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Abstract: The investigation of a novel thermal neutron detector is developed to fulfill the requirements of the
high intensity power diffractometer (HIPD) at the Chinese Spallation Neutron Source (CSNS). It consists of two
layers of *LiF/ZnS(Ag) scintillators, two layers of crossed WLSF arrays, several multi-anode photo multiplier
tubes (MA-PMT), and the matching readout electronics. The neutron detection efficiency of the scintilltors,
the light transportation ability of the WLSF, and the spatial linearity of the readout electronics are measured
and discussed in this paper. It shows that the sandwich structure and the compact readout electronics could
fulfill the needs of the HIPD. A prototype with a 10 cmx 10 cm sensitive area has been constructed to further
study the characteristics of the neutron scintillator detector.
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1 Introduction

Thermal neutron scattering techniques play an
important role in the diffraction experiments per-
formed to determine the molecular and crystal struc-
tures in biology, condensed state physics, and poly-
mer chemistry, with which a high flux neutron
source is required. High-intensity pulsed neutron
sources have made great progress in the world in re-
cent years [1, 2]. The Chinese Spallation Neutron
Source (CSNS) is under construction in Guangdong
Province. Three neutron spectrometers will be in-
stalled during the first phase of the project. The high
intensity power diffractometer (HIPD) is one of the
three day-one neutron instruments for CSNS. It is
designed mainly for the determination of the crystal-
lographic and magnetic structures with high intensity
and good resolution. The detector is one of the key
pieces of equipment and has a big influence on the
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performance of the instrument, especially the posi-
tion resolution.

The *He neutron detector is ideal for many neu-
tron spectrometers. However, due to the shortage of
3He gas and the rapidly increasing price, seeking new
neutron detectors to replace the *He neutron detec-
tor is urgent. ZnS(Ag) scintillator doped with °LiF
is a good candidate for use in thermal neutron detec-
tors [3-5]. The advantages of a scintillator detector,
including high efficiency, high resolution, low n/vy re-
jection ratio, real-time detecting, and so on, make it
suitable for our HIPD instrument. We have adopted
the simple bank concept, and planned 13.5 m? arrays
for the high angle bank (150°) and 90° bank, and
0.8 m? for the low angle bank (15°). There are 116
detector modules to cover all banks. Table 1 gives the
detailed main requirements for the detector modules
in the HIPD [6].

The investigation of a novel thermal neutron de-
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using a °LiF/ZnS(Ag)
wavelength-shifting fibers (WLSFs) is reported in
this paper. The SLiF/ZnS(Ag) scintillator is chosen
as the neutron convertor. The WLSFs are used to

tector scintillator and

collect the luminescent light generated in the scin-
tillator. Compact readout electronics have been de-
signed to reduce the electronic channels and the cost.
The neutron detection efficiency of the scintillators,
the light transportation ability of the WLSF, and the
spatial linearity of the readout electronics are mea-
sured to support the detector design. A prototype
with a 10 cmx10 cm sensitive area has been con-
structed to further study the characteristics of the
neutron scintillator detector.

Table 1. The main parameters of the detector
modules for the HIPD.

parameter index
220 mm X480 mm

main technical parameters

active area

neutron detection efficiency >40%@1.8 A
spatial resolution <5 mmx50 mm
count rate per module > 30 kHz

2 The detector design

Figure 1(a) shows the schematic layout of the

(@)

scintillator screens

(b)
Y axis WSLFs array

X axis WSLFs array.

scintillator screens /

Fig. 1. (a) Schematic layout of the scintillator
detector; (b) profile map of the head of the
scintillator detector.

neutron scintillator detector. It consists of two lay-
ers of SLiF /ZnS(Ag) scintillator, two layers of crossed
WLSF arrays, several multi-anode photo multiplier
tubes (MA-PMT), and the matching readout elec-
tronics. Fig. 1(b) shows a profile map of the head of
the detector. Two layers of °LiF /ZnS(Ag) scintillator
are placed at the front and back of two crossed WLSF
arrays. For the double-layer sandwich structure, the
thermal neutron detection efficiency could reach more
than 40% when an appropriate scintillator is chosen.

3 The experimental measurements

and discussion

3.1 The scintillator

The °LiF/ZnS(Ag) scintillator is a good candidate
for the large-area scintillator screens in the HIPD.
It has a large light yield and a moderate first decay
component of 200 ns. Neutrons are detected by the
following neutron reaction:

n+Li — t(2.05 MeV)+°H(2.73 MeV) o =940+4 b.

The thermal neutron detection efficiency of the de-
tector module is required to be more than 40%. It is
decided by the neutron-convertor efficiency and the
light number which could be transmitted to the MA-
PMT to trigger the electronics.

The screens commercially available at present
have different thicknesses and °LiF /ZnS(Ag) ratio by
weight. The thickness of 400 pm is considered as an
appropriate value for the outgoing scintillation light
and for the mechanical strength. We have obtained
three SLiF/ZnS(Ag) samples with different amounts
of °LiF. The detection efficiency and the light yield
from the surface of the scintillator are measured and
discussed here.

3.1.1 The experimental setup

The neutron detection efficiencies of three scintil-
lators are measured on a neutron test platform with a
252Cf neutron source. The neutron source is placed in
a shielding barrel with a €10 cm collimating aperture.
The neutrons with an average energy of 2.13 MeV
emitting from the 252Cf source are moderated by a
polythene block of 10 c¢m in thickness. A stander
high pressure *He MWPC is used to calibrate the exit
neutron number before the measurents. The scintil-
lator is coupled by air to the PMT XP2020, and is
placed in a dark box. The neutron count rates and
the charge distributions of the neutron pulses are ob-
tained through the electronics and the ADC system.
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3.1.2 The neutron signal

The count rate of the detector module is required
to be more than 30 kHz. The neutron signal we ob-
tained from the °LiF/ZnS(Ag) scintillator is shown
in Fig. 2. The pulse is about 300 ns wide with the
rising time less than 20 ns.
the count rate is easy to fulfill. Because of the light
attenuation and the different positions of the nuclear
reactions inside the scintillator, the amplitudes of the
neutron pluses are between 100-300 mV.

So the requirement of
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Fig. 2. A typical neutron signal from the oscilloscope.

3.1.3 The detection efficiency

Table 2 shows the characteristics of three
SLiF/ZnS(Ag) samples we obtained. The back-
ground, which may come from cosmic rays, is mea-
sured before the experiment. It is only a magnitude
of 1073 per second. The backgrounds of the gamma
ray can be reduced rapidly by the discriminator of the
electronics. Even the high energy gamma ray can be
discriminated from the neutron signal by charge dis-
tribution (see Fig. 3). Compared with the measure-
ment result of the stander high pressure 3He MWPC,
we have estimated the neutron detection efficiency of
three °LiF/ZnS(Ag) scintillator samples.

There is clearly an increase in neutron counting
rate as the SLiF ratio goes from 1:4 to 1:2. Because
of the light absorption in SLiF/ZnS(Ag) scintillator
and the different energy distribution of the moderated
neutron in our experiment, the detection efficiencies
we obtained are less than the reference detection effi-

ciency from the manufacturers. Considering the sta-
tistical error, the deviations of the neutron detection
efficiencies between three samples and the references
are appropriate.

By increasing the neutron-converter material
SLiF, and by optimizing the manufacturing technolo-
gies to reduce the light obsorption of the scintillator,
the detection efficiency can be improved. The BC-
704# with the highest SLiF ratio did not obtain the
best detection efficiency as expected. A reasonable
explanation is the better manufacture technologies
used at the Eljen Technology factory. It reduced the
light absorption in °LiF/ZnS(Ag) scintillator. An-
other reason may be that further increase of the SLiF
will reduce the light transparency of the scintillator.
A similar result can be found in '°B,03/ZnS(Ag) [9].

3.1.4 The light yield

The light yield number from the surface of
the samples could be calculated through measure-
ment of the single photoelectron peak of the PMT
XP2020. Fig. 3 shows the charge distributions of
the neutron signals for three SLiF/ZnS(Ag) sam-
ples. The number of primary luminescent light of the
SLiF/ZnS(Ag) scintillator could reach up to 1.6x10°
photons per neutron. Because of the light absorption
in °LiF/ZnS(Ag), the light yields from the surfaces of
three scintillators BC-704, BC-704# and EJ-426 are
about 5.8x10%, 6.1x10% and 8.0x103,
The differences for the light yield among these sam-
ples are mainly caused by the different manufacturing
technologies corresponding to different light absorp-

respectively.

tion values.
3.2 The WLSF

The BC-91A WLSF is chosen to collect the scin-
tillation light, with which the light is transported to
the MA-PMTs by wavelength shifting. The sketch of
a double-clad fiber including two layers of cladding
provides highly efficient reflective surfaces,
wavelength-shifting core for the re-emitted light [10].
It has been reported that the light yield increases

and a

Table 2. The characteristics of three scintillator samples.
type BC-704 [7] BC-704# [7] EJ-426 [8]
SLiF:ZnS weight ratio 1:4 1:2 1:3
thickness/pm 400 400 400
size 25 mmX25 mm 25 mmX25 mm 25 mmx25 mm
manufacturer Saint-Gobain Saint-Gobain Eljen technology
counting rate/(n/s-cm?) 0.53+0.04 0.69+0.04 0.74+0.03
neutron detection efficiency (%) 23.24+7.5 30.2+5.8 32.44+4.1
reference detection efficiency (%) 26.4 — 36.3
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Fig. 3.

almost linearly with the diameter of WLS fiber [11].
The fiber with a diameter of 1.0 mm is chosen as a
reasonable compromise between the light output and
the fiber flexibility. They are then polished and bent
to be coupled to the MA-PMTs.

3.2.1 Layout of the arrays

In order to get the position resolution of better
than 5 mm x50 mm, the layout of the WLSF's arrays
should be designed meticulously. For the detector
module, there are 240 WLSFs in one dimension (X
axis), and 110 WLSF's for another (Y axis). The X
axis of WLSFs spans 480 mm in length, and the Y
axis of WLSFs spans 220 mm in width, respectively.
The WLSFs are all placed with a 2 mm center-to-
center space. To balance the pixel size and the elec-
tronics channels, 2 adjacent fibers of the X axis are
put together, and 10 adjacent fibers of the Y axis
are put together. There are 120 clusters in the X
axis, and 11 clusters in the Y axis. So the pixel size
of the module could reach 4 mmx20 mm, which is
much less than the requirement of the HIPD. There
are 3 MA-PMTs to collect the light from the WLSF's.
Each cluster of the WLSF's is coupled to one working
unit of the MA-PMTs. 120 clusters in the X axis are
coupled to two MA-PMTs with 128 working units in
all. 11 clusters in the Y axis are coupled to another
MA-PMT.

3.2.2 The light transportation ability
We define a parameter Ciqjec; t0 present the light

transportation ability of the WLSF. It could be mea-
sured by experiment.

Ceollect = Ngrccn/Nbluc; (1)
where Ny is the number of blue light irradiating
on the WLSF, Ngeen is the green light number of
the WLSF collected by the PMT. By using a cali-
brated PMT and an exactitude collimator, the light
transportation ability of WLSFs C.gpe; We obtained
is about 6%. The C,opeet Offered by the manufactory
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The charge distribution of neutron signals for three LiF/ZnS(Ag) samples.

is larger than 5.6%. This value fits our experimental
result well.

We have also measured the bending loss of the
WLSF with a different radius. With increasing the
bending radius, the bending loss is reduced exponen-
tially. To balance the light output and the compact
structure of the detector module, the radius of 20 mm
with 6.3% bending loss is chosen as a reasonable com-
promise.

3.3 MA-PMT

The H8500 is a 12-stage, square 25 cm? flat panel
multi-anode photomultiplier with a matrix of 8 x8 an-
odes for charge collection and position sensing. The
tube can be supplied with a high voltage in the range
from —700 to —1100V giving a gain that spans from
5x10* to 2x10°. In our scintillator detector, the 64
working units of each H8500 are coupled with several
WLSFs to get the 4 mmx20 mm pixel. The compact
discretized positioning circuit (DPC) [12] was built
by us to reduce the channel number and the cost of
the readout electronics.

The discretized positioning circuit (DPC) consists
of an array of resistors that divide the charge between
low impedance. Fig. 4 shows the DPC schematic cir-
cuit diagram. It splits the charge proportional to its
Cartesian coordinates. This charge is collected by 4
charge-sensitive preamplifiers named A, B, C, and D.
The X and Y position can be determined by:

Xposition =

(A+B)/(A+B+C+D)
Ypositionz (A+D)/(A+B+C+D)

The signal from the cathode Dy12 of H8500 is
used as the trigger of the electronics. The amplitude
of this signal is also used to discriminate the multi-
hit events. By using the matched equal valued resis-
tors, the DPC readout electronics could get an excel-
lent spatial linearity. The spatial response measure-
ment of the H8500 and the DPC readout electronics
is shown in Fig. 5. By changing the position of the

(2)
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Fig. 4. The DPC schematic circuit diagram.
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assigned on the prototype.

50

WLSF, the spatial response of H8500 and the DPC
readout electronics is obtained. The spatial linearity
of the DPC readout electronics is better than 95% for
the X axis and Y axis.

4 The detector prototype

In order to further study the characteristics
of the scintillator neutron detector, a prototype
with a 10 cmx10 cm sensitive area has been con-
structed. Two WLSF-arrays are sandwiched by two
SLiF /ZnS(Ag) scintillators. Each WLSF-array has 64
l-mm-diameter fibers, with 1.5 mm center-to-center
space. The fibers are mounted in slotted brackets to
establish the space. Soft silicone rubber gaskets are
used at the end of the fibers to hold them in place.
This structure defines the 1.5 mmx1.5 mm pixel size,
which is much less than the requirement of the HIPD.
The goal of this is to obtain the minimum position
resolution of the scintillator detector with wavelength
shifting fiber structure. The gap from the scintilla-
tor screen to the WLSFs array is 1 mm. Two H8500
MA-PMTs with DPC readout electronics are used to
decide the position of the incident neutron.

Figure 6 shows the picture of the prototype: (a) is
the whole view of the prototype, and (b) is the double
WLSF-arrays of our prototype. The entire prototype
assembly is about 15 cmx 15 cmx33 cm. The box is
light tight during operation, but it is easy to change
the front plate for scintillator assembly. The back is
also easily accessible for work on the fiber assembly
and the MA-PMTs. This prototype will be tested by
using a 2°2Cf neutron source in the near future.

upper
scintillator
screen

The picture of the prototype: (a) the whole view of the prototype; (b) the double WLSF-arrays



1094 Chinese Physics C (HEP & NP)

Vol. 36

5 Conclusion and prospects

A position-sensitive scintillator neutron detector
using wavelength-shifting fibers has been designed for
the HIPD. The neutron detection efficiency of the
SLiF/ZnS(Ag) scintilltors, the transportation charac-
teristics of the BC-91A WLSF, and the spatial lin-
earity of the MA-PMT H8500 with the DPC readout
electronics are measured to support the design of the
neutron detector system.

Because of the better neutron detection ef-
ficiency of 32.4% and the larger light yield of
8.0x10?/neutron, the EJ-426 sample could be a bet-
ter scintillator candidate. For the double-layer sand-
wich structure, the neutron detection efficiency could
reach up to 50% in theory when double EJ-426 scin-
tillators are chosen. The neutron signal we obtained
from the SLiF/ZnS(Ag) scintillator is fast enough to
allow the electronics to process in 1 ps. So the count
rate of more than 30 kHz is easy to obtain. The
light transportation ability for the WLSF is about
6%. The light number transported from the scintilla-

tor to the MA-PMT is about 400 per neutron. Tak-
ing the quantum efficiency of the H8500 for the green
light into account, the light number can trigger the
electronics successfully. With the good spatial linear-
ity of the H8500 and the DPC readout electronics,
the layout of the WLSF arrays with 2 mm and 4 mm
center-to-center spaces in X axis and Y axis respec-
tively could obtain position sensitivity of better than
5 mmx50 mm.

A prototype with a 10 cmx10 cm sensitive area
has been constructed. The characteristics of the pro-
totype are planned to be studied in the near future
using other high intensity neutron sources.

Since the bending radius of the WLSFs is 2 cm,
the active area of the prototype is only about 70%
compared with its structural area. For the detector
module with 250 mmx500 mm structural area, the
ratio will increase by 84.5% when the bending radius
of the WLSF's is still 2 cm. The package to minimize
the dead area is also a high priority to the 6 m? de-
tectors array. Further design efforts are required on
the detector module for HIPD, especially on the large
area WLSF-arrays.

References

1 Yamada Y, Watanabe N, Niimura N et al. Physica B, 1998,
42: 241

2 WEI Jie. Mordern Physics, 2007, 06: 22 (in Chinese)

3 Alex C. Nucl. Instrum. Methods A, 2005, 551: 88

4 Rhodes N J, Wardle A G, Boram A J et al. Nucl. Instrum.
Methods A, 1997, 392: 315

5 Crow M L, Hodges J P, Cooper R G. Nucl. Instrum. Meth-
ods A, 2004, 529: 287

6 HE Lun-Hua. CSNS High Intensity Powder Diffractome-
ter. In: CSNS International Advisory Committee Review

Meeting Bieijing, China 2011. 923
7 http://www.eljentechnology.com/index.php/joomla-
overview /neutron-detectors/113-ej-426
8 http://www.detectors.saint-gobain.com/.../Organics-
Brochure.pdf
9 Kojima T, Katagiri M, Tsutsui N et al. Nucl. Instrum
Methods A, 2004, 529: 325
10 http://www.detectors.saint-gobain.com/fibers.aspx
11 YAO Shun, PANG Xiao-Lin, DAI Jing-Jing et al. Acta Op-
tica Sinica., 2011, 31: 44 (in Chinese)
12 Olcott P D, Talcott J A, Levin C S et al. IEEE Trans. Nucl.
Sci., 2005, 52: 21



