental data as discussed
above. The developed framework allows to vary Ag,, while keeping
Avie fixed, and vice versa to see the individual effects of both scattering
components on the LCE. The results are summarized in Fig. 5.

The simulation results indicate that the current level of NC ab-
sorption significantly limits the feasibility of using a 5 x 5 X 5 cm?
nanocomposite with a single photodetector. Even in the absence of
scattering and with perfectly reflective material covering the remaining
faces, the light collection efficiency (LCE) is around 5%. However,
surrounding the nanocomposite cube with six photodetectors, which
would largely complicate the detector design, increases the LCE to ap-
proximately 20% under the same conditions. Nevertheless, as scattering
length values approach realistic levels, the LCE rapidly declines. No-
tably, Rayleigh scattering has a more severe impact than Mie scattering
due to differences in the angular distribution of re-emitted photons after
scattering.

The simulation framework can be easily generalized for different
energies and species of the primary particle, making it possible to
perform a comprehensive study of using a nanocomposite as a radiation
detector.

3.2. Experimental transmission studies

The experimental method for studying the nanocomposite absorp-
tion and scattering properties was tested using a sample of CdSe/CdS



V. Zabloudil et al.

100

—— Angular
901 Diffuse
go{ — Total

70 1
60 -
50 A

40 -

Transmittance (%)

30

20

104

0= T T T T T T T

425 475 525 575 625 675 725 i
Wavelength (nm)

Fig. 6. Transmittance of a 3-mm thick nanocomposite sample of 0.1%

CdSe/CdS dot-in-plate NCs in PMMA measured by the spectrophotometer set-
up with a plug-in integrating sphere in three configurations.

dot-in-plate NCs in a PMMA matrix. The results of the three mea-
surements are summarized in Fig. 6. As observed, the total transmit-
tance, represented by the green line, remains below the 90% limit
event at longer wavelengths, indicating the presence of absorption. For
wavelengths below 550 nm, transmittance drops sharply, highlighting
strong NC absorption in this region (peaks of the nanocomposite ex-
citation and emission spectra are around 370-410 nm and 505 nm,
respectively). Additionally, the diffuse transmittance curve, shown in
orange, deviates significantly from the expected Rayleigh scattering
trend, suggesting a strong contribution from the Mie component.

It is pivotal to complement the experimental measurements with
additional GEANT4 simulations of material transmittance in order to
decouple the two scattering components and extract their attenuation
lengths. Similarly, the method will largely benefit from measurements
of nanocomposites with fixed NC concentration and varying thickness,
and vice versa.

Once the experimental method to determine the scattering lengths
is validated, different nanocomposite samples can be characterized.
The output of this method can be used as an input for the simulation
of the LCE to simulate nanocomposites of different sizes, geometries
and read-out techniques and to evaluate their feasibility as radiation
detectors.

4. Conclusion

This study presents a newly developed simulation framework for
investigating the effects of scattering and absorption on light trans-
port and collection in nanocomposite scintillators. The first evaluation
with a nanocomposite of CdSe/CdS dot-in-plate nanocrystals in PMMA
demonstrates that the current absorption levels of nanocrystals (NCs)
significantly limit the light collection efficiency (LCE) even under the
idealized assumption of no scattering. This limitation is particularly evi-
dent in simple experimental configurations involving a single photode-
tector coupled to one face of the nanocomposite, with the remaining
faces covered by a reflector. While surrounding the nanocomposite with
multiple photodetectors enhances the LCE, this approach complicates
the detector design and may be impractical. Furthermore, as scattering
is introduced in the simulation with attenuation length values ap-
proaching realistic conditions, the LCE declines sharply, with Rayleigh
scattering having a more detrimental effect than Mie scattering due to
its nearly isotropic photon redistribution.

In parallel, an experimental method using a spectrophotometer
with an integrating sphere was developed to validate the simulation
results and serve as a tool for characterization of the absorption and
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scattering of nanocomposites. Preliminary results support the validity
of this approach, paving the way for comprehensive characterization of
various nanocomposite samples and their subsequent optimization for
radiation detection. Future work will focus on refining nanocomposite
formulations to minimize absorption and scattering losses, e.g., by iden-
tifying polymer matrices with refractive indices that best match those
of the nanocrystals. This approach aims to enhance the competitiveness
of nanocomposites with existing scintillators and address their current
limitations in specific applications.
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