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ARTICLE INFO ABSTRACT

Keywords: In this work, we synthesized and characterized the Methylhydrazinium Lead Trichloride
Perovskite MHyPbCl3(CH3NH2NH2PbCI3) perovskite as a fast neutron detector. The high hydrogen density of MHyPbCl3
Fast neutron detection enables efficient energy conversion from a fast neutron into a recoiled proton through the 'H(n,n)'H elastic
Neutron beam scattering interaction, thereby, allowing for direct charge detection. Through IV characterization and X-Ray

Gamma-rays s . P .1s e
Gamma discrimination excitation, the crystal demonstrated a high resistivity at 4.43E11 £ cm and a good mobility-lifetime product (u7)

of 9.1E-3 %, respectively, under C¢o/BCP/Cu and Au contact configuration to form an ohmic-ohmic detector.
The crystal showed a good sensitivity to X-rays using an x-ray tube. The feasibility of the direct neutron con-
version detector is demonstrated using the fast neutron beam at a Research Reactor. Waveforms from a charge-
sensitive pre-amplifier showed distinct radiation-induced pulses from the MHyPbCl;3 detector in response to the
reactor neutron beam. Using a thermal neutron filter and gamma shielding in the beam, we showed that the
pulses produced were more likely from neutron interactions, despite the Pb containing MHyPbCls is also sen-
sitive to gamma-rays. With those fast neutron pulses, a post-pulse processing code was used to conduct pulse
height analysis (PHA) and reconstruct an energy spectrum.

1. Introduction

Fast neutron detection plays a crucial role in nuclear non-
proliferation, neutron imaging, radiation therapy, materials testing,
and well logging for industrial applications [1-10]. The intrinsic chal-
lenge of detecting fast neutrons stems from their high penetration ca-
pabilities, attributed to their small cross-section [11]. To counter this
challenge, the prevalent detection methodology exploits the elastic
scattering interaction between neutrons and hydrogen present in hy-
drogenous materials. Traditionally, plastic scintillators, stilbene, and
innovative Organic Glass Scintillators (OGS) [12] have dominated the
realm of fast neutron detectors [13,14]. The emerging materials such as
CLYC (CsgLiYClg: Ce) and CLLBC (CsyLiLa(Br,Cl)g: Ce) have also
demonstrated potentials as promising alternatives [15,16]. Thermal
neutron detectors, in contrast, leverage conversion materials such as
Helium-3, Boron-10, Lithium-6, U-235, and Gd-157, known for their
high absorption cross-section to thermal neutrons [17-20]. The

utilization of fission fragments from neutron capture events facilitates
the detection of these thermal neutrons. When detecting fast neutrons,
the primary interaction has to be much less efficient elastic scattering
process. Hence, detection efficiency often hinges on the conversion of
the neutron’s kinetic energy into recoiled charged particles via light
elements (e.g., hydrogen or carbon), producing a detectable signal [21]
(see Table 1).

A recent development in fast neutron detection is the use of plastic
scintillator known as SANDD (Segmented Anti-Neutrino Directional
Detector) — a tool designed for near-field reactor monitoring with
sensitivity to antineutrino direction [22,23]. Similarly, Buffler et al.
showcased a neutron spectrometer employing EJ-276 plastic scintilla-
tors paired with an HDPE moderator [24]. A defining feature of these
scintillators is their pulse shape discrimination (PSD) capabilities,
enabling a distinction between gamma rays and neutron interactions
[25]. This distinction arises because of the difference in light pulses’
decay times resulting from the different interaction mechanisms of
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Table 1
A table comparing the chemical formula, density, and hydrogen density of
MHyPbCl3, Rubrene, 4MHB, and Stilbene.

Material Chemical Formula  Density Hydrogen Density
(g/cm?) (em™3)

MHyPbCl3 CH3NH;NH,PbCl3 3.242 3.79 E22

Stilbene [32] Ci4Hi2 1.15 4.61 E22

Rubrene [30] CyoHog 1.26 3.99E22

4MHB CeHs0 — COOCH3 1.46 4.62E22

neutrons and gamma rays. Plastic scintillators, such as EJ-270, EJ-276,
and EJ-301, are illustrative of this PSD capability, effectively demon-
strating their proficiency in differentiating signals [26-28].

Although scintillators have traditionally been the go-to option for
fast neutron detection, the promise of semiconductor-based direct
charge collection cannot be dismissed, particularly when compactness
and high pixelation density are the essential considerations [29].
Nonetheless, these systems face the challenge of effectively intercepting
fast neutrons (requiring large volume) while maintaining favorable
charge transport properties (favoring small volume). Studies have
explored the prospects of organic semiconducting materials for this
purpose. For instance, Carman et al. elaborated on the utility of rubrene
crystals as detectors for both alpha particles and neutrons, with proven
effectiveness in capturing the neutron spectrum emitted from a
Californium-252 source [30]. Similarly, Zhao et al. unveiled the use of
organic semiconducting single crystal detectors to detect both alpha and
fast neutron spectrums from an AmBe isotopic neutron source [31]. Our
work introduces Methylhydrazinium Lead Trichloride (MHyPbCls3) as a
novel semiconductor for fast neutron detection. With a hydrogen density
comparable to that of Stilbene and Rubrene and possessing robust
electrical transport properties, this material, MHyPbCls, shows promises
for fast neutron detection, although Pb still poses challenges for
gamma-ray discrimination.

2. Methods
2.1. Methylhydrazinium chloride (MHyCL) synthesis

To obtain MHyCl 2.63 mL (50 mmol) methylhydrazine (MHy) was
diluted with 5 mL anhydrous isopropanol (IPA) and then 100 mL 0.5 M
HCl was added to the IPA solution without stirring. The MHyCl
precipitated as white plate crystals after this mixed solution was stored
overnight in an inert atmosphere at room temperature. The crystals were
filtered and washed with cold IPA solvent, then dried under vacuum at
room temperature, yielding 3.10 g (~38%).

2.2. MHyPbClsg single crystal growth

MHyPbCl; single crystals were grown using the anti-solvent assisted
crystallization method. Briefly, 2 mmol MHyCl and 2 mmol PbCl, were
dissolved in 5 mL DMF and 1 mL DMSO. After stirring for 3 h, the so-
lution was filtered through a 0.22-pm filter to remove the undissolved
particles into a 20 mL vial. This vial-filtered solution was then trans-
ferred to a 100 mL bottle containing 15 mL of toluene (TL) as an anti-
solvent and sealed in the glovebox. After 1 week, several clear hexago-
nal crystals formed. The crystals were harvested and then dried under
vacuum. The crystals were polished with polishing paper to remove the
polycrystalline layer on the surface prior to electrode deposition.

2.3. Fast neutron beam facility

The Fast Beam Facility (FBF) at the Ohio State University Research
Reactor (OSURR) is equipped with a fast neutron collimator that in-
corporates a 4-inch thick (10.16 cm) single crystal Bismuth gamma filter
and an 8-inch thick (20.32 cm) lead (Pb) gamma shutter which is
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embedded inside the reactor’s concrete wall. Additional thermal
neutron filtering, often using a 2-mm thick Cd foil, can be added
externally at the beam exit for thermal neutron removal. The gamma
shutter consists of an 8-inch (20.32 cm) diameter drum filled with 1/16”
(0.159 cm) lead shot. When open, the neutron beam travels through an
air gap, and when closed, it’s attenuated by the lead shot. In total, the
lead shot offers about 8 inches of gamma shielding.

Upon closure of the gamma shutter, the gamma-ray content within
the beam decreases by a factor of 311, concurrently attenuating fast
neutrons by a factor of 58. This configuration yields a neutron beam
featuring a fast neutron flux of 2.6E5 cm %51 and a cumulative gamma
dose of 50 mR/h, as depicted in row 4 in Fig. 1B. Incorporating an
external Cd filter will have a minimal effect on the epi-thermal neutron
counts. As a result, the epi-thermal neutron count is estimated at 2.6e5
cm 357! (row 5 in Fig. 1B). Meanwhile, the estimation of thermal
neutron content is determined by the thermal neutron reduction factor
of 110 (calculated as the ratio of 7.9E6/7.1E4, as described in rows 2
and 3 in Fig. 1B). Consequently, a reduction of a factor of 110 from the
thermal neutron content (2.5E4 cm~2%s™! in row 4 in Fig. 1B) yields the
estimated thermal neutron content at 220 cm 2s~! when both the
gamma shutter closed and the Cd filter applied. Although the uncer-
tainty in the estimated thermal neutron flux is conservatively set at
<20%, this flux level is valuable for evaluating neutron detectors, as it is
well collimated and sufficiently low to mitigate pulse pileup effects.

The neutron beam energy spectrum, without the Pb gamma shield-
ing, can be observed in Fig. 1A, which was determined using the SAND-II
and STAYSL spectrum unfolding techniques with Cu, Au, and Ni metal
wire neutron activation. Although the fast neutron flux wasn’t evaluated
with the Cd filter, cadmium’s expected impact is minor. The Cd filter’s
ability to reduce thermal neutron flux was verified using Au foil reaction
rate calculations, based on the ASTM E262-17 standard, yielding a
Cadmium Ratio of 1.1 and a subsequent thermal flux reduction factor of
110.

2.4. Data acquisition

Fig. 3C and D show the experimental setup of the FBF and the
respective experiment setup. For assessing the device’s fast neutron
detection capability, samples were placed in the FBF and connected with
a CAEN 1422 charge-sensitive preamplifier. The ensuing pulses gener-
ated by this preamplifier were fed into a Tektronix MSO54 oscilloscope
and subsequently saved onto a thumb drive. Given that these pulses did
not exceed 15 mV, they required post-processing for noise filtration and
subsequent data analysis. Experiments were conducted both with and
without lead gamma shielding in place. Notably, due to electronic noise,
the detector’s voltage bias was capped approximately at 120 V.

Data from the experiment was processed using a Python-based pulse
height analysis code. This software facilitated the import of.mat files,
which underwent refinement via a Locally Weighted Scatterplot
Smoothing (LOWESS) algorithm—integral for enhancing the low
amplitude signal clarity. Following the application of the LOWESS filter,
a baseline correction was performed on the dataset, and pulse heights
were determined based on the peak data points. These pulse heights
were then presented in a histogram format for further analysis.

3. Results and discussion
3.1. MHyPbClj3 direct conversion theory

Fast neutrons, due to their absence of electric charge and minimal
interaction with matter, are challenging to detect. High hydrogen den-
sity materials often act as conversion medium, facilitating neutrons’
elastic scattering. While perovskites have seen being used in neutron
detection, this has primarily been confined to indirect methods. Spe-
cifically, 2D perovskites with extended linear ligands have been
employed as scintillators to transform neutrons into visible lights [33],
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Fig. 1. (A) Neutron lethargy spectrum of the fast neutron beam measured using neutron activation of metal and spectrum unfolding. (B) A matrix with the epi-
thermal neutron, thermal neutron, and gamma ray components of the beam under the different beam shielding configurations.
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which are detected by a subsequent photodetector. In contrast, 3D pe-
rovskites like MAPbBr; and FAPbBrs, despite their superior carrier
transport capabilities, aren’t suitable for fast neutron detection due to
their reduced hydrogen density.

In Fig. 2A, we assess the hydrogen density across various dimen-
sional and halide perovskites. Notably, 2D perovskites exhibit a higher
hydrogen density than their 3D counterparts, attributed to their
expansive organic spacers. In particular, Methylhydrazinium lead tri-
chloride (MHyPbCls3) boasts a hydrogen density nearly mirroring that of
the frequently utilized phenethylanium lead iodide (PEA3Pbly). Yet, it
retains a 3D inorganic framework, as demonstrated in Fig. 2B [34].
Using the anti-solvent vapor-assistant crystallization technique, we
synthesized transparent MHyPbCl3 single crystals, measuring up to 3 x
3 x 0.7 mm?>. Fig. 2C exhibits the powder X-ray diffraction patterns of
MHyPbCl3, underscoring its anticipated monoclinic 3D structure. We
then  constructed a  device with the  configuration:
Cu/BCP/C60/MHyPbCls/Au.

We selected Methylhydrazinium (CH3NH;NHy) as the organic
cation, given its unmatched hydrogen density in a 3D ABXj3 perovskite
structure. Hydrogen’s relatively high fast neutron scattering cross-
section enables the creation of ionized hydrogen atoms, essentially
protons, which generate electron-hole pairs. When a bias is applied,
these pairs can be gathered and quantified.

3.2. Device characterization

To ensure the device can produce a discernible pulse and maintain a
low leakage current, it is imperative to employ a highly resistive mate-
rial with minimal charge trappings. Post-device fabrication, the device’s
resistivity was gauged through current-voltage (I-V) characterization,
and it was determined to be 4.43E11 Q cm. Taking into account our
prior experience with perovskite-based detectors, an operational bias
range of 35 V was deduced, aiming to keep the leakage current below 10
nA. Exceeding this current can introduce increased noise and destabilize
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the device. For this study, however, we operated within a range of 80
V-120 V, optimizing charge collection while ensuring stable perfor-
mance. Fig. 2D displays the on-off curve under X-ray radiation, with the
device’s X-Ray sensitivity registering at 61.74 pC Gyair cm ™2, as illus-
trated in Fig. 2E, which presents the X-Ray induced photocurrent across
various X-Ray fluences. The mobility-lifetime product (pt) is deduced by
aligning the steady-state X-ray current-bias curves with the refined
Hecht equation, as highlighted in Fig. 2F. Notably, the pt of MHyPbCl3
stands at 9.1E-5 cm?/V, marking a significant improvement, nearly two
orders of magnitude greater than that of 2D perovskites such as
PEA,PDI,4 [31].

3.3. Simulation

Monte Carlo simulations, using GEANT4 [35,36], were employed to
validate the viability of using MHyPbCl3 for fast neutron detection and
to anticipate the detector’s performance in the experimental setup.
Within Geant4, a model of the perovskite slab (representing the detec-
tor) was created, mirroring the dimensions of the perovskite layer in our
actual device. We used a disk source of neutrons mirroring the OSURR
FBF spectrum to emulate the scenario where the detector is exposed to a
fast neutron beam. The energy deposition in the perovskite resulting
from direct neutron impacts was determined. For comparison, simula-
tions were also run replacing the detector material with Stilbene. Fig. 4A
contrasts the energy deposition spectra of MHy and Stilbene detectors.
Notably, even with comparable hydrogen densities, the MHy detector
showcased slightly elevated energy deposition. This heightened depo-
sition in MHy is potentially due to the presence of nitrogen and chlorine,
both of which increase neutron scattering interactions. Though the
elastic scattering cross sections for nitrogen, chlorine, and hydrogen are
relatively similar, the concentration of chlorine and nitrogen is mark-
edly less than hydrogen. Fig. 4C emphasizes the effects of using a Cd
filter. By absorbing a majority of thermal neutrons, the Cd filter show-
cased that thermal neutron interactions amplify the energy deposition in

1600
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Fig. 2. Design and characterization of MHyPbCI3. (A) hydrogen density of 2D and 3D perovskites. (B) structure schematic of MHyPbCI3. (C) powder X-ray diffraction
patterns. (D) on-off curves of a MHyPbCI3 device under X-ray radiation. (E) Response of MHyPbCl3 device under X-ray radiation. (E) pt product derived by fitting the
steady-state X-ray current-bias curves with the modified Hecht equation.
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Fig. 3. (A) Schematic of the FBF at OSU Research Reactor. (B) An image of the device mounted on a PCB board for testing. (C) Image of the FBF and data acquisition
setup used to measure the response. (D) An image of the FBF chopper that was used to aid in the mounting of the detector.

the MHy detector slightly, mainly in the lower energy regime.

An additional Monte Carlo simulation was conducted using MCNP6
to determine the viability of the MHyPbCls device to characterize
neutron energy sources, specifically those of nuclear weapon detona-
tions. The results are shown in Fig. 4B. Using the F6 tally, the energy
deposition from incident neutrons and secondary gamma-rays was
simulated for each layer of the photovoltaic device. Each layer of the
device is 5 cm by 5 cm with varying thicknesses and materials according
to the physical parameters of the experimental device: 80 nm thick
copper (69% Cu-63 and 31% Cu-65), 6 nm thick bathocuproine
(C36H329N>), 30 nm thick carbon (100% C-12), 0.7 mm thick Methylhy-
drazinium Lead Chloride (CH3NH,NH, PbCl3), and 80 nm thick gold
(100% Au-197). This device model was executed with two different
radiation point sources for comparison: the Fat Man neutron spectrum
source and a 1 MeV isotropic neutron source. The 1E6 neutron source
was placed 1 km away from the multi-layered device and the environ-
ment was modelled as nitrogen-rich air. The MHyPbCl3 layer of the
device had the highest energy deposition from incident neutrons for
both sources at 1.15E-3 MeV per source particle for the Fat Man neutron
spectrum source model and 1.26E-3 MeV per source particle for the 1
MeV isotropic neutron source model. Additionally, this layer had the
highest energy deposition from secondary gamma-rays for the Fat Man
neutron spectrum source model at 3.08E-03 MeV per source particle.
The remaining four layers of the device had lower energy depositions by
at least two orders of magnitude difference or more. The results from this
study determined that the MHyPbCls device is a viable candidate for
neutron detection.

3.4. Neutron and gamma discrimination

For any neutron detection system, discriminating gamma rays is
paramount. To establish that our detector’s response was indeed from

fast neutrons, we estimated the gamma discrimination on simulations-
based counting statistics and the experimental beam characterization.
Fig. 5 depicts the components in the fast neutron beamline, encom-
passing fast neutrons, thermal neutrons, and gamma rays. Two main
filters were employed: a gamma shutter within the collimator, aimed at
blocking gamma emissions from the reactor core, and a Cd filter to
eliminate majority of thermal neutrons. Without the 8-inch lead gamma
shielding, the fast energy regime’s neutron flux is 1.5E7 cm~2s~1. With
the shielding engaged, this rate plummets 58-fold to 2.6E5 ecm %™, As
discussed in section 2.3, Fig. 1B details the beam’s thermal, fast (in-
clusive of epithermal), and gamma components under various
configurations.

To discern the neutron response in the presence and absence of
gamma shielding, we analyzed the count rates. Given the understood
reduction in neutron and gamma components, similar count rate re-
ductions were anticipated, assuming the detector linearly responds to
both neutrons and gamma rays. If count rates diminish akin to gamma
shielding’s reduction factor, it suggests the response is predominantly
due to the beam’s gamma component and vice versa.

Our initial MHyPbCl;3 detector posed a challenge due to the crystal’s
limited size—a mere 330 pm thickness. While this reduces detection
efficiency for fast neutrons, it inadvertently offers lower gamma ray
detection efficiency too. We evaluated the gamma-ray attenuation
probability to discern the expected gamma reaction rate. For gamma
rays at 100 keV and 1 MeV, interaction probabilities stood at 28% and
0.07%, respectively. Meanwhile, elastic scattering of 1.6 MeV neutron
interactions exhibited a 0.437% probability. This underscores the de-
vice’s stronger inclination towards fast neutron interactions, with only
low-energy gamma rays posing a genuine challenge. To counteract this,
gamma shielding was incorporated, focusing on attenuating lower-
energy gamma rays. While we cannot wholly eliminate high-energy
gamma rays or prompt gammas resulting from neutron captures, for
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Fig. 5. A diagram of the capabilities of the FBF and how the thermal neutron and gamma shielding create a beam with majority being fast neutrons.

this study’s context, the data suggested that the detector is more aligned
to detecting fast neutrons over gamma rays. The different neutron
interaction probability relative to gamma rays, combined with the
varying neutron and gamma ray reduction ratios with/without gamma
shielding, suggested that aligning the count rate with the reduction ratio
of the fast neutron component is satisfactory.

3.4.1. Results with testing MHyPbCl3 in neutron beam

Radiation response testing of MHyPbClg in the fast neutron beam was
executed both with and without lead gamma shielding. Due to elevated
noise levels at higher voltages, we capped the detector’s bias at about
120 V. Even with the limitations of charge collection efficiency and
restricted bias in this pioneer direct-conversion fast neutron detector, we
still observed voltage pulses. Oscilloscope readings, post-moving linear
regression filtering, are shown in Fig. 6A and B. When contrasting out-
comes with and without gamma shielding, it becomes apparent that any

major pulses are a result of gamma rays in the beam. The diminished
pulse count in Fig. 6B can be attributed to the reduced fast neutron flux
when the gamma shielding is active and to the detector’s inherent
sensitivity to gamma rays in the beamline.

The device exhibits a rather protracted rise time, lying between 20
and 50 ps. This offers a semblance of evidence for the potential use of
semiconductor pulse shape discrimination (PSD) in discerning between
neutron and gamma events [37]. Still, equating pulse rise time directly
with singular gamma or neutron events proved unfeasible. We tried to
understand the detector’s response by examining the gamma component
in the beam, gauging the gamma dose rate. The gamma shutter’s
deployment curtailed the gamma component by a factor of about 311,
while the neutron component saw a reduction by a factor close to 58.
Given the pronounced disparity in magnitude between these compo-
nents, it’s viable to look into the detector’s count rate in the presence
and absence of the gamma shielding. A decline from 522 to 48 was noted
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Fig. 6. (A-B) Pulses generated from the detector after being passed through the LOWESS filter for the experiment without (A) and with (B) the gamma shielding in
the beam. (C-D) Histograms of the pulse heights of the respective experiments without (C) and with (D) the gamma shielding in the beam.

in the count rate of pulses that surpassed 2 mV, translating to a reduction
factor of 10.8. The decline in signal aligns more closely with the neutron
reduction (i.e., 58) than that with gamma-rays (i.e., 311). Thus, we infer
that the pulses observed in Fig. 6B predominantly originate from fast
neutrons over gamma rays.

Pulses gathered underwent a smoothing filter, and the resultant
pulse height was plotted in a histogram, as depicted in Fig. 6C and D.
Even though the total number of pulses might seem insufficient for a
definitive spectrum, there’s a tangible continuum when juxtaposed with
simulation data. A mild drop in the highest recorded pulse height was
observed when the gamma shutter was closed. This can be linked to a
combined effect of reduced neutron flux and the potential interactions of
high-energy gamma rays in the beam with the detector. Calibration was
infeasible due to the crystal’s inconsistent stability over time. Addi-
tionally, the device’s initial packaging prohibited the acquisition of an
alpha spectrum using an Am-241 source.

4. Conclusion

In this study, we successfully grew a single crystal MHyPbCls of
ample size to test as a perovskite-based direct conversion fast neutron
detector. The material’s characterization revealed satisfactory pt and
resistance, vital for charge capture from recoiled protons following
neutron interactions with hydrogen in MHyPbCl3. When exposed to a
fast neutron beam from a research reactor and applying a combination
of gamma-ray shielding and thermal neutron removing configurations,
the MHyPbCl; detector displayed a discernible response to fast neutrons,
though it also reacted to gamma-rays. Notably, the predominant pulse
responses occurred when the gamma shutter blocked the beam, sug-
gesting a primary reaction to fast neutrons. Complementarily, GEANT4
simulations mirrored these experimental findings, further affirming the
viability of a perovskite-based direct conversion neutron detector.
Overall, our findings underscore MHyPbCls’s promising potential as a
fast neutron detector based on direct charge collection, anticipating
further enhancements in material dimensions and quality.
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