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of two neutron-gamma discriminating scintillators
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Abstract—-CLYC is a novel scintillator with excellepulse shape discrimination attributes. When inttacing a new scintillator it is
helpful to derive a quantitative measure of its p@mance. A detailed analysis is performed with OCYand another common material
Stilbene - two materials capable of neutron/photdiscrimination. Using one particular choice of adure of merit we find that CLYC
outspecifies Stilbene by a factor of 50.

. INTRODUCTION

Recent developments in neutron detection materae lyielded a new class of Li-based compounds asdBsLiYCl¢.Ce
(CLYC) [1], which not only exhibits excellent pulséape discrimination (PSD) but also good energglution. CLYC is
in a class of Li-based epasolite scintillatthiat detects thermal neutrons by virtue of thetieam +°Li — *H + *He, with the
reaction products carrying away ~ 4.8 MeV. That R@pability and good energy resolution coexishim $ame material sets it
apart from most scintillators. The timing of thek®/elopments is especially fortuitous as thereomudchented global shortage of
®He [2] - the working gas in the ubiquitodisle neutron detector - caused mainly by growing sded neutron detectors in
national security, nonproliferation, defense, bokurity, and homeland security applications.

Il. DIGITAL PULSE SHAPEANALYSIS

To characterize CLYC material and thus derive aebainderstanding of its PSD capability we acquieed analyzed an
extensive data set taken at Lawrence Berkeley Natibaboratory using an XIA digital P500 spectroemetThe specific
objectives of this run were: 1) to optimize CLYCrfeemance using an XIA digital filtering algorithaeveloped for phoswich
applications, 2) to test the ability of the XIA 58Hz P500 ADC to resolve CLYC's previously descdlast (intrinsic sub-ns)
photon emission and 3) to compare CLYC performaite that of Stilbene under identical test condigdrhe experimental
setup consisted of a 56 mCi AmBe source to produeixed neutron-gamma radiation field, a 2" CLY@stal (RMD) coupled
to a Photonis X2020 photomultiplier tube (PMT) aad identical PMT coupled to a 2" packaged cylindérthe liquid
scintillator Stilbene. The two PMTs were nearlydirect opposition and approximately 18" of paraffgparated each PMT from
the source to moderate fast neutrons. Approxim@@M event traces were acquired in each data stoe@mthe course of the
several day run. XIA's digital filtering algorithnpermit online or offline computation of runnindtdir sums. For optimal energy
resolution a trapezoidal energy filter is custom@npugh its length can be adjusted to optimizeg@neesolution). In the present
analysis energy resolution is is less importantaseunning integral energy filter sum of len@thvas used instead. Filters used
specifically for pulse shape analysis (PSA) hiswlty are less well-established. In previous aresent analyses a fast running
filter sum of lengthLP is placed some variable distance LoP beyond thger location, where fast refers to sufficienthog to
capture high frequency behavior. We define therfitumsA andB, using filters of lengtt.P andE, respectively as

> n=A> n=8B,
LP E

where nto the number of counts in chanmefFig. 1 shows a typical CLYC traces with the vasdilter parameters illustrated.
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Fig. 1. overlays two distinct traces from CLYC datjuired with an AmBe source and the XIA P500 speteter. In this figure the black trace is seehdwve
a somewhat shorter smaller rise time than therese1 Digital filters of lengti.P andE are shown in this figure.

To differentiate the transient behavior of these tvaces appropriate choicesld® andE are made. The right graph in Fig. 2
plots B as a function of the rati&/B over a restrictedVB intervalfor one particular value dfP. With LP appropriately chosen
A/B should be somewhat smaller for the red than theldtrace in Fig. 1. This is precisely the behasien in the right graph in
Fig. 2: data with lowA/B values and tightly clustered valuesBare all found to resemble the red trace in Figvtile data with
higherA/B values and widely distributed values Bare all self-similar to the black trace.
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Fig. 2. (Right) A discrimination plot from CLYC daticquired with an AmBe source and the P500 speetay. For this plotoP was set at 0 n&P 36 ns and
E 2.016 us. (Left) A projection of the discriminatiplot onto the?/B axis.

The left graph in Fig. 2 is a projection of thehtiggraph onto thé/B axis with the restriction thd exceed 5. This projection
cleanly separates the events into two distinctitistions. By varying-P the separation between the two distributions, agtie
discrimination (specificity) can be optimized.

Ill.  PULSE SHAPE DISCRIMINATION WITH CLYC

Before proceeding with the details of our CLYC gs@ a brief discussion of its properties is waiedn CLYC is a
representative of a class of related epasolite nadte including Cg.iLaClg (CLLC) and Cgl.iLaBrg (CLLB), each with
excellent PSD capabilities. (Neither CLLB and CLM@l be commercially available for the foreseeahléure, but may be
available for research purposes). In all of theiseased materials thermal neutrons are detectethgiauclear reaction fiti —
*H+*He that imparts ~ 4.8 MeV to the reaction produisese charged, recoiling reaction products indsagtillation in a
traditional manner, though quenching of the hedwarged recoils leads to less light output and, @éesimaller equivalent energy
deposition (roughly 3.2 MeV photon equivalent). hefmal neutrons interacting with CLYC produce ab60i000 photons
(around 20,000 photons/MeV) [3]. Naturally occugrini is found in present CLYC samples, though i hacently been shown
that the concentration &ti can be increased to 80-90% [4], hence, improviegtron efficiency. As is customary with new
scintillator materials, this excellent light yiedshergy resolution was obtained with only with a ki@&YC sample. Larger (1")
samples have demonstrated excellent PSD capahiliigewell. Crystals as large as 2” in diameteehakeady been grown [4].
several day run. More limited runs were taken witd paraffin removed, alternative geometries artd@s source. In what
follows we describe preliminary results from oumbses of this data. It merits emphasizing thdirpneary aspect of these
analysis as CLYC has numerous and, perhaps, yetsarided decay mechanisms and whose ultimate peafae may require
optimization of other parameters (e.g., ADC sanpfiate, rise time and threshold cuts) not consiibstow.
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Fig. 3. (Left) The ratio A/B versus B for CLYC usjmn AmBe source. (Right) Same, but usid’@s source .

The left graph in Fig. 3 show&/B as a function oB from CLYC data acquired with an AmBe source oVer éntire range of
data. The right plot shows the same but taken atfiCs source. The data in Fig. 3 acquired with an Ars@&ce now reveals
three distinct regions of interest. Selected everftom these three regions are shown in Fig. 4.
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Fig. 4. Selected fast (blue), slow photon (blaak)l @eutron (red) events from CLYC data acquiredhwait AmBe source. The inset compares fast and slow
photon pulse shapes.

The blue trace in Fig. 4 is representative of evérm Region | (large A/B - low B values) seerbioth the AmBe and®'Cs
data sets. These events have been described iliteteture and are ascribed to the phenomenon are-@-Valence-
Luminescence which underlies the intrinsic sub-sacond rise and decay times. This type of emissambeen shown to
appear only under gamma excitation, and only akieswwvn materials are known that exhibit it [5]. Tiesponse of the PMT and
the analog Nyquist filter of the P500 slow the ritae to a few ns, while competing de-excitatiomgasses result in the
observed ~ 65 ns and ~ 1000 ns decay componelhis.black trace is representative of events fromidrely (low B/A values
and widely varying B values) also seen in bothAneBe and*'Cs data sets. The black trace exhibits a someviuates rise
time than that of the red trace, although the deicags are quite similar. The slight differenceiimetics between slow photon
and neutron events may arise from the differingzation densities of the recoiling electron in tleemer versus that of the
recoiling®H and*He ions in the latter. Further, these data suggesuigh it is far from established, that some subkéhe slow
photon events may better described as an admifdateand slow of photon mechanisms. Further stualiesieeded to confirm
or refute this hypothesis. The red trace is a r@tive event from Region Il (low A/B - largevRlues). The absence of
similar traces in CLYC data taken withH#Cs source and their energy equivalent of 3.2 Mewhfthe'*'Cs calibration strongly
suggests their identification as neutron eventkis Trace exhibits a rise time of ~ 40 ns and glsidecay component of ~ 620
ns - kinetics similar to those described in theréiture and likewise ascribed to neutrons. Sucimtsvare thought to be
understood in terms of the energy transfer fromhbst to the C& ion [5]. The red and black traces in Fig. 1 camw rime
positively associated with neutron and photon eyaeispectively.



In proceeding with a quantitative description ofY@L specificity, the bottom graph in Fig. 5 showsotal projection onto the
A/B axis of data from the left graph (AmBe data) ig.R. The two upper graphs likewise are projectiminsig. 3 but after the
indicated energy cuts have been imposed.
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Fig. 5. A total projection of the data from F&jalong the y-axis and two projections subjechwindicated energy cuts.

There are at least two ways in which the spedifican be improved: either the trigger threshold lbarincreased to eliminate
low energy events (events along a constiid minus B line) or, alternatively, an energy cut can be isgzh The latter
alternative was chosen for this analysis. The wapplots in Fig. 5 are the result of applying elyergts as indicated in the figure
legend. The top graph is generated from an enenggtow in the vicinity of the neutron cluster in Fig. Although the middle
plot demonstrates that the energy cut can be gaiterous while still maintaining excellent spedicin subsequent analysis the
tight energy cut is used primarily to facilitateadyrsis of the Stilbene data, where these sameqiiojes are much broader due to
its poor energy resolution and lack of a localipedtron response. To optimize the specificity bi¥C and Stilbene, the filter
length LP was varied from 0 to 60 ns (in increments of 2 as)l applied offline to the list mode data containthe raw
waveforms. For each value bP a projection similar to Fig. 5 was made and themmiein computed to separate neutron from
photon peaks, which were each fit to a Gaussiatmilaigion. A figure of merit (FOM) was constructég computing the area
between + (-) 3 sigma of the peaks' centroids ¢cetiid of the neutron (gamma) spectrum (see ind&girb for an illustration).
The absolute value of each was computed (fits @Ghussian tails occasionally dip below the x-aaig) summed to define the
FOM. (Here a small value for the FOM implies betpecificity.) This definition of the FOM emphasizeounts between the
neutron and gamma peaks hence, specificity, assapio their widths or separations found in maaeitional definitions. The
FOMs for CLYC and Stilbene are plotted in Fig. Gadsinction ofLP.
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Fig. 6. FOM (as defined in the text and Fig. %eihss a function dfP for CLYC and Stilbene dathoP is zero for alLP.

The plot shows that CLYC has a rather well defimédimum between a filter lengttP of 12 and 18, while Stilbene has no well
defined minimum. For its optimal filter length o6 LLYC has a FOM of 2 and for a representativerfiléngth of 10 Stilbene an

FOM of 110. Fig. 7 overlays the projections of tBeYC and Stilbene data for the chosen filter lesgtRote the absence of
counts between the neutron and photon peaks istdtistics-limited CLYC data set.
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Fig. 7. Projections of CLYC and Stilbene datatf@ chosen filter lengths.

Using this particular choice of optimization onenctate that CLYC outspecifies Stilbene by a fadtor 50. Loosening the
energy cut will somewhat degrade the FOM, thoughatfiset is more rapid in Stilbene than CLYC.

IV. CONCLUSIONS

Questions concerning the neutron/gamma specifiditgLYC pulse shapes have been partially answeyeal direct comparison
with Stilbene - a conventional liquid scintillatapted for its neutron/gamma specificity. We havendestrated that CLYC's
performance as a neutron/gamma detector can beowegbrby optimizing a single analysis parameterteelao the early
behavior of the pulse shape. We find that in tinisted optimized analysis CLYC outperforms Stilleehy a factor of 50 or
more. Further, CLYC reportedly delivers excellenergy resolution (~ 4.5%) [6], though to achievés thesult requires a
matched PMT and wider integral sum. Undoubtedéy RSD performance of CLYC could be improved by @®ring other
PSA parameters.
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