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Abstract

We have developed and evaluated two prototype fast neutron deuterated-
stilbene scintillators. The largest scintillator is hexagonal in shape with volume 32
cm?®, comprised of deuterated crystalline trans-stilbene (stilbene-ds,). These
samples were grown using a solution-based crystal growing method developed
at Lawrence Livermore Laboratory to grow conventional 'H-based stilbene
scintillator crystals. The stilbene-dq, prototype detectors show excellent
neutron/gamma discrimination, noticeably better than 'H-stilbene, and appear to
have less asymmetry in the response to neutrons incident from different
directions. Like other deuterated scintillators, the stilbene-d, detectors in many
applications can provide incident neutron energy spectra, without time of flight,
by suitably unfolding the neutron light-output spectra.

1. Introduction

The ideal fast neutron detector would: a) have excellent neutron-gamma
pulse-shape discrimination (PSD), b) provide useable neutron energy information
i.e. spectra, without need for time of flight (ToF), ¢) have excellent fast timing
characteristics, d) be solid-state, e) be non-hygroscopic, f) have light emission
matched to photo-multipliers (PMTs) or silicon photo-detectors, g) have good
detection efficiency and resolution, h) be non-flammable and relatively safe to
handle, i) be compatible with most optical greases and optical epoxies, and j) be
available at low cost in large volumes. Except for the latter (size and cost), we
believe the neutron detector we have recently developed, which is based on
deuterated trans-stilbene (stilbene-di2), satisfies these requirements. The basic
characteristics of two prototype stilbene-ds, detectors, the largest 32 cm?, a size
practical for many nuclear reaction measurements, are compared with those of
conventional i.e. "H-based stilbene detectors, and confirms the above. This
paper presents the initial set of measurements. The growth of the crystals and
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their optical properties are described in detail in [1]. Likewise additional details on
the response, pulse-shape discrimination, linearity, and other properties of the
detectors, including additional measurements of neutron spectra will be reported
in [2].

2. Development and evaluation: prototype detectors

The synthesis of high-quality 'H-based, i.e. conventional trans-stilbene
crystals for use as neutron detectors has been developed at Lawrence Livermore
National Laboratory (LLNL) using a solution-growth method [1,3]. The basic
starting compound is "H-based styrene, which also is available in a deuterated
version [4]. Hence the possibility to grow deuterated-stilbene crystals was
deemed feasible and pursued as a joint project between the University of
Michigan (UM), Oak Ridge National Laboratory (ORNL) and LLNL, with the
deuterated material supplied by UM [5]. As demonstrated by Brooks, et al. [
6,7], using deuterated anthracene and later deuterated organic liquid benzene-
based scintillators (NE230/BC537), replacing the hydrogen in these scintillators
with deuterium produces a recoil-deuteron spectrum in the scintillator light output
(L) that has broad peaks corresponding to the incident neutron energy with
E4=8/9 E, [5,6,7]. This approach is in contrast to 'H-based scintillators that have
a rather non-distinct light spectrum without prominent peaks. Recent
developments in digitized-pulse data acquisition, along with efficient, fast
computer spectral unfolding and techniques for measuring accurate detector
response functions over a range of neutron energies has led to new applications
using deuterated liquid organic scintillators [5]. This includes nuclear reaction
studies [8,9,10] and applications in nuclear counter terrorism and nuclear non-
proliferation [11]. However, while deuterated liquid scintillators have adequate
PSD for most measurements, their PSD is often inadequate at low incident
neutron energies (e.g. E,<1 MeV) or incident neutron energies > 10 MeV where
for the latter scintillator deuteron break-up can be significant and results in
protons being detected along with recoil deuterons [5,6]. At even higher neutron
energies other nuclear reactions in the scintillators can greatly complicate the
PSD [12] and the non- linearity in the response can be an issue [13-16]. As noted
in the introduction, an improved scintillator material would have excellent PSD
over a wide range of incident neutron energies. This would permit measurements
at lower neutron energies (few MeV) as well as higher energies (tens of MeV)
where deuteron breakup protons and other nuclear reactions in the scintillator
must be identified and removed, while still providing information on the incident
neutron energy via the recoil deuteron. However, liquid scintillators require a
sealed cell and many of the liquids used are toxic and flammable. A safe, non-
hygroscopic crystalline detector would be advantageous for many applications.
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3. Scintillator properties

The properties of 'H- and ?H-stilbene (the latter stilbene-d+,) compared
with a commonly used ?H-based liquid scintillator (benzene-ds; NE230, BC537
and EJ315) are shown in Table 1. The emission spectra are similar (blue
fluorescence) and well matched to most photo-detectors, but stilbene has a
higher light output. (The recently-developed EJ301D liquid scintillator, xylene-d+o,
also has several advantages relative to benzene-dg [17,18]). The synthesis of
both "H and 2H stilbene begins with the appropriate styrene compound (normal or
deuterated), along with suitable catalysts and solvents (normal or deuterated) to
allow for uniform crystal growth in solution producing a crystal with good optical
properties [1,3,5,19]. Unfortunately, the present availability of deuterated styrene
is limited and the amounts used in this project were obtained via small, in-stock
commercial quantities [4]. This made the detectors more expensive (ca.
$200/cm?®) than possible if bulk material would have been available or if such
material could have been custom synthesized in a single batch. Nonetheless, in
many applications the detectors may not be the major cost of the experimental
apparatus, and the cost could be justified given their efficiency to make fast
neutron energy measurements with excellent n/y separation without need to use
the time-of-flight technique [5].

4. Detector evaluation: **°Cf Fission-source PSD and spectra

Two stilbene-dq, (trans-stilbene) crystals were evaluated: a small crystal
ca. 1.5 cm thick, 11 cm?® in volume, among the first ever produced [5], and a
second crystal, of similar hexagonal shape (Fig.1) ca. 3.55 cm thick, and 32 cm?
in volume, a size practical for many types of neutron measurements (see below).
A companion "H-stilbene crystal was also grown at the same time (Fig. 1) to
permit direct comparison with the 32 cm? stilbene-d1, crystal. Initial evaluation of
the smaller crystal has been reported previously [5]. The 32 cm?® detector crystals
were covered with teflon tape as a reflector, mounted with Eljen EJ-550 silicon-
based optical grease to 51 mm dia. ET 9241B PMTs or equivalent, and held in
place with tight-fitting thin black vinyl caps and black electrical tape. Mu-metal
shields covered the PMT, extending several cm beyond the photo cathode to
negate the effect of the Earth's magnetic field. The PMTs were selected where
possible to have matched gains to within a few %, so they could be operated at
their recommended high voltages (HV). However the latter HV can produce PMT
signals beyond the input voltage range of the high-speed CAEN pulse digitizers
used to digitize the PMT anode signals (for most measurements a CAEN
DT5730 digitizer, 500 MS/s, 2 nsec sampling rate,14 bits). Therefore, precision
attenuators as needed were used on the PMT signals to match the input voltage
range of the digitizer. This approach allowed the PMTs to be operated at their
optimal HV bias for many of the measurements and thus yielded data with good
signal-to-noise characteristics and fast timing (i.e. minimal transit-time spread in
the PMT).
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After initial testing at LLNL [1], the performance of the 32 cm? prototype
detectors were further evaluated using various ?°2Cf fission neutron sources as
well as mono-energetic neutrons from DD and DT neutron generators (2.5 MeV
and 14.1 MeV neutrons, respectively) at ORNL and UM. Calibration of the
scintillator light spectra in terms of electron-equivalent energy units (keVee or
MeVee) was done using various gamma sources but primarily '*’Cs and *’Na
where the Compton edge (per past measurements taken as ca. 80 % of the
Compton spectrum maximum) was used for the calibration [11,20-22].

The PSD capability of the scintillator was evaluated using the charge integration
(CI) method. The CI algorithm calculates the pulse integral over two regions: the first
region, or “total” integral includes the entire digitized pulse, and the second region, or
“tail” integral begins several nanoseconds after the pulse maximum and extending to the
same time limit as the total integral. Good PSD performance was achieved for both the
"H-stilbene and stilbene-d», with the tail integration beginning 22 nsec after the pulse
maximum and ending after 344 nsec. The total pulse was integrated starting 4 ns before
the maximum for a total integration time of 370 nsec, which is typical for stilbene
measurements [1,3], but may miss some of the delayed light.

PSD and light spectra obtained with the 32 cm? stilbene-d1, detector using
a 2°2Cf source are shown in Figs. 2 and 3 and compared with those for the
matching "H-stilbene detector. This result is consistent with what we observed
with the smaller crystal [5], with the n-y PSD separation for the former
approximately 20 % better. This is due in part to the higher ionization track
density, hence saturation, in the recoil deuteron path versus a recoil proton
producing the scintillation light [5,13-16]. As with conventional stilbene [1], with
suitable optimization of the digital PSD algorithm, it appears the lower threshold
for neutron detection (e.g. PSD figure-of-merit >3 ) can be set below 20 keVee
(electron-equivalent energy) and thus E,< 200 keV [5,15]. This could prove
critical in many applications including nuclear reaction measurements, especially
those using exotic, radioactive nuclear beams, as well as nuclear security
applications [5,20-22]. In particular, the energy information available from
deuterated scintillators can be used to identify different types of fissionable,
weapons-grade material [11,20]. As noted, in many cases the above features
would help justify the higher fabrication cost of this type of detector.

5. Compton scattering measurement: Electron response and detector
resolution

The direct response and resolution of the 32 cm?® stilbene-d1, detector
system (PMT with mounted crystal) to electrons was determined using Compton
scattering of "*’Cs 0.662 MeV gamma rays entering sideways into the stilbene-
dq2 crystal. These were scattered by the stilbene-d, into a Nal(Tl) gamma
detector positioned at specific angles and set in coincidence with the recoil
electron detected in the stilbene-d crystal [17]. The recoil electron energy
spread due to the angular acceptance of the gamma ray detector and the
emission and detection angle spread due to the gamma source and stilbene-d;
detector collimation was then calculated and unfolded in quadrature from the
measured recoil electron energy spectrum (Fig. 4) to deduce the detector
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response (L) and resolution (6L/L) in electron-equivalent units (MeVee).
Conventional analog nuclear (NIM) electronics and a multi-channel analyzer
(MCA) were employed for the measurements with a precision NIM pulser used to
determine and correct for any MCA offset [17]. The results for the stilbene-d+»
detector resolution L< 1 MeVee are shown in Fig. 5. Additional resolution data
were obtained from monoenergetic neutrons from DD (2.5 MeV) and DT (14.1
MeV) neutron generators (next section).

In addition to the coincident-electron Compton calibrations, the Compton
edges from various gamma-source spectra (**’Cd,**Mn,**Na,*°Co) using again
as a criterion 80% of the Compton gamma peak maximum were also determined.
While these data overlap the Compton coincident-electron data below 600 keVee
or so, a linear extrapolation of that data to higher energies underestimates the
Compton edge data values. Data obtained using the digitizer Cl method were
somewhat more linear. However, the linearity can depend on several factors
including pulse integration times, PMT HV, etc. [12-16] and will be discussed in
more detail in [2].

If the detector resolution were primarily limited by the number of photons
produced and then converted to photoelectrons at the PMT (hence proportional
to L), we would then anticipate a statistical spread in L related to the number of
photoelectrons produced and thus proportional to L2, We then would expect a
detector resolution SL/L proportional to L™""2. However, this is only partially correct
as other factors obviously contribute to the resolution. In particular, the crystal
geometry and size, the location of the neutron interaction, the presence of
double scattering events, the possibility of escaping recoil deuterons, the
uniformity of the reflective medium, the PMT and electronics noise, the non-
proportionality of the photon production in the crystal [13,14], the linearity of the
PMT, and other factors must be considered. It is found that most scintillator
detector resolution data can be fit with an empirical equation of the form &L/L
(%)=100 Sqrt [ a+ b/L +c/L?] where “a” represents the light collection efficiency
from the scintillator to the PMT, “b” the statistical variation in the crystal photons
produced and the subsequent PMT photoelectron production, i.e. the PMT
conversion efficiency, and “c” represents the noise contributions from the PMT
and electronics. Other factors (above) which may contribute are therefore also
included in these empirical fitting parameters.

In Fig. 5 we display the 8L/L (%) equation fit [16] to the reported detector
resolution of a 7.6 cm dia. X 7.6 cm long commercial deuterated benzene
scintillator assembly (EJ315). Based only on the number of photons produced in
stilbene (90 % of anthracene, Table 1) and possibly detected, estimated to be
about 4000 /MeVee at 500 KeVee, we would expect dL/L (%) due to the photon
statistics in the crystal alone to be no better than about 4.5 % FWHM. However,
both the commercial EJ315 detector [16] and our d-stilbene detectors exhibit 2-3
times that indicating major contributions from the other factors involved and in
particular from the collection and conversion of the photons produced in the
crystal to photoelectrons in the PMT as well as possible non-linear signal
production in the crystal and PMT (above). It should be noted that our dL/L
measurements are from direct Compton-electron coincidence measurements
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whereas those reported in [16] use a model-dependent method to extract the
detector light resolution from normal Compton spectra.

As expected, the higher light output of stilbene (Table 1) results in an
improved resolution at higher L values where photon and PMT photoelectron
production statistics dominate. As an example, at 6.5 MeVee (14.1 MeV
neutrons) even without an optimized crystal mounting cell and special high-
efficiency PMT, we observe 8L/L of about 8 % (see below) which is better than
that of typical deuterated liquid detectors, although these are generally larger in
size [5]. However, this limited detector light resolution does not preclude
unfolding the light spectra and obtaining better resolution in the neutron energy
spectra (to a few %) provided one has good statistics, low-noise electronics,
good light collection, together with accurate detector response functions [16,18-
21]. We plan to demonstrate this in the near future for the present and other
stilbene-d4, detectors using in-beam nuclear reaction measurements [2,5,20].

6. Detector evaluation: DD and DT neutrons (E,= 2.5 and 14.1 MeV)

The PSD and neutron light spectra (gated by PSD) of the 32 cm® detectors
to 2.5 MeV and 14.1 MeV deuterons were measured at UM using commercial DD
and DT neutron generators [ThermoFisher MP320(DD) and P211(DT)] with
arrangements similar to that shown in Fig. 6. (Similar measurements done at
ORNL were used to verify the UM measurements). Since the DD and DT
generators produce neutrons over a wide range of angles, the room-return
neutrons are a significant background and partially obscure the 2.5 MeV and
14.1 neutron groups. This measurement requires use of shadow bars to remove
this background and observe the DD and DT neutron groups to better than 10 %
accuracy. Thus, steel or composite neutron shadow bars, ca. 4 in. diameter,
consisting of 12 inches of steel alone (DD measurements) or followed by 12
inches of polyethylene (DT measurements) were located between the neutron
generator and the detectors in order to obtain the background due to scattering
of room-return neutrons (Fig. 6). This primarily affects the lower energy portion of
the spectra, which however is needed for accurate spectral unfolding. As
expected [5], and in contrast to 'H-stilbene, especially after background
subtraction the stilbene-d+, light spectrum from the DD generator (2.5 MeV
neutrons) displays a broad but distinct peak in both the PSD and the light spectra
similar to those observed in deuterated liquid scintillators [5,15,16,20,21],
corresponding to the incident neutron energy (Figs. 7 and 8),

As shown with other deuterated scintillators, this should then allow for the
accurate unfolding of the light spectrum to deduce the incident neutron energy
spectrum once the detector response functions are known [5,9,15,16,20,21] and
room-return neutrons removed as needed. Fortunately, for many nuclear reaction
studies the neutrons of interest are often preferentially emitted at forward angles
and room-return neutrons are less of an issue [20,21]. Future measurements are
planned to verify this and extract various (d,n) nuclear reaction spectra.

Similar spectra were obtained with 14.1 MeV neutrons from the DT
generator using the composite steel and polyethylene shadow bars to remove
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room-return neutron background (Fig. 6). Again, owing to the larger ionization
density for the recoil deuterons, the light output is noticeably lower than for the
similar-size "H-stilbene detector, where the latter still has much less distinct
features (Figs. 9,10). At this higher neutron energy there is some indication of
scattered neutrons entering the detectors from the primary or adjacent shadow
bar (Fig.1), which limited the accuracy of the background correction for the light
spectra at the lowest energies. In addition, for 14.1 MeV incident neutrons the
break-up of the deuterons in the scintillator also must be considered [5,12]. This
effect is indicated in the corresponding PSD spectrum (Fig.9), where both recoil
deuterons and break-up protons appear close together in PSD vs. L. Although
the protons have lower energy than the deuterons, they produce a higher light
output and hence can overlap with the deuterons in the light spectrum. However,
owing to the excellent PSD of stilbene, here with a figure-of-merit, FOM, of 6 or
more when optimized [3], the protons can then be separated from the recoil
deuterons by suitable gating on the PSD spectrum (Figs. 9-11). In the present
measurements, the PSD quality was limited by the sampling rate (2 nsec) of the
digitizer, which is not optimal for the stilbene detectors evaluated as they have
very fast rise time (<2 nsec) and fall time (< 4 nsec) when coupled to a fast PMT.
Fortunately, the break-up protons and other ions produced in the scintillator,
depending on the Q values for the nuclear reactions under study, may not
necessarily interfere with the higher energy portion of the deuteron-recoil light
output spectra. Nonetheless by careful PSD gating a clean deuteron-recoil light
spectrum could be obtained yielding a very distinct peak corresponding to 14.1
MeV neutrons (Fig. 11). The resolution is approximately 8 % FWHM in L, which
is close to that expected (5-8 % FWHM) from extrapolation of the data shown in
Fig.5 using the semi-empirical relation previously given for &L/L fitted to the d1»-
stilbene data above 0.2 MeVee.

In experiments where low energy gamma rays can be an issue, one can
enhance the n/ly PSD by using a thin lead sheet to attenuate the low-energy
gamma rays with little attenuation of the neutrons. As noted, it appears to then be
possible to cleanly separate neutrons to <20 keVee (i.e.< 200 keV neutrons, [15]).
Likewise if short-path ToF is available, although not used to determine neutron
energies, it can still be used to remove most of the prompt gamma rays
associated with a nuclear process [20,21,23].

One advantage of even modest energy discrimination in an organic
deuterated scintillator when they are used as part of a close-packed or
segmented large neutron detector array, is the capability to eliminate scattered
and hence much lower energy neutrons from adjacent detectors or segments via
the scintillator light signal (Fig. 11).

7. Measurement of asymmetrical response

Conventional stilbene is known to have a noticeable asymmetry with
respect to direction of the incident neutrons with respect to crystal orientation
[19,24]. We studied this property in the smaller stilbene-d4, detector using 2.5
MeV neutrons from the DD generator (Fig.12). As seen in the figure, in contrast
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to "H-based conventional stilbene, there appears to be little asymmetry in the
light output, at least for the crystal and angles tested. We note that the range of
the recoil deuterons are much shorter (approximately 2, [12]) than the recoll
protons of the same recoil energy in conventional stilbene. This may minimize
any asymmetry effects in the response and warrants further study.

8. Neutron detection efficiency

The overall detection efficiency for 2°2Cf fission neutrons was measured
for neutrons above 23 keVee in light output (corresponding to approximately 230
keV neutron energy deposited) for the 32 cm?® stilbene detectors using a
calibrated 2°°Cf source. It was determined to be 12.2 +/-0.6 % for the stilbene-di»
detector and 21.1+/- 1.1 % for the similar-size 'H-stilbene detector. This result is
comparable to the calculated efficiency for similar-size deuterated-liquid
scintillators when coupled to modern PMTs. It reflects the differences in the n+d
and n+p scattering cross sections over this energy range [3,4] and the difference
in light output of the two scintillators (Fig.7). The MCNPX-PoliMi Monte-Carlo
scintillator simulation code and related modules [25] are presently being modified
to include the measured light output vs. neutron energy for deuterated stilbene.
This code enhancement will permit calculations for the light spectra and detection
efficiencies expected at higher neutron energies, for example as needed for
nuclear reaction analyses [3,20-22].

9. Conclusions

Two samples of deuterated trans-stilbene (stilbene-d+;) crystals configured
with fast PMTs as neutron detectors have been evaluated, the largest being 32
cm?®. These first samples exhibit excellent PSD (figure-of-merit, FOM [19]) , 6 or
better for neutron energies 2-10 MeV. The small crystal tested exhibits little
asymmetry in the light output, better than conventional stilbene. As expected,
the stilbene-d, scintillators produce light-output spectra with neutron energy
information without need for ToF. As with conventional stilbene, these crystals
are relatively safe to handle, are non-hygroscopic and appear well suited for
many applications including nuclear reaction studies, nuclear security, and
nuclear non-proliferation. This will be verified in additional experiments. The main
issue at the moment is the high initial cost of the starting material (deuterated
styrene) but hopefully this can soon be addressed and help make these
improved fast-neutron detectors available at a more reasonable cost [27].

Recently, small samples of a glass scintillator have been developed and
evaluated that show promise [28] for combined neutron and gamma detection,
especially if they also can be made deuterated. While these samples, albeit small
samples, have been shown to have better performance than normal stilbene e.g.
better PSD, the present, large crystals of stilbene-d, we have evaluated also
have improved performance (FOM 6 or better) relative to conventional stilbene.
In addition the stilbene-d12 can provide neutron energy information from the recoil
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deuteron spectrum producing the light spectrum, especially when the latter is
suitably unfolded [5,20-22]

Acknowledgements

We thank our colleagues and the referees for useful comments and
suggestions. This work was supported in part by NSF Grant PHY 14-01242. This
work was also supported by the U.S. Department of Homeland Security under
Grant Awards No. 2014-DN-077- ARI078-02 and 2015-DN-077-ARI096. The
research of J. Natress was performed under appointment to the Nuclear
Nonproliferation International Safeguards Fellowship Program sponsored by the
National Nuclear Security Administration’s Office of International Safeguards
(NA-241).Additional support provided by the Department of Energy and in
particular, this material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Nuclear Physics, and NA-22 office, under
Award Number DE-AC05-000R22725 and Contract Number DE-AC52-
07NA27344. Support also provided by the Consortium for Verification
Technology under Department of Energy National Nuclear Security
Administration award number DE-NA 0002534.



O©CoOoO~NOOOAAPR,WN-=-

Table 1. Comparison of "H-, 2H-based stilbene scintillators with ?H-benzene liquid
scintillator (benzene-ds, EJ315)

Conventional %H-stilbene ’H-benzene
stilbene (stilbene-dsz)  (benzene-de)®
Chemical C14H12 C14D12 CeDe
formula
Density (g/cm?3) 1.16 1.24 2 0.95
Melting 124 est. 124 @ n.a.
pt. (°C)
Crystal biaxial biaxial n.a.
type monoclinic monoclinic
Max. 380 (blue) est. 380% 425"
emmission (nm)
Light output 90 © 90 @° 60"
(% anthracene)
Index of 1.70-1.84 1.70-1.84% 1.50 ©)
refraction (590 nm)
Fast decay <4 <42 3.5

component (nsec)

a) Assumed to be similar to conventional [1,3,19] stilbene.

b) Eljen, inc. data for EJ315 [26]; benzene-d; liquid has a fluor added.

c) Estimated. Includes only portion of light matched to a typical PMT response i.e.
excludes the red portion of the anthracene scintillation light.

10
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Fig. 1: The large ca. 32 cm® LLNL-grown trans-stilbene crystals used for the
measurements: Left, stilbene-d1,; Right, Similar-size conventional 'H-stilbene
crystal.
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electrons (Fig.4) as function of electron energy for the 32 cm? stilbene-d 1,
detector (solid circles). The resolution determined for a commercial deuterated-
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Fig.6: Typical set up with composite shadow bars for measurements
with the DD and DT (shown) generators at the UM Neutron Science Lab.
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Fig. 12: Tests of asymmetrical response in the small stilbene-d1, detector

using the DD generator with neutrons incident head on and at 90 degrees to the

crystal.
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