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Abstract 14 

As an alternative to the standard 
3
He neutron detector, we are developing the Transparent RUbber SheeT 15 

type (TRUST) Eu doped LiCaAlF6 (Eu:LiCAF) scintillator.  This type of neutron scintillator can easily be 16 

fabricated as a large area sheet.  In order to take advantage of a large area detector, we try to readout 17 

scintillation photons using a wavelength-shifting fiber (WLSF) from a TRUST Eu:LiCAF scintillator.  The 18 

TRUST Eu:LiCAF scintillator with the size of 50x50x5 mm
3
 was mounted on the WLSF plate and the end 19 

of the WLSFs was connected with a PMT.  In order to reject high pulse height events induced in the 20 

WLSFs, we applied the pulse shape discrimination technique.  The gamma-ray intrinsic and neutron 21 

absolute detection efficiency is evaluated to be 8.8x10
-7
 and 9x10

-3
 cps/ng Cf (2m) for the TRUST Eu:LiCAF 22 

scintillator with the size of 50x50x5 mm
3
. 23 
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1.  Introduction 1 

Neutron detection techniques play an important role in various fields such as homeland security, 2 

nuclear safeguards, non-destructive test etc.  For thermal neutron detection, a 
3
He proportional counter has 3 

been used as the gold standard detector.  However, worldwide 
3
He gas shortage is recently a severe problem 4 

[1-2].  Therefore, alternatives to the conventional 
3
He neutron detectors have been required to be developed.  5 

Alternatives to 
3
He counter must have sufficiently high detection efficiency and good gamma-ray rejection 6 

ability.  Although a BF3 gas counter is one of the alternatives, it should be taken care on its toxicity and 7 

requires relatively high bias voltage due to its poor charge collection [2].  Boron-lined proportional counters 8 

can also be promising candidates [3].  The detection efficiency of this type of detector is limited by the 9 

thickness of boron coating.  For applications requiring high detection efficiency, a lot of narrow tubes must 10 

be arranged.  Inorganic scintillators containing 
6
Li or 

10
B, which have high neutron absorption cross section, 11 

have also ability of thermal neutron detection.  Solid phase scintillator can contain much greater number of 12 

6
Li or 

10
B atoms than 

3
He gas counter.  However, they usually suffer from interference of gamma-ray.  As 13 

one of the promising candidates, we are developing LiCaAlF6(LiCAF) scintillators [4-8].  Two types of 14 

LiCAF scintillators, Ce and Eu doped LiCAF (Ce:LiCAF and Eu:LiCAF), can be used.  Both scintillators 15 

have relatively high light yield, light composition, high transparency and no hygroscopicity.  These 16 

scintillators can show clear neutron absorption peak in the pulse height spectrum due to its high transparency.  17 

Since Ce:LiCAF scintillator additionally have relatively high / raito and ability of pulse shape 18 

discrimination between neutron and gamma-ray, they can efficiently reject gamma-ray events [4][7-8].  19 

However, its emission wavelength is 285 nm, where the quantum efficiency of a common photomultiplier 20 

tube (PMT) is not so high, and its light yield is one-fifth of Eu:LiCAF.  In order to effectively use Ce:LiCAF 21 

scintillator, we should use a high performance PMT, which is usually expensive.  On the other hand, 22 

Eu:LiCAF scintillator has adequate emission wavelength of 375 nm and much higher light yield than 23 

Ce:LiCAF.  However, Eu:LiCAF strongly suffers from gamma-ray interference because of its relatively 24 

low / ratio [5-6].  For high detection efficiency, a large size crystal is required but a large crystal growth 25 

imposes relatively long growth time and high cost.  As a solution of these problems, we have developed a 26 
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Transparent RUbber Sheet Type (TRUST) Eu:LiCAF scintillator.  This type of scintillator has good 1 

gamma-ray rejection ability while keeping sufficiently high detection efficiency.  In addition, this scintillator 2 

is flexible sheet and can be fabricated into large size sheet easily.  In order to take advantage of the 3 

geometrical flexibility, we try to readout scintillation photons using a wavelength-shifting fiber (WLSF) from 4 

a TRUST Eu:LiCAF scintillator. 5 

 6 
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2.  TRUST Eu:LiCAF scintillator 8 

As mentioned above, Eu:LiCAF scintillator has excellent properties for neutron detection such as 9 

significant light yield, adequate emission wavelength and high transparency.  Although this scintillator can 10 

show clear neutron absorption peak in the pulse height spectrum, its low / ratio leads to significant 11 

interference from gamma rays with high energy of MeV order.  In order to reduce interference of gamma 12 

rays, controlling the size of scintillators is useful.  When scintillator size is controlled smaller than the range 13 

of fast electrons induced by gamma rays but larger than the range of reaction products in 
6
Li(n,t) reactions, 14 

signal pulse height can selectively be reduced only for gamma-ray induced events.  Under this situation, 15 

neutron induced events can show a clear peak in the pulse height spectrum.  Consequently, a small piece of 16 

Eu:LiCAF scintillator can easily discriminate neutron and gamma-ray events with the signal pulse height. 17 

A small piece scintillator inevitably has quite small neutron detection efficiency.  In order to 18 

increase the detection efficiency with the gamma-ray rejection ability, a large number of small pieces of 19 

scintillators must be arranged over a sensitive area of a photo detector.  This configuration is difficult to 20 

achieve uniform collection of scintillation photons because small pieces are difficult to be fabricated with 21 

uniform size and shape.  In order to achieve uniform light collection from small pieces of scintillators, we 22 

propose to disperse small pieces into transparent rubber with a similar refractive index, which can suppress 23 

refractions and reflections on interfaces between the scintillators and the rubber, and to form the rubber into a 24 

sheet shape.  In this configuration, a large number of small scintillator pieces can be arranged with uniform 25 

light collection efficiency.  This type of neutron scintillator is referred to as TRUST Eu:LiCAF scintillator.  26 
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Figure 1 shows a photograph of TRUST Eu:LiCAF scintillator.  A bulk scintillator of the Eu:LiCAF single 1 

crystal (bulk Eu:LiCAF) is also shown in this photograph.  This scintillator has both relatively high neutron 2 

sensitivity and high gamma-ray suppression ability.  Figure 2 shows pulse height spectrum obtained from 3 

the TRUST Eu:LiCAF scintillator.  Pulse height spectrum obtained from a bulk Eu:LiCAF scintillator is 4 

also shown in Fig. 2.  In these measurements, the scintillators were directly mounted on the PMT 5 

photocathode window and the lower level discrimination of the multi-channel analyzer (MCA) was not same 6 

for both measurements.  In TRUST Eu:LiCAF scintillator, pulse heights can selectively be reduced only for 7 

gamma-ray events compared with the bulk Eu:LiCAF.  In this configuration, the density of dispersed small 8 

scintillators is important parameter.  If we densely disperse small pieces of Eu:LiCAF scintillators into a 9 

transparent rubber sheet, gamma-ray rejection ability is deteriorated because fast electrons induced by gamma 10 

rays can re-enter into neighbor scintillators.   11 

This rubber sheet is, additionally, flexible and allows easy handling compared with single crystal or 12 

glass scintillators, which are fragile and require delicate handling.  The TRUST Eu:LiCAF scintillator can 13 

be fabricated into large size sheet easily.  In order to take advantage of the geometrical flexibility, WLSF 14 

readout of scintillation photons is quite desirable.  The WLSF can absorb scintillation photons from a fiber 15 

side surface and re-emits photons, which are wavelength-shifted to longer wavelength, into the fiber core.  16 

These wavelength-shifted photons can be transmitted along the fiber and detected with a PMT at the fiber end.  17 

Therefore, WLSF readout is suitable for scintillation photon collection from a large area scintillator. 18 

 19 

 20 

3  Experiments 21 

In order to perform the WLSF readout, the WLSF array plate, in which 36 WLSFs with 1 mm 22 

diameter and more than 20cm length were arranged with 1.5 mm pitch into plate shape, was fabricated.  23 

The TRUST Eu:LiCAF scintillator with the size of 50x50x5 mm
3
 was mounted on the WLSF plate.  The 24 

ends of WLSFs were bundled and connected into a PMT, Hamamatsu R7600U.  The detector configuration 25 

is shown in Fig. 3.  The scintillator was wrapped with a polytetrafluoroethylene (PTFE) sheet, except for a 26 
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surface contacting the WLSF plate, as a reflector.  The whole detector unit was shielded with a black sheet 1 

from an ambient light. 2 

The detector was irradiated with 
252

Cf neutron source or 
60

Co gamma-ray source for response 3 

evaluation.  The PMT anode signal was fed into a shaping amplifier (ORTEC 571) through a preamplifier 4 

(ORTEC 113).  The amplitude of shaped pulses was digitized with an analog-to digital converter (ADC).  5 

The pulse height spectra were created with a MCA (Fast COMTEC, MPA-3) and were shown on a personal 6 

computer. 7 

Gamma rays and neutrons can directly interact in WLSFs.  These interaction events can produce 8 

undesirable noise signal.  In order to distinguish scintillation events in TRUST Eu:LiCAF scintillator with 9 

ones in WLSFs, the pulse shape discrimination technique can be applied.  Figure 4 shows examples of 10 

signal waveforms created in the TRUST Eu:LiCAF scintillator and the WLSFs.  The decay time of 11 

scintillation pulses induced in the TRUST Eu:LiCAF and the WLSFs are a few s and a few ns, respectively.  12 

In order to discriminate each event, we applied the dual shaping time method.  Output signals from the 13 

preamplifier were split into two shaping amplifiers with different shaping time.  Fast and slow shaping time 14 

were set to 0.5 s and 3 s, respectively.  Two shaped pulses were simultaneously digitized and analyzed 15 

with multi-parameter MCA (Fast COMTEC, MPA-3). 16 

We also evaluated the neutron absolute detection efficiency and the gamma-ray intrinsic detection 17 

efficiency.  When measuring the neutron absolute detection efficiency, a 
252

Cf neutron source with 2.1x10
5
 18 

n/s, corresponding to 92 ng Cf, was placed at a distance of 2 m from the detector surface.  The Cf source 19 

was surrounded with 5 mm thick lead and 25 mm thick polyethylene moderator.  For evaluation of 20 

gamma-ray intrinsic detection efficiency, a 
60

Co gamma-ray source with 2.4x10
5
 Bq was placed at a distance 21 

of 10 cm from the detector surface. 22 

 23 

 24 

4  Results and Discussion 25 

 Figure 5 shows pulse height spectra obtained from the TRUST Eu:LiCAF scintillator with the 26 
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WLSF readout.  The spectrum obtained from only the WLSF plate is also plotted.  Gamma-ray induced 1 

events have relatively high pulse height and interfere in the neutron peak region unlike the direct readout case.  2 

The spectrum obtained from the WLSF plate without a TRUST Eu:LiCAF scintillator is almost the same as 3 

one obtained with TRUST Eu:LiCAF scintillator.  This implies that these events with relatively high pulse 4 

height is induced in the WLSF plate.  The WLSF is almost a plastic scintillation fiber.  They have quite 5 

fast scintillation decay time of a few ns.  On the other hand, the TRUST Eu:LiCAF scintillator has relatively 6 

slow decay time of a few s.  We can discriminate each event using the pulse shape discrimination 7 

technique.  We applied the dual shaping time method.  Figure 6 shows two dimensional histogram 8 

between pulse heights of shaped pulses with slow (3 s) and fast (0.5 s) shaping time.  Events induced in 9 

the WLSFs can be distinguished from ones induced in TRUST Eu:LiCAF scintillator clearly.  We can easily 10 

reject the WLSF events from the TRUST Eu:LiCAF events by using the ratio between pulse heights of 11 

shaped pulses with fast and slow shaping time.  Figure 7 shows pulse height spectra obtained from the 12 

TRUST Eu:LiCAF scintillator with the WLSF readout, when applying the pulse shape discrimination.  13 

High pulse height component induced in the WLSFs is confirmed to be suppressed.  A little of high pulse 14 

height events still remain.  Since these events also stay in back ground measurement, they are considered to 15 

be cosmic muon induced events.   16 

Finally, we evaluated the gamma-ray intrinsic and the neutron absolute detection efficiency.  The 17 

gamma-ray intrinsic detection efficiency for 
60

Co gamma rays is evaluated to be 8.8x10
-7
.  The neutron 18 

absolute detection efficiency of the TRUST Eu:LiCAF scintillator with the size of 50x50x5 mm
3
 is evaluated 19 

to be 9x10
-3
 cps/ng Cf when placing the 

252
Cf source at 2 m away from the detector surface.  In order to 20 

achieve 2.5 cps/ng Cf (2m), the size of the TRUST Eu:LiCAF scintillator should be 200x850x20 mm
3
.  21 

 22 

 23 

5.  Conclusion 24 

 We are developing the large area neutron detector using the TRUST Eu:LiCAF scintillator 25 

with the WLSF readout.  We fabricated the WLSF readout unit for TRUST Eu:LiCAF scintillator and 26 
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evaluated the response of the fabricated detector.  Events induced in the WLSFs have relatively high pulse 1 

height and interfere in the neutron absorption peak region.  The pulse shape discrimination technique is 2 

useful to reject the events induced in the WLSFs.  We, consequently, evaluate the gamma-ray intrinsic and 3 

the neutron absolute detection efficiency.  The gamma-ray intrinsic and the neutron absolute detection 4 

efficiency are evaluated to be 8.8x10
-7
 and 9x10

-3
 cps/ng Cf (2m) for the TRUST Eu:LiCAF scintillator with 5 

the size of 50x50x5 mm
3
.  When using the TRUST Eu:LiCAF scintillator of 200x850x20 mm

3
size, we can 6 

achieve 2.5 cps/ng Cf.  7 

 8 
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Figure Captions 1 

Figure 1  Photograph of TRUST and bulk Eu:LiCAF.   2 

Figure 2  Pulse height spectra obtained from a) bulk Eu:LiCAF and b) TRUST Eu:LiCAF. 3 

Figure 3  Dependence of dosimeter signal intensity on the setting position depth obtained from basic 4 

experiments. 5 

Figure 4  Signal waveforms created in the TRUST Eu:LiCAF scintillator and the WLSFs.  6 

Figure 5  Pulse height spectra obtained from the TRUST Eu:LiCAF scintillator with the WLSF readout.  7 

The spectra obtained from only the WLSF plate is also plotted.  8 

Figure 6  Two dimensional histogram between pulse heights of shaped pulses with slow (3 s) and fast (0.5 9 

s) shaping time.   10 

Figure 7  Pulse height spectra obtained from the TRUST Eu:LiCAF scintillator with the WLSF readout, 11 

when applying the pulse shape discrimination.   12 
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Figure 1  Photograph of TRUST and bulk Eu:LiCAF.   5 
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Figure 2  Pulse height spectra obtained from a) bulk Eu:LiCAF and b) TRUST Eu:LiCAF. 4 
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Figure 3  Dependence of dosimeter signal intensity on the setting position depth obtained from basic 4 

experiments. 5 
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Figure 4  Signal waveforms created in the TRUST Eu:LiCAF scintillator and the WLSFs.  4 
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Figure 5  Pulse height spectra obtained from the TRUST Eu:LiCAF scintillator with the WLSF readout.  4 

The spectra obtained from only the WLSF plate is also plotted.  5 

6 
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Figure 6  Two dimensional histogram between pulse heights of shaped pulses with slow (3 s) and fast (0.5 4 

s) shaping time.   5 
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Figure 7  Pulse height spectra obtained from the TRUST Eu:LiCAF scintillator with the WLSF readout, 4 

when applying the pulse shape discrimination.   5 
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