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Particle detection technologies have been largely advanced in our laboratory over the past decade.

A neutron sphere was built to detect the decay neutron emitted from the implanted unstable nu-
cleus, whereas a multi-neutron correlation spectrometer was implemented to detect the forward

moving neutrons resulting from breakup reactions. Charged particle telescopes are now equipped

with double sided Silicon strip detectors which have excellent energy and position resolutions. Large

size gas chambers, such as resistive plate chambers, have been developed in order to achieve high

performances related to timing or position measurements. The advances of these technologies con-
tribute substantially to such large science project, as LHC-CMS, and to the experiments with the

radioactive nucleus beams.
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1 Introduction

Experimental nuclear physics and nuclear physics ap-
plications are closely related to particle detection tech-
niques. The particle here has a general meaning, includ-
ing photons, electrons, muons, pions, nucleons, light and
heavy nuclei. Detection is based on using appropriate
sensitive materials which interact with the particles and
generate corresponding signals. The detectors are there-
fore classified as scintillation detectors, gas detectors,
semi-conducting detectors and so on, according to the
active materials used. Each kind of detector has advan-
tages and disadvantages depending on the properties of
the particles to be detected. At Peking University the ex-
perimental nuclear physics group has developed various

particle detection technologies, especially after the es-
tablishment of the “Sub-atomic Particle Detection Lab-
oratory” in 1999. At the beginning this lab was created
due to the prototyping and mass production of the re-
sistive plate chambers, which is a kind of large size gas
detector, to be installed in the large LHC-CMS system
dedicated to the detection of the decay products of the
Higgs boson and other high energy particles [1, 2]. Later
on the requirements from the radioactive ion beam (RIB)
physics research have stimulated further development of
the laboratory. Until now the lab has greatly expanded
and has been equipped with advanced scintillation, gas
and Silicon detectors. We give in this article an overview
of these detectors and related technologies.

2 Neutron detection

Neutron rich nuclei are of special properties and are now
being studied intensively in the literature [3, 4]. Neu-
tron detection with high performance is mandatory in
these studies. Neutrons here may be generated in decay
or reaction processes. We have built scintillation neutron
detectors for both processes [5, 6].

Experimental studies of the (-decay provide rich in-
formation on the nuclear structure of the mother and
daughter nuclei, especially for nuclei far from the stabil-
ity line [7, 8]. B-decay of unstable nuclei may release a
large amount of energy and can populate the highly ex-
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ited states of the daughter nuclide with relatively high
probability. The later may emit neutrons or y-rays which
carry rich spectroscopy information of the related sys-
tems. Therefore the detection of the decay neutrons with
high efficiency and good energy resolution as well as low
detection threshold is essential in these decay experi-
ments. At Peking University a decay neutron detection
array was built which consists of a neutron sphere and
two neutron walls (Fig. 1) [3]. The sphere and the walls
are all made of plastic scintillator (BC408). The sphere
is composed of eight large-area paddles. Each paddle is
a wedge-shaped scintillator with a length of 157 cm and
curved to a radius of 100 cm in order to keep the same
flight distance for the neutron time of flight (ToF) mea-
surement. The thickness of each paddle is 2.5 cm while
the width is 40 cm at the middle but is reduced to 20 cm
at both ends. Each end of the scintillator is connected
to a photo multiplier tube (PMT) via a light guide of 30
cm long. The sphere covers a solid angle of 30% of 4z sr.
The neutron walls include 20 short plastic scintillation
bars, each with a length of 40 cm and a cross-section
of 4.5x2.5 cm?. Each end of the bar is connected to a
XP2020 PMT via a 10 cm long light guide. The wall is
designed to be incorporated inside the sphere, as shown
in Fig. 1. Compared to the curved paddles of the neutron
sphere, the neutron walls are expected to have higher de-
tection efficiency at low neutron energies due to the lower
detection threshold resulting from a smaller size of the
scintillator. This performance is crucial for the measure-
ment of low energy neutrons emitted from the energy
levels just above the neutron separation threshold of the
excited nucleus.
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Fig. 1 Schematic view of the g-delayed neutron detection array
at Peking University [5].

For a long and wedge-shaped paddle of the neutron
sphere, the position resolution is about 10.2 cm (FWHM)
at either end of the scintillator and increases to about
14.4 cm (FWHM) at the mid-position of the paddle,
based on the test measurement using radioactive sources.
For a short bar of the neutron wall, the position resolu-
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tion is about 3.1 cm (FWHM) and keeps almost con-
stant along the bar. Further investigations were carried
out by using accelerated beams of "N and 'C nuclei,
for which the p-delayed neutron emission energies and
branching ratios are well known [5]. The energy resolu-
tion (I') as a function of the incoming neutron energy
(E) was obtained from the beam experiment. The rel-
ative energy resolution (I'/E) at 1 MeV is 10.9% for
the neutron sphere and 14.7% for the neutron wall, re-
spectively. These resolutions include the uncertainties in
determining the ToF and the flight path length. The lat-
ter is related to the finite thickness and the inaccurate
shape of the scintilator. The intrinsic detection efficiency
was also obtained from the beam calibration, as shown
in Fig. 2, for the neutron sphere and the neutron wall,
respectively. For the neutron sphere, the efficiency rises
at energies from 0.383 to 1.17 MeV and then decreases
slowly above 1.70 MeV. For the neutron wall, the effi-
ciency is about 36.5% at 1 MeV and keeps a high value
at 0.383 MeV (about 26.5%). From the efficiency curve
the detection thresholds at low energy side can be set at
about 350 keV and 200 keV for the neutron sphere and
the neutron walls, respectively. These performances are
comparable and even better than similar arrays in other
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Fig. 2 The intrinsic detection efficiency of the neutron sphere
(a) and the neutron wall (b) as a function of the neutron energy,
obtained from the beam test. The solid curves are fitted to the
experimental and simulation data points.
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labs worldwide.

Owing to the weakly bounding and large size proper-
ties of the unstable exotic nuclei, breakup and knock-
out reactions become powerful tools to study the exotic
nuclear structure [9, 10]. Through kinematically com-
plete measurements of reaction products, including the
charged core and the valence neutrons (for neutron rich
nucleus), spectroscopic information about the internal
structure of the exotic nucleus can be extracted. A neu-
tron detector array with good detection efficiency and
resolution is mandatory in these studies [6]. In the case
of multi-neutron coincidence measurement, the cross talk
(CT) rejection is also very important and should be
treated carefully [11]. At Peking University we have
constructed a Multi-Neutron Correlation Spectrometer
(MuNCoS) array, aiming to have a single neutron detec-
tion efficiency of about 20% for neutron energies between
10 and 100 MeV, a position resolution of less than 5 cm,
and a CT rejection rate of about 90% while retaining
about 80% of the detected 2-neutron events.

The MuNCoS consists of 80 scintillation modules (BC-
408), each with an active dimension of 200 x 5 x 6 cm?.
In order to discriminate the charged particles that enter
the neutron detectors, several thin and large size veto
detectors were made, each with a size of 210 x 35 x 1
cm?® and to be placed in front of any neutron detection
layer. Each detector module is wrapped with aluminized
Mylar for the internal light reflection and black plastic
tape to shield from outside light. A PMT (Hamamatsu
R1828-01) is coupled to each end of the module. The
whole MuNCoS array can be mounted in various con-
figurations in order to meet specific application goals.
Its standard configuration is shown in Fig. 3, including
8 neutron detection layers, each being composed of 10
scintillation modules. There is a gap of about 5 cm be-
tween the adjacent two modules in one layer, while the
distance between the adjacent two layers is about 50
cm. This scattered configuration is in favor of the CT

Fig. 3 A schematic view of the MuNCoS array [6].
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Fig. 4 The experimentally determined neutron detection efficien-
cies in two energy intervals and at various signal thresholds (solid
dots), in comparison to the simulated efficiencies (lines) [6].

rejection [11]. From the test with cosmic rays, an aver-
age position resolution of about 3.0 cm (FWHM) was
obtained for all modules, which is excellent for these
large scintillation bars. The neutron detection efficiency
of the array was calibrated using neutrons obtained via
the (11Be, "Be+n) Coulomb breakup reaction [6]. The
obtained results are shown in Fig. 4. This neutron detec-
tion array will play an important role in the studies of
the neutron correlation properties in exotic neutron rich
nuclei.

3 Silicon detectors

The energy loss vs. total energy (AE — E) telescope has
been widely and successfully used to detect the energy
and position of the incoming charged particles. It also
provides the isotopic particle identification. Many posi-
tion sensitive telescope arrays have been built in many
famous laboratories, such as LASSA [12] and HIRA [13]
in MSU, MUST [14] in SACLAY and annular LEAD [15]
in Edinburgh and so on. At Peking University, we also
begin to construct a telescope array consisting of twelve
individual modules, each with a Si-Si-CsI(T1) configura-
tion. Another two annular silicon arrays are also imple-
mented. The photo views of one typical telescope and
one annular silicon array are shown in Fig. 5 and Fig. 6,
respectively.

A silicon detector is a reverse-biased diode and often
used as the first or second layer in the telescope to record
the energy loss of a charged particle. From the single-
channel large surface barrier silicon detector (SSD) to the
multi-channel position-sensitive silicon detector (PSD),
and to the double-sided silicon strip detector (DSSD),
the technology has been advanced dramatically during
the past decades. With the newly integrated pream-
plifiers made in our laboratory, a position resolution

Zhi-Huan Li, et al., Front. Phys., 2013, 8(5)
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Fig. 5 One typical charged particle telescope.

Fig. 6 One annular silicon array.

of less than 2 mm and an energy resolution of 2.1% for
5.486 MeV « particles were obtained for a typical PSD
[16]. Generally the DSSD detector has much better posi-
tion and timing resolutions, and can accept much higher
counting rates. However it requires much large number of
output channels, each being followed by a costly pream-
plifier, a shaping-amplifier and some other electronics.
We have purchased twelve DSSDs and SSDs produced
by Micron company, to be used as the first and second
layer of the telescopes. The integrated preamplifiers are
made in our lab.

The DSSD has a newly designed BB7 type with an
active area of 64 x 64 mm?. The strip width is 2 mm at
both sides. There are three kinds of thickness for DSSDs,
namely 300, 500 and 1000 pwm, to be selected for various
measurements. The typical energy resolution for 5.486
MeV « particle is about 0.6% for the front side of the
DSSD and 0.7% for the rear side, much better than that
of the PSD (2.1%). Particles at higher energies will pen-
etrate through the silicon layer, and should be stopped
in the CsI(T1) scintillation counter installed at the back
section of the telescope. A configuration of 4 x 4 modules
was adopted for each telescope. Each CsI(T1) module has
a dimension of 4.1 x 4.1 x 4.0 cm?® and is coupled to a
2.8 x 2.8 cm? pin photodiode. The crystal is individu-
ally wrapped with two layers of Tyvek paper inside and
several layers of teflon foils outside.

Zhi-Huan Li, et al., Front. Phys., 2013, 8(5)

Besides the twelve telescopes, our lab is also equipped
with two annular silicon detector arrays. A schematic
view of the annular double-sided silicon detector is shown
in Fig. 7. One array with a thickness of 150 um will nor-
mally be used as the AFE detector while the other one
with a thickness of about 400 wm could be applied as
the E detector. The typical energy resolution for 5.486
MeV « particle is about 0.6% for the front side and 0.7%
for the rear side, nearly the same as the above described
DSSD.

Front junction side

Rear ohmic side

Fig. 7 A schematic view of the annular silicon array.

Some of the telescopes were used in an experiment
performed at RIKEN in 2009. The particle identification
and the energy resolution were satisfactory [9, 10].

4 Gas detectors

In nuclear and high energy physics experiments, gaseous
detectors are very important detection instruments de-
signed to determine trajectory and energy loss of the in-
jected particles. During the last century, different kinds
of gaseous detectors were invented and developed for var-
ious purposes, such as ionization chambers, proportional
counters and Geiger—Miiller tubes, and so on. Accord-
ing to our cooperation and experiment need, we have
studied several kinds of gaseous detectors in our labo-
ratory, such as avalanche-mode resistive plate chambers
(RPCs) made by Chinese materials [17, 18], large area
position sensitive resistive plate chambers with delay-line
readout [19], low pressure multi-wire proportional cham-
bers(MWPCs) [20] and MWPC with a cathode strip and
delay-line readout [21]. Here as examples we focus on the
first two types of gas detectors.

4.1 Avalanche-mode resistive plate chambers made by
Chinese materials

Resistive Plate Chambers (RPCs) are parallel-plate de-
tectors which were invented around 1980s. Over the
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decades, it has been proved that large sized RPCs have
many advantages such as a simple and robust struc-
ture, long time stability, good time resolution, easy-
maintenance and low cost. Large sized RPCs have been
widely used in high energy physics experiments [1, 2].

At first, RPCs have been operated in the so-called
streamer mode. The large amplitude of the streamer
signal allows it to be discriminated without any pre-
amplification. The rate capability in this mode is lim-
ited ( about 100 Hz/cm) because of the long restoration
time of the applied voltage after a streamer signal. When
the applied high voltage is reduced RPCs can be oper-
ated in the so-called avalanche mode. In this mode, only
electron propagation is involved in signal formation. The
induced signal on the readout strip is small and thus
requires front-end amplification. Meanwhile, rate capa-
bility in the avalanche mode is increased by more than
one order of magnitude. Therefore RPCs working in the
avalanche mode are good for high-rate experiments such
as CMS at LHC [1, 2].

In order to fully master the RPC technique we have
built a prototype RPC by using completely the China-
made materials [17, 18]. We compared the surface
smoothness of the best bakelite on the international mar-
ket with specially treated Chinese bakelite which is cov-
ered with melamine films. We found that these two kinds
of bakelite have similar average roughness value (less
than 0.2 um). This assures a significant reduction of
the electric background. Bulk resistivity coefficient of the
Chinese bakelite is around 5 x 10'2 Qcm.

Figure 8 shows the structure of this RPC prototype.
The chamber consists of two gas gaps, each built with
two 2 mm thick bakelite plates which form a 2 mm gas
gap. The signal pick up layer, located in between of the
two gaps, is composed of 32 copper strips. The average
width of the strips is 16.3 mm, with a separation of 1.5
mm between two nearby strips. One end of the strip is
terminated on a 50 ) resistor, while the other end is
connected to the electronics.

PET film (0.3 mm)
ars Aluminium skins (0.4 mm)

| / |- Foam board (100 mm)
HY)-— £ — Graphite coating
N o N I Bakelite plates (2 mm
— :—> Cir_z_s.bhitc rc):oﬂtl'in(g )
b= =g
e —————————————————————— 5— Spacers (2 mm)
= < L I"_—_% PRC gas gap (2 mm)
l\l\)— ...................................... Bﬂkelilc bars
| |
L 1

Fig. 8 Cross section view of the double-gap RPC.

This RPC was tested with use of cosmic-ray and 120
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GeV/c muon beam at CERN Gamma Irradiation Facil-
ity (GIF) [17, 18]. During the cosmic-ray test, avalanche
and streamer signals were clearly observed which indi-
cate the correct operation of the chamber. The muon
beam test at CERN shows that this RPC worked very
well in avalanche mode under standard conditions. The
time resolutions get better with increasing high voltages
(HV) and reach the minimum of 1-2 ns at HV of 12 kV
for all photon rates. As shown in Fig. 9, the RPC reaches
full efficiency with a 3000 V wide plateau if the gamma
irradiation is canceled. Under higher irradiation rate, the
efficiency curve drops down at low voltages. We may es-
timate that the chamber made up of the Chinese bakelite
has a rate capability as high as 400 Hz/cm?.

1.0 -8
0.8 1 "es Gamma
. Irradiation flux
é 0.6 1 #— 0 Hz/em®
5 —0— 30 He/em®
E 0.4+ 4 134 He/em®
—a— 224 Helem®
0.2 —e— 391 Hz/em®
o 656 He/em®
0.0 Threshold: 60 mV
8 9 10 11 12 13

High voltage /kV

Fig. 9 Efficiency of the home-made RPC as a function of high
voltage and gamma irradiation background, and with a discrimi-
nation threshold at 60 mV.

4.2 Large area position sensitive RPCs with delay-line
readout

In the year 2003, a cosmic muon tomography (MT)
method is invented for detecting high Z materials. In
order to get a quick and clear MT imaging result, pre-
cise measurements of the incoming and outgoing angles
of the cosmic muons are crucial. Muon tracking detectors
should achieve a sub-millimeter spatial resolution. In the
last ten years, some MT facilities using drift tubes, drift
chambers and gas electron multiplier detectors have been
reported and studied. However, all these detectors have
complex structures which will lead to high price. A large
number of electronic channels are required as well. In our
laboratory, RPC has been well studied and has shown
the advantages of simplicity, robustness and low cost.
The only problem to be solved is the position resolution
[19].

We have carefully chosen the commercial float glass
as the resistive electrode of the RPC because its stabil-
ity, excellent surface smoothness and so on. As shown
in Fig. 10, the prototype glass RPC consists of two
2.6 mm thick float-glass plates, each with an area of
30 x 30 cm?. The spacers kept precisely a 2 mm gas

Zhi-Huan Li, et al., Front. Phys., 2013, 8(5)
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gap. The 20 x 20 cm? graphite electrodes were coated on
the glass plates for applying HV. 2.54 mm wide readout
strips were placed under the glass plates. Mixed gases of
90%F134a + 9%iso — C4H1g + 1%SF¢ were supplied to a
gas-tight Aluminum box containing all RPC layers.

The RPCs for MT were tested by using scintillator
triggered cosmic rays. Test results showed an detection
efficiency for cosmic rays of about 95% for both avalanche
and streamer modes of operation [19]. A simple method
was developed to measure the induced signal charge pro-
file on readout strips. The measured FWHM of the pro-
file for avalanche signals is about 4 mm, while that for
streamer signals is about 12 mm. A narrower profile for
avalanche signal mode is certainly in favor of a better
spatial resolution [19].

To directly extract the position resolution of the RPC,
we adopt an effective approach based on the measure-
ment of all cosmic-ray tracks passing through the whole
system with at least three layers of similar detectors [6].
As shown in Fig. 10, three RPCs were symmetrically in-
stalled. For each good event, three positions X7, X and
X3 are recorded from the three RPCs, respectively. The
residual can be defined as AX = X, — (X7 — X3)/2.
The residual distribution is proportional to the average
position resolutions of all three RPCs [6]. The actual
FWHM of the residual peak is 1.10 mm, corresponding
to an average position resolution (FWHM) of each RPC
as 0.9 mm. This test result suggests that the large sized
glass RPC in avalanche mode is a promising candidate
of the MT detection system.

Trigger scintillator 1
Trigger scintillator 2

Cosmic-ray trajectory
example

RPC1 o for X,

RPC2 ¢ for X,

W —
RPC3 o for X

Fig. 10 A schematic view of the detection system composed of
three RPCs.

5 Summary

Over the past decade, particle detection technologies
have been greatly advanced in our laboratory in order

Zhi-Huan Li, et al., Front. Phys., 2013, 8(5)

to meet the needs of the nuclear physics experiments,
including large neutron detection arrays composed of
many plastic scintillation detectors, charged particle tele-
scopes composed of Silicon strip detectors and CsI(T1)
scintillators, and large size gas chambers with excel-
lent timing and position resolutions. Based on these
progresses in detection technologies, substantial contri-
butions were made to such international large science
project as LHC-CMS. Also the implementation of the
new detector arrays has assured the success of the exper-
iments related to nuclear physics far from 3 stability line.
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