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ABSTRACT: Fast neutrons offer high penetration capabilities for both
light and dense materials due to their comparatively low interaction cross
sections, making them ideal for the imaging of large-scale objects such as
large fossils or as-built plane turbines, for which X-rays or thermal
neutrons do not provide sufficient penetration. However, ineflicient fast z—>
neutron detection limits widespread application of this technique.
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Fast neutron imaging with colloidal NCs

NC Scintillation

Traditional phosphors such as ZnS:Cu embedded in plastics are utilized
as scintillators in recoil proton detectors for fast neutron imaging. Fastneutrons NG Fast haultron exposurs
However, these scintillation plates exhibit significant light scattering due CCD

to the plastic—phosphor interface along with long-lived afterglow (on the

order of minutes), and therefore alternative solutions are needed to increase the availability of this technique. Here, we utilize
colloidal nanocrystals (NCs) in hydrogen-dense solvents for fast neutron imaging through the detection of recoil protons
generated by neutron scattering, demonstrating the efficacy of nanomaterials as scintillators in this detection scheme. The
light yield, spatial resolution, and neutron-vs-gamma sensitivity of several chalcogenide (CdSe and CulnS,)-based and
perovskite halide-based NCs are determined, with only a short-lived afterglow (below the order of seconds) observed for all of
these NCs. FAPbBr; NCs exhibit the brightest total light output at 19.3% of the commercial ZnS:Cu(PP) standard, while
CsPbBrCl,:Mn NCs offer the best spatial resolution at ~2.6 mm. Colloidal NCs showed significantly lower gamma sensitivity
than ZnS:Cu; for example, 79% of the FAPbBr; light yield results from neutron-induced radioluminescence and hence the
neutron-specific light yield of FAPbBr; is 30.4% of that of ZnS:Cu(PP). Concentration and thickness-dependent
measurements highlight the importance of increasing concentrations and reducing self-absorption, yielding design principles
to optimize and foster an era of NC-based scintillators for fast neutron imaging.

KEYWORDS: nanocrystal scintillator, fast neutron detection, colloidal nanocrystal, halide perovskite, chalcogenide nanocrystal
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radiographic imaging has developed into a powerful
nondestructive technique that has reshaped fields such
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as medical diagnostics, cargo and luggage security, and
industrial product inspection.' * These successes have been
driven by the variety of available radiation sources from X-rays
and y-rays to neutrons, as the materials’ interaction cross
sections depend on both the type and energy of the radiation.
For example, the cross sections of X-rays drastically increase
with increasing atomic number Z (Figure la),” so while
photons with X-ray energies are suitable for medical imaging,
higher-energy y-rays are more suitable for industrial
applications. In contrast, the capture of neutrons has a
complex dependence on the nuclear structure, with thermal
neutrons (~25 meV kinetic energy) providing good pene-
tration for high-Z materials while remaining especially
interactive with hydrogen-dense organic materials such as oil,
water, or archeological specimens (Figure 1a). It should be
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by the number of nuclei per volume, known as the nuclear
density. On the basis of the detection capability of low-Z
materials in the presence of high-Z materials, thermal neutron
imaging has thus become an important nondestructive testing
technique in aerospace, research, and defense applica-
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Figure 1. (a) Nuclei cross section comparison (proportional to the circle area, relative units for each radiation) of various chemical elements
for 100 keV X-rays,5 thermal neutrons (25 meV),® and fast fission neutrons (average energy 1.35 MeV)."" (b) Nuclei cross sections of
important neutron detection elements vs neutron energy,’ highlighting the scattering efficiency of hydrogen for fast neutrons.

Fast neutrons (kinetic energy higher than 1 MeV) offer
higher penetration depths, with low total cross sections that do
not depend so significantly on the material composition
(Figure 1la);'' instead, contrast is typically provided by
differences in nuclear density. Fast neutron imaging is a
complementary technique that enables investigation of larger-
scale samples of dense, mixed-Z compositions, for which
imaging with X-rays, y-rays, or even thermal neutrons would
not provide sufficient penetration.12 Fast neutron imaging
widens the scope of potential imaging applications to include
cargo contraband detection or imaging of large archeological
specimens or irradiated nuclear fuel."*™'® However, this
technique has thus far been underutilized due to the limited
number of fast neutron sources, and more critically the
significant challenge of efficiently detecting fast neutrons.

The high penetration depth of the fast neutrons is
advantageous for imaging large objects, but also limits the
detection efficiency. For large detectors, that do not require
spatial information, fast neutrons can be moderated to thermal
energies for easier detection.'” However, this approach comes
at the expense of poor spatial resolution due to the inherent
principle of down-scattering, and therefore moderated fast
neutrons are very limited for imaging applications. Traditional
thermal neutron detectors have been based on particular
isotopes with large absorption (capture) cross sections at low
energy (mainly *He, 1B, °Li)”'® that efficiently produce more
easily detected secondary particles. These cross sections are,
however, three orders of magnitude lower at fast neutron
energies (Figure 1b).° Instead, the primary method for fast
neutron detection is based on elastic scattering of neutrons by
nuclei, generating recoil nuclei with very small penetration
depths (up to tens of micrometers'®) in the detector material.
The kinetic energy of these recoil nuclei is then deposited as
ionized charge carriers in the detector material, which can
excite a scintillator to emit visible range photons detectable by
conventional imaging devices such as a CCD camera.'” The
energy transfer efficiency for elastic collisions is highest for two
bodies of equal mass, thus the proton in a hydrogen atom is
the best nucleus for fast neutron scattering. In conjunction
with the relatively high interaction cross section of a proton
with fast neutrons (Figure 1b), hydrogen-rich materials have
been widely used in fast neutron detectors.

Consequently, there are two common types of fast neutron
imaging detectors: an integrated liquid or plastic scintillator

which provides both high proton density and light
emission,””°”*® or a two-part detector consisting of a
hydrogen-dense matrix (often a plastic or polymer such as
polypropylene (PP) or high-density polyethylene) and a
scintillator material such as ZnS:Ag, ZnS:Cu, or
Gd,0,S:Tb.**72° The latter type has shown the most success
to date,"**” with screens consisting of ZnS:Cu in a PP matrix,
denoted hereafter as ZnS:Cu(PP), showing a good combina-
tion of light output and spatial resolution that has led to their
commercialization by RC Tritec AG.'”*® However, long
exposure times are still required to obtain high-quality images
even under high fast neutron fluxes, while spatial resolution
decreases substantially with thickness of the scintillator plate,*®
likely due to light scattering at the phosphor—plastic interface,
as the typical size of phosphor inclusions are larger than the
emission wavelength. Another fundamental drawback is the
afterglow of the ZnS:Cu phosphor, which exhibits a several
minute decay under fast neutron beam exposure,”® problematic
for the short repeated exposures required for computed
tomography and precluding the use of such screens in pulsed
neutron experiments with high repetition rates. These
limitations motivate the investigation of alternative concepts
and materials that could enable the widespread application of
fast neutron imaging detectors.

Quite separately, great strides have been made in the past
several decades in semiconducting nanocrystals (NCs) for
various agp}alications such as LEDs, lasers, and single-photon
sources.”””? The emergence of the CdQ (Q_is a chalcogenide)
nanocrystals in the 1990s" sparked immense interest in
colloidal NCs that has come to encompass a wide variety of
compounds from the traditional II-VI and III-V semi-
conductors to the ascendant halide perovskites.””**** The
success of semiconductor NCs has been driven by the effects of
quantum confinement, leading to efficient emission and
tunable optical and electronic properties that change with
NC size.””***>** Further knobs for tuning properties have
been discovered by the engineering of nanostructured
materials with different morphologies such as nanoplatelets
or core/shell structures.”>~*’

Despite the high photoluminescence quantum yields
(PLQY) of NC emitters, only limited investigations have
pursued radiation detection utilizing nanocrystalline materials
as scintillators.*' ~** The light yield achieved in NC scintillators
has not yet matched the level expected from their outstanding

https://dx.doi.org/10.1021/acsnano.0c06381
ACS Nano 2020, 14, 14686—14697


https://pubs.acs.org/doi/10.1021/acsnano.0c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06381?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06381?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06381?ref=pdf

ACS Nano

www.acsnano.org

PLQYs,"" possibly due to the increase in Auger recombination
efficiency observed in CdSe NCs under 20 keV excitation,
limiting the radiative efficiency.*> A further obstacle for the use
of NCs in scintillator detectors is the small loading (active
volume) provided by such particles, requiring an active
absorber matrix (eg, a Cs,PbBrg host for CsPbBr; NCs*)
to provide the necessary stopping power to penetrative
radiation such as X-rays and thermal neutrons. Recent reports
of scintillation in perovskite NCs have utilized low-energy X-
rays (~10 keV) to achieve radioluminescence and X-ray
irnaging;47_49 however, efficient high-energy photon detection
has to date been limited to single-crystal perovskite semi-
conductor detectors.>’

However, as efficient emitters NCs hold great promise as the
scintillator in an indirect detection scheme, such as the recoil
proton detectors currently utilized for fast neutron imaging. An
important advantage of NCs over bulk material is a high
recombination rate due to quantum confinement for much
faster luminescence decay times, as shown with X-ray
excitation.”’ Colloidal NCs are also small enough to lack the
scattering that plagues phosphor-plastic detectors and can be
dispersed in shape-engineered vessels, while regeneration of
detectors through solution exchange would be beneficial for
high radiation flux operation.

In this work, we design such a recoil proton detector
through the use of colloidal NCs in solvents with high
hydrogen-density and demonstrate fast neutron imaging with
the use of nanoscale emitters. A variety of NC systems from
the traditional CdSe-based materials to the APbX; [A =
formamidinium (FA), Cs; X = Br, Cl] halide perovskites are
screened for their light yield and spatial resolution under fast
neutron irradiation, with FAPbBr; providing the highest light
yield, while CsPbBrCl,:Mn NCs offer the best spatial
resolution. Concentration and thickness-dependent measure-
ments reveal that self-absorption and low concentrations are
the primary limiting factors in these scintillators, providing
design principles to foster the development of next-generation
fast neutron detectors based on colloidal semiconductor NCs.

RESULTS AND DISCUSSION

Colloidal NCs for Recoil Proton Detection and Fast
Neutron Imaging: Principles and Schematic. Fast
neutron imaging through recoil proton detection with colloidal
NCs is depicted in Figure 2a, and involves three steps. First, an
incident fast neutron scatters off the H-rich solvent or H-
containing NCs, generating a recoil proton. This high-energy
recoil proton then deposits energy into the solvent or NC,
creating a charge cloud of electrons and holes. These ionized
charge carriers then excite the NC, which then undergo
recombination and emit light to be detected by the CCD
camera.

The overall detection efficiency is theoretically limited by
the product of the individual efficiencies of these three
processes, namely the fraction of fast neutrons scattered by the
solvent, the charge conversion efficiency (CCE) that describes
how the ionized charges excite the NC, and the quantum
efficiency of the emission. The rate of neutron scattering is
optimized by using solvents with high-hydrogen-density, while
the efficiency of the NC emission is given by the PLQY. The
CCE is not presently known for NCs in this indirect scheme,
though recent work in electro- and cathodoluminescent NCs
probes similar charge injection processes."”**

Thus, the design of colloidal NC systems for fast neutron
imaging relied chiefly on two parameters: solvents with high
proton density and NCs with high PLQYs. The hydrogen
density of the chosen solvents is compared with those of
several plastics and polymers (Table S1). Despite being in the
liquid state, the hydrogen density of the solvents is not far from
their chemically similar polymer counterparts (i.e., aromatic
toluene and polystyrene exhibit similar hydrogen densities,
while those of cyclohexane and polypropylene are within 20%).
Hence, the proton-saturated alkane solvents scatter 22.8—
24.1% of fast neutrons in a 1 cm sample, and were the
preferred solvents where possible.

The chosen NC materials were selected from the
chalcogenide and halide emitters which have proven to have
excellent PLQYs. CdSe-based NCs, in particular, have the
benefit of tunable morphology and core/shell structures due to
their robust surface chemistry,”>” while the chemically soft
halide perovskites benefit from defect tolerance for high
PLQYs.”” Hence, we chose seven systems for this inves-
tigation: (1) CdSe/CdS NCs, (2) CdSe/CdS/ZnS NCs, and
(3) CdSe/CdZnS nanoplatelets (NPLs) to compare the effects
of the surface structure and morphology, (4) CulnS,/ZnSe/
ZnS NCs for a higher Stokes-shift chalcogenide system, (5)
FAPbBr, and (6) CsPbBry NCs to compare the effect of the A-
site cation, and finally (7) the doped perovskite CsPbBrCl,:Mn
with high Stokes shift Mn®** emission. Preparation of these
NCs is described in the Supporting Information, and the
solvents and photoluminescence characteristics of these NC
materials are summarized in Table S2. Note that FAPbBr; NCs
prepared at similar concentration in cyclohexane began to
precipitate after a week in solution, requiring the use of the less
hydrogen-dense toluene for these measurements.

Fast neutron imaging measurements were conducted at the
NECTAR (NEutron Computed Tomography And Radiog-
raphy) beamline of the FRM-II reactor in Garching,
Germany;” a schematic of the instrument is found in Figure
2b. Briefly, a nuclear reactor core (1) generates neutrons which
then excite a uranium silicide fast fission converter plate (2) to
generate a fast neutron beam with an average neutron energy
of 1.8 MeV. A series of filters and shutters (3) control and
modulate the beam; in this work none of the optional filters
were applied to the fast neutron beam to obtain maximum flux.
A sample stage (4) allows for translation and rotation of
objects to be imaged. Finally, the beam passes through a thin
aluminum plate to the scintillator enclosure (S) consisting of a
light-tight box and a CCD camera system which collects the
incident light from the excited NC solutions in cuvettes. The
cuvettes are mounted directly on the aluminum plate in the
fast neutron beam path, while mirrors and lenses permit the
camera to be out of the beam path for reduced background
signal. A macroscopic view of this detection scheme is found in
Figure 2c¢, along with the resulting fast neutron radiograph
image obtained by the same NC sample cuvettes from the
image in Figure 2b.

Light Yield Measurements and Afterglow Test. A
series of comparison radiographs were measured under fast
neutron exposure for the colloidal NC solutions (e.g, Figure
3a) to compare the light yield of each scintillator material,
measured by the average response of the CCD camera
response in the central area of the liquid in the cuvettes. Note
that the PL peak energies of these NCs (Table S2) all fall
within the range of 90+% quantum efficiency of the CCD

camera used here.”* Enhanced light output can be observed at
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Figure 2. (a) Principles of fast neutron detection via recoil proton detection, depicting (1) elastic scattering of the fast neutron off an H atom
of the solvent to generate a recoil proton, (2) the generation of a charge carrier cloud, and (3) the excitation and emission of the NC. (b)
Schematic of fast neutron imaging at the NECTAR beamline, with images of the scintillator enclosure and the NC samples which are sealed
in a light-tight box. (c) Schematic of fast neutron imaging with colloidal NCs in cuvettes, and an averaged radiograph generated by the NC
samples under five 60-s exposures to the fast neutron beam.

the meniscus of several of these colloidal NC solutions (e.g., Figure SSa), used here as a reference. Such screens were
Figure 2, Figure 4), which acts as a lens to redirect some of the previously characterized on the same beamline.”® Concen-
light emitted away from the camera back toward it, these tration-dependence of the light yield was probed by diluting
regions were excluded from analysis. Several images were also the fully concentrated samples in new cuvettes and taking
taken with a piece of a commercial ZnS:Cu(PP) screen (eg, additional radiographs, while thickness-dependence was
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Figure 3. Total light yield comparisons of NC scintillators under fast neutron irradiation: (a) Radiograph of the five brightest NC emitters,
average of five 60-s fast neutron exposures. (b) Bar graph of the highest light yield obtained for each NC emitter (at full concentrations as
defined in Table 1, 10 mm thick cuvettes) under a 300-s fast neutron beam exposure, expressed as a percentage of the light yield obtained
under identical conditions for the reference ZnS:Cu(PP) scintillator screen. (c) Light yield vs concentration for each NC solution, 300-s
exposure time. (d) Normalized light yield vs sample thickness for FAPbBr; and CdSe/CdS NCs at full concentration, 300-s exposure time,
with cross and plus symbols representing the expected relative light yield due to the fast neutron scattering of each solvent at the given
thickness and solid fit lines of the experimental light yield to eq 1 showing the reduction of light yield due to self-absorption.
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Figure 4. Spatial resolution of NC scintillators under fast neutron irradiation: (a) Radiograph of colloidal NCs with a lead block on the
sample stage to provide a sharp edge to measure the ability of the NCs to resolve fine features, 150-s fast neutron beam exposure. (b)
Emission intensity side profile of FAPbBr; and CdSe/CdS NC cuvettes, with the lead block on the bottom of the cuvettes (pixel 0) and the
meniscus waveguiding extra light out the top of the solution. (c) Bar graph of the spatial resolution obtained for each colloidal NC
scintillator at full concentration (as defined in Table 1).

probed using cuvettes with variable thicknesses (1, S, and 10
mm). The light yields of the ZnS:Cu(PP) reference and all
samples are found in Table S3.

All samples were measured for 30, 60, 120, and 300-s light
yield exposures, with no significant deviations from linearity
observed which would indicate the presence of afterglow
effects or material degradation from fast neutron exposure

14690

(Figure S2). To confirm the absence of long-lived
luminescence afterglow on the order of seconds, each of the
fully concentrated NC samples were exposed to the fast
neutron beam for 10+ minutes, then a 30-s radiograph was
measured immediately after the beam shutters were closed.
The afterglow test radiographs showed no response from any
of the NC samples (Figure S3c,d), confirming that these
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Table 1. Summary of NC Scintillator Material Characteristics for Fast Neutron Imaging

spatial neutron light

NC 6.y concn PLQY total light yield (%  resolution  detected n/y-  yield (% of
NC emitter (em?/g) solvent (mg/mL) ., ( 107%ecm™) (%)  of ZnS:CuZIPP) ref) (pixels) ray ratio: R, /, ref)
FAPbBr; NCs 0.28 toluene 18.4 5.2 96.2 19.28 52 3.7 30.4
CdSe/CdS NCs 0.15 hexane 25 3.9 71.2 5.98 29 3.9 9.5
CdSe/CdZnS NPLs 0.17 hexane 10 1.7 70 4.46 36 2.7 6.5
CdSe/CdS/ZnS NCs 0.1 cyclohexane 11 LS 65.6 4.39 35 2.8 6.5
CsPbBrCl,:Mn NCs 0.17 hexane 12 0.2 54.9 2.32 27 2.2 32
CsPbBr; NCs 0.28 dodecane 34.9 9.8 32.3 2.07 41 41 33
Culn$§, NCs 0.14 hexane 40 5.7 70.3 1.53 35 2.4 22

“Here 0, is the prompt**U (vide infra) y-ray cross section of each NC material, @0y is the y-ray attenuation coefficient accounting for the NC

concentration of the NC solution, R, , is the ratio of neutron-induced to y-ray-induced radioluminescence, and the neutron-specific light yield is

obtained from the total light yield by taking into account R, ,.

materials exhibit decay times below the order of seconds. This
is an important advantage over the ZnS:Cu(PP) screens, which
exhibit afterglow effects on the order of minutes.”®

The light yield of each scintillator under identical measure-
ment conditions (10 mm cuvettes, 300-s fast neutron exposure,
and at full concentration as defined in Table 1) is found in
Figure 3b, expressed as a percentage of the response of the
ZnS:Cu(PP) reference screen. The perovskite FAPbBr; is the
brightest material among the tested samples by a factor of 3 at
19.3%, followed by the CdSe-based nanomaterials, exhibiting
4.4% to 6% of the light yield of the ZnS:Cu(PP) reference. The
doped perovskite CsPbBrCl,:Mn emitted 2.3%, while CsPbBr;
and CulnS, only emit 2.1% and 1.5% of the reference,
respectively.

It is important to note that we did not normalize to any of
the relevant parameters that dictate the light yield (eg,
hydrogen density of the solvent, PLQY of the sample, the
sample thickness, or the concentration/amount of material) as
each material is different and cannot necessarily be prepared
with the same parameters as another. The latter factor is
especially important to consider as the ZnS:Cu(PP) screen
contains 30 weight% ZnS:Cu, while the colloidal FAPbBr;
solution only contains about 2 weight% FAPbBr; NCs. Given
the number of tunable factors which have not been optimized,
at this stage the actual value achieved is the most direct and
reliable measure of the potential of these materials, with further
improvements in light yield expected as the community learns
how to tune these parameters to achieve the brightest
scintillators. On the basis of these results, the brightest
materials were selected to study the effect of different
concentrations and thicknesses.

The light yield increases with higher concentration for all
five samples tested, but the increase is far from linear as shown
by the dotted line in Figure 3c. The light yield of FAPbBr; only
increases by a factor of 17 over 4 orders of magnitude increase
in the concentration, while those of the CdSe-based materials
vary by a factor of 3 over a 2 orders of magnitude increase in
concentration, and the light yield of CsPbBr; is nearly
constant. There are two primary concentration-dependent
properties that compete to yield this complex behavior: charge
conversion efficiency and self-absorption. Higher concentra-
tion gives more NCs per volume, yielding a higher CCE as it
becomes more probable that proton-ionized charges are close
enough to excite NC emission. This will improve the light yield
as concentration rises, with saturation at some point as the
phosphor loading is sufficient to drive the CCE to unity. On
the other hand, self-absorption (that is, reabsorption of the NC
radioluminescence by neighboring NCs) will decrease the light

yield at high concentrations as the solution gains optical
density and becomes more likely to reabsorb the emitted
photons. The photon is then emitted again with the average
probability equal to the PLQY of the colloid. Multiple rounds
of such a photon recycling diminish the overall light output. In
the case of CsPbBr; NC colloid with its lower PLQY and high
concentration (32.3% and 34.9 mg/mL, respectively),
increased self-absorption almost cancels out the improved
CCE going from the 1/10 diluted to the fully concentrated
solution. The concentration-dependent light yield of FAPbBr;
and the CdSe-based materials each continue to increase,
indicating that the improved CCE outweighs any increase in
self-absorption and that each solution lies below the “ideal”
concentration for maximum light output.

The thickness-dependence of the light yield in CdSe/CdS
and FAPbBr; NCs deviates significantly both from linearity
(dotted line) as well as the trend calculated from the fast
neutron scattering in each solvent as given by the Beer—
Lambert law (cross and plus symbols calculated by the fast
neutron stopping power of the solvents toluene and hexane,
respectively, Figure 3d). This deviation can be the result of
either a saturation of fast neutron attenuation, or the presence
of enhanced self-absorption with higher thickness, as emitted
light on average must traverse a farther distance within the
absorptive medium. For a material with neutron attenuation a
and absorption attenuation coefficient b, we integrate the
probability of neutron attenuation before the NC interaction
and light absorption between the NC emission and the end of
the optical path in the cuvette for every distance x in the
material over the thickness d, yielding the following thickness-
dependent light yield:

d C
LY=C / e et g = = (e7 — 7H)
0 a—b

(1)
This equation fits the light yield of FAPbBr; and CdSe/CdS
NCs well (solid lines, Figure 3d) with the neutron attenuation
coefficient a refining to 0, indicating that only increased light
absorption is responsible for reducing the light yield in these
materials. This is consistent with the low attenuation
coefficient of fast neutrons even in hydrogen-rich materials
such as hexane (only 22.8% of fast neutrons scatter in a cm-
thick solution of hexane), so neutron attenuation is far from
saturation and thicker samples will enhance light yield by
producing more recoil proton generation events. Thus, it is
clear that self-absorption is the limiting factor that reduces the
actual light yield to 58% and 37% of the expected value for
FAPDbBr; and CdSe/CdS NCs, respectively.
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vs concentration, 150-s fast neutron beam exposure. (b) Radiograph of different thickness FAPbBr, samples, 300-s fast neutron exposure.
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Now that the concentration-dependence is understood, we
can revisit the above results and more accurately compare
different materials. The CdSe-based nanomaterials exhibit
similar PLQYs from 65 to 71% in solvents with similar
hydrogen density (hexane and cyclohexane), and accordingly
we observe that CdSe/CdS NCs had the highest light yield
(6.0%) due to their higher concentration (25 mg/mL) over the
CdSe/CdS/ZnS NCs and CdSe/CdZnS NPLs which had light
yields and concentrations of 4.4% and 4.5% and 11 and 10 mg/
mL, respectively. Hence, the effects of morphology and core/
shell structure are not so significant here because each material
exhibits similar PLQY. We conclude that these features do not
obviously affect the CCE.

The low light yield of core/shell CulnS,/ZnSe/ZnS NCs
was rather unexpected given the high PLQY and Stokes shift
(150 meV) for this material;>> however, this does not account
for the breadth of the emission and the absorption of the
CulnS, core with its 1.5 eV band gap®® which lead to
significant self-absorption even at 700 nm, below the 668 nm
peak energy (Figure S1d). This self-absorption and the high
concentration are responsible for the poor light yield of CulnS,
compared to the other NCs tested here.

In contrast to the similar performance of the CdSe-based
materials, the perovskites exhibited variable performance with
the hybrid organic—inorganic FAPbBr; far outpacing the
inorganic perovskites at 2.3% for CsPbBrCl,:Mn and 2.1% for
CsPbBr;. The higher light yield of CsPbBrCl,:Mn over
CsPbBr; despite the vastly higher concentration of the latter

14692

material (1.2 mg/mL to 34.9 mg/mL) highlights the benefits
of Stokes-shifted emission which minimizes self-absorption.
The undoped perovskites provide an instructive case for the
importance of self-absorption, as the PLQY of FAPbBr; is
roughly three times that of CsPbBr; while the light yield was
9.3 times higher. The remaining factor of 3 is caused by the
smaller Stokes shift of CsPbBr; which leads to an increased
overlap of the emission and absorption spectra (Figure S4a,c).
Integrating these overlaps to find the self-absorption coeflicient
for each material, the path of photons in both perovskites was
simulated using this coeflicient with the experimentally
determined PLQYs, sample photon tracks are shown in Figure
S4b,d. The simulations predict a ratio of light yield in FAPbBr;
to CsPbBr; of 9.8, in excellent agreement with the
experimental results (ratio of 9.3) and confirming the
detrimental self-absorption of CsPbBr; as the cause of its
lower light yield.

These trends reveal the detrimental effect of self-absorption
on the light yield of the NC scintillators, and also indicate that
higher concentrations on the order of 10 wt % would be
desirable to give a higher density of NCs in solution and
increase the CCE. Despite these factors, these NC materials
demonstrate excellent response to recoil protons, with the light
yield of FAPbBr; only a factor of 5 less than that of the
commercial ZnS:Cu(PP) screen despite having much smaller
phosphor load. Note also that the light output of ZnS:Cu(PP)
is overestimated here because of the effects of build-up from
gamma-induced afterglow of the ZnS:Cu(PP)*® and benefits
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further from its higher gamma sensitivity relative to these NC
materials (vide infra). In contrast, the lack of long-lived
afterglow in the NC materials is promising for the use of these
materials as screens for computed tomography which require
many scans in rapid succession.

Spatial Resolution. The spatial resolution of the NC
scintillators was estimated by placing a thick metal block (iron,
lead, or tungsten) on the sample stage to give a sharp edge
across the cuvettes (e.g, Figure 4a, where the lead block is
marked with a dotted blue line). The averaged side profile of
the cuvette was normalized to the low and high light yield
portions of the cuvette, corresponding to the blocked and
unblocked fast neutron beam, respectively (Figure 4b). The
spatial resolution is estimated using the pixel width of the edge
as given by the 10%—90% rise distance, demonstrated in
Figure S5 for the commercial ZnS:Cu(PP) screen to obtain a
resolution of 22 pixels. In the present camera configuration and
focus, each pixel corresponds to a width of approximately 0.1
mm, as measured by the width of the cuvettes (103 pixels for
10 mm, or 0.097 mm/pixel).

The spatial resolution for each NC scintillator in 10 mm
cuvettes measured at full concentration (as given in Table 1)
using 5 averaged 60-s fast neutron exposures is given in Figure
4c. The best value (27 pixels, ~2.7 mm) is obtained for the
doped perovskite CsPbBrCl,:Mn, while the highest edge
widths of 41 and 52 pixels are obtained for the perovskites
CsPbBr; and FAPDbBr;, respectively. The CdSe-based nano-
materials and CulnS, NCs have intermediate spatial
resolutions ranging from 29 to 36 pixels. Similar to the light
yield, these values can be largely understood as a function of
the self-absorption of these materials, as extraneous absorption
and re-emission will blur the edges. CsPbBrCl,:Mn with its
highly Stokes-shifted Mn dopant emission®” thus exhibits the
sharpest resolution, while the low Stokes-shift perovskites
exhibit the broadest edge widths. The high edge width of core/
shell CulnS,/ZnSe/ZnS NCs is likely due to the significant
self-absorption of the CulnS, core, as described above. The
vastly higher edge width for FAPbBr; of 52 pixels (over double
the reference screen at 22 pixels) stands out, and potentially
could be attributed to more efficient photon recycling”®*” (due
to the high PLQY of this sample) which would enhance the
absorption and re-emission that smears the sharp edge.

The spatial resolution improves for samples with reduced
sample thickness and concentration, as shown in Figure S for
FAPbBr;. However, the light yield also decreases rapidly with
reduced thickness and concentration (Figure Sc,d), forcing a
compromise between good spatial resolution and high light
yield. The drastic falloff of light yield due to concentration in
FAPDbBr; again highlights the effects of self-absorption, as this
trade-off would be less severe in a material with a high Stokes
shift. Such thickness-dependence is common with scintillation
detectors, as thickness is required for higher stopping power
(and therefore higher detection efficiency) while high
thicknesses often reduce the spatial resolution, similar effects
in fast neutron imaging were observed for commercial
ZnS:Cu(PP) and ZnS:Ag(PP) screens.”®

Neutron and y-ray Sensitivity. Because uranium fission is
used as the fast neutron source, the radiation beam includes a
high y-ray flux as well as fast neutrons.”” Therefore, it is
important to evaluate the potential contribution of y-rays to
the observed NC scintillation. The calculated y-ray attenuation
cross sections o, ., of the NCs scintillator materials, avera%eéc}

rray
with respect to the prompt gamma ray spectrum of ***U,’

range from 0.14 cm®/g in CulnS, to 0.28 cm?/g for FAPbBr;,
and CsPbBr; (Table 1), consistent with the photon stopping
power provided by the high Pb content of the latter
compounds. The attenuation coefficients a,.,, of these NC
samples, which account for the concentration by dividing by
the NC density in the colloidal solution, vary from 0.2 X 1073
cm™! for the more dilute CsPbBrCl,:Mn NCs to 9.8 X 1073
cm™ for the more concentrated CsPbBr; NCs (Table 1).
These values are quite low, corresponding to attenuation
lengths of approximately 5000 and 100 cm, respectively,
reflecting a low detection efficiency of y-rays because the
density of NCs in solution is low compared to a bulk material.

The blocking experiment implemented for the spatial
resolution provides a modulated light yield due to neutron
and gamma attenuation of the metal blocks, thus the ratio Ry, of
the light intensity in the blocked and unblocked regions can be
used to estimate the gamma sensitivity. This ratio can be

expressed as
+ —da, e—day
Mplocked Yblocked _ Might ylight

Ry, =

N"lighf + NVl;gm N"hght + Nylnght 2)

where N, and N, are the number of scintillation photons
induced by y-rays and neutrons, respectively, d is the block
thickness, and a, and a, are the attenuation coefficients of
neutrons and y-rays in the metal block. Rewriting (2), we can
find the ratio R, , of light yield induced by neutrons and y-rays
in terms of Ry, and the block attenuation coeflicients:

—da
Nnhght _ e 7= Ry

—da,
Rb — ¢ (3)

Rn/ r =
ylight

Gamma attenuation coefficients of the metal blocks were
averaged with respect to the U y-ray spectrum,®’ while the
fast neutron attenuation coeflicients were estimated using the
calculated neutron fission spectrum.'’ Note that these values
will overestimate the neutron stopping power due to the lower
average energy of the calculated fission neutron spectrum (1.35
MeV) versus the actual fast neutron beam (1.8 MeV™?),
thereby underestimating the neutron contribution to the light
yield.

The light yield ratio R,/, ranges from 2.2 in CsPbBrCl,:Mn
NCs to 4.1 in FAPbBr;, showing that while the majority of the
emission is neutron-induced, the light yield fraction induced by
y-rays (19.6%—31.0%) is non-negligible despite the low
detection efficiency expected for NCs. Even considering the
underestimation of the neutron contribution, it is clear that a
substantial portion (approximately 10—20%) of the light yield
is induced by what must be a high flux of y-rays.

These values compare favorably to ZnS:Cu(PP), which has a
reported ratio of 1.0—1.1, while matching or surpassing the
performance of ZnS:Ag(PP) with a R, of 1.7-3.3, both
measured on this same beamline.”® This also implies that the
light yield of ZnS:Cu(PP) is overestimated relative to our NC
materials due to its higher y-ray sensitivity. Using these ratios
to obtain the neutron-specific light yield, we find that the
neutron-generated light yields range from 2.2% of the ref
ZnS:Cu(PP) for CulnS, to 30.4% for FAPbBr; (Table 1).

These values have important practical implications because
y-rays always contaminate fast neutron beams, and often
extensive sets of filters are required to remove these undesired
rays, at the cost of weakening the fast neutron flux as well. The

low R,/, of ZnS:Cu(PP) means at least 14 cm of Pb is required
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to bring the y-ray contribution down to 1% of the signal, while
only 6.8 cm was needed for a R,;, of 3.3.% Hence, while
filtering the gamma signal with additional Pb filters would still
be necessary for fast neutron imaging, significantly less material
would be required to bring the y-ray contribution down for
FAPbBr; NCs (R,/, of 3.7), permitting operation under a
higher fast neutron flux. Higher R, , is particularly important in
tomography applications in which removal of the additional y-
ray induced “background” signal is infeasible in calculation-
heavy reconstruction tasks.

CONCLUSIONS

We have demonstrated fast neutron imaging using NC
scintillators in organic solvent as recoil proton detectors and
compared a variety of halide and chalcogenide NC systems.
FAPbBr; NCs exhibited the highest light output (with 30.4%
neutron-specific light yield relative to that of the ZnS:Cu(PP)
reference) despite being in the least hydrogen-dense solvent,
while NCs of the doped perovskite CsPbBrCl,:Mn had the
best spatial resolution. The NC emitters exhibited significantly
lower y-ray specific sensitivity than ZnS:Cu(PP) screens and
uniformly lacked afterglow, potentially making them suitable
for applications requiring fast response times. Concentration
and thickness-dependence of the light yield and spatial
resolution revealed the key parameters to optimize, yielding
the following design principles for NC-based recoil proton
detectors:

1. Low self-absorption is required to ensure that the
materials are transparent to their own emission, thereby
reducing the loss of light yield and resolution from large
thicknesses and high concentration. Hence materials
with high Stokes shifts are desired.

2. High concentrations (>20 mg/mL) are needed to
ensure that there are enough NCs per volume to
achieve high conversion efficiencies.

3. High PLQY is needed for NCs and proton-rich solvents
to maximize charge conversion and neutron interaction
efficiencies.

Although these initial results have not yet exceeded the
commercial standard’s light output and spatial resolution, NCs
following the above design principles promise to substantially
enhance performance in both aspects, while maintaining the
advantages of significantly lower decay time and reduced
gamma sensitivity. Beyond simple optimization, important
open questions remain to be explored, such as the effect of NC
size or H-containing NCs on light yield, or the potential charge
conversion efficiency of differently capped NCs on recoil
detection performance. Further investigation of these factors
are planned for upcoming run-cycles of the FRM-IL. These
results enable the development of NC recoil proton detectors
in fast neutron imaging that can potentially transform the field
and foster widespread application of this technique to a variety
of problems inaccessible to other radiation sources.

METHODS

Optical Characterization. Absorption and photoluminescence
spectroscopy were performed for each colloidal nanocrystal solution
sample at room temperature. The samples were prepared typically by
diluting 20 pL of nanocrystal solution in 2 mL of the corresponding
solvent. This diluted solution was transferred to a 1 cm quartz cuvette
for the optical measurements. UV—vis absorption measurements were
conducted using a Jasco V670 (V770 for FAPbBr; NCs) spectrometer
in transmission mode. Steady-state PL spectra from the solutions were

measured using a Fluorolog iHR 320 Horiba Jobin Yvon
spectrofluorometer equipped with a PMT detector (HoribaFluor-
omax-4P+ equipped with a PMT detector in the case of FAPbBr;
NCs) and a monochromatized 150 W xenon lamp as an excitation
source. Spectra were corrected to account for the spectral sensitivity
of the setup. Absolute PLQY of NC solutions was measured using a
Quantaurus-QY Absolute PL quantum yield spectrometer from
Hamamatsu.

Fast Neutron Imaging at NECTAR. Fast neutron imaging was
conducted at the NECTAR (NEutron Computed Tomography And
Radiography) beamline of the FRM-II reactor in Garching,
Germany,”® under their user program. A schematic of the instrument
is found in Figure 2b. The setup is described more thoroughly in the
main text and consists of the beamline components, a sample stage to
place materials for imaging, and a light-tight scintillator enclosure with
a CCD camera (CCD ANDOR iKon-L BV camera).’* The camera
was cooled to —100 °C and has an active area of 27.6 mm X 27.6 mm,
with a 2048 X 2048 pixel grid (13.5 ym X 13.5 um each). The
collimation ratio, L/D, at NECTAR was set to 200 using a recently
upgraded revolver collimator system.

To test the neutron attenuation of the NC samples, cuvettes of
each colloidal NC material at full concentration are placed on the
sample stage while the commercial ZnS:Cu reference screen is used as
the fast neutron scintillator in the enclosure. Three 30-s radiographs
were taken of each set of cuvettes, and the sum of these frames was
used to estimate the neutron attenuation of the colloidal NCs.

Following these tests, the reference screen was removed from the
scintillator enclosure and replaced by a thin aluminum plate with a S-
cuvette sample holder. The colloidal NC scintillator materials were
secured to the sample holder (which had plastic slots to isolate the
cuvettes from exciting each other), and the aluminum plate was sealed
onto the light-tight box with aluminum tape. Radiographs for light
yield were taken without any objects on the sample stage, while those
for spatial resolution measurements were taken with thick metal
blocks (either W with 1.5 cm thickness, Fe with S cm thickness, or a
2.5 cm-thick Pb block) in the beam path to provide a sharp edge.

Samples were diluted in a nearby facility following the results of the
first frames, in order to optimize the use of beamtime and due to the
inability to reuse cuvettes once exposed. (They require checking by
the Radiation Safety department, which generally takes place once per
day, to ensure that the samples are not activated by the neutron
imaging beam. This should be considered when planning similar
experiments.)

Images were processed using the Fiji distribution®® of Image],**
permitting the settings to be tuned for best visibility of each
radiograph. The area selector tool was used to measure the light
output for selected regions in and around the cuvette for light yield
comparisons, and the plot profile function was used to obtain a side
profile of the cuvettes for spatial resolution fitting. Note that the light
intensity for all measured frames was well below the saturation point
of the CCD camera, ensuring that the light response is linear to light
yield for all samples.

Simulation of Self-Absorption Influence on Light Yield. The
simulations were implemented in the Geant4 software package.** The
cuvettes were simulated with the real dimensions, and the optical
properties (absorption length, re-emission probability) of the
corresponding NC solutions were assigned to this volume to take
into account self-absorption and possible photon recycling. The
camera was simulated by a photon detection plate on the side of the
volume. Owing to the low attenuation of fast neutrons in the
experiments, the simulation photons were generated homogeneously
in the cuvette volume, with the number of generated photons
proportional to the neutron attenuation of the particular solvent of
each NC. These photons were assigned random directions and
energies corresponding to the emission spectrum of the scintillator.
The number of detected photons was calculated and compared for
FAPbBr; and CsPbBr; NCs.
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