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ABsTtrACT: EMUuS (Experimental Muon Source) as the first muon source in China will be built
at China Spallation Neutron Source (CSNS). A 128-channel uSR spectrometer prototype is under
development for EMuS. As the core part of uSR spectrometer prototype, the detection system
(detectors and readout electronics) has been constructed. Beam test (at ISIS Muon Source in U.K.)
and magnetic shielding test have been carried out to test the performances of this detection system.
In this paper, a new test method has been developed to test the magnetic shielding capability by
using the energy spectrum of 2?Na source. A magnetic field up to at least 30 Gauss can be eliminated
by the proposed shielding. This satisfies the actual requirement of 8 Gauss. The dead time of the
prototype detector was measured with a dedicated setup and measured to be 1.4 ns.
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1 Introduction

uSR (muon spin relaxation, rotation, and resonance) has become an important technology to study
the atomic-level chemical and physical properties of condensed matter since the 1980s [1, 2]. Those
techniques have been usually used to study magnetic materials, superconductors, ions transport,
semiconductors, chemistry, and biological materials [3—7]. Due to the high polarizability (close to
100% for surface muons) of the muons produced by an accelerator, uSR is especially suitable for
studying the magnetism of condensed matter.

uSR spectrometers are mainly located in four accelerator facilities (ISIS/U.K., PSI/Switzerland,
J-PARC/Japan, and TRIUMF/Canada) [8-11]. The muon beams for uSR applications in these
facilities are classified into DC muon beams (PSI and TRIUMF) and pulsed muon beams (ISIS and
J-PARC) according to their different time structures. The great advantage of DC muon beam is
that its uSR spectrometers can get an excellent time resolution (~ 100 ps) which allows detection
of larger magnetic fields and faster relaxation signals. In contrast, uSR spectrometers of the pulsed
muon beam don’t have a good time resolution due to the pulse width of the muon beam. However,
for a pulsed muon beam, there is almost no background in uSR signals. That has a great advantage
in the detection of muon decay events beyond ten muon lifetimes and measurements of weak spin
relaxation [12]. There are other facilities in the progress of developing muon sources (CSNS/China,
ROAN/Korea, SNS/America, and RCNP/Japan) [13—16]. China Spallation Neutron Source (CSNS)
has been completed in March of 2018. It will provide 5% of the total proton beam power to the
EMusS which will be built in the high energy proton experimental area. This makes uSR applications
to be realized in China.

uSR spectrometer mainly includes detector arrays, electronics, a sample chamber, and main
magnets. The detector arrays usually are made up of plastic scintillators, light guides, and photo-
multiplier tubes (PMTs). It can be used to test the time spectrum and asymmetric distribution of the



positrons emitted from the decay of muons in the sample. In this way, the information of the local
magnetic field at the muon site in the sample can be obtained. The electronics includes hardware,
data acquisition system, control system, running monitoring software, and data processing software.
The sample chamber and main magnets can provide different measurement conditions (high tem-
perature, high pressure, extremely low temperature, zero field, longitudinal field, transverse field,
and so on). According to users’ requirements, there can be different combinations.

Since EMuS is a high-intensity pulsed muon source (repetition rate of 2.5 Hz, pulse width of
50ns), the instantaneous data rates of muons decay in a pulse are very high. The problem of signal
pile-up will be severe which can be solved by increasing the detector segmentation as much as
possible. Therefore, a 128-channel uSR spectrometer prototype is under development for EMusS.
In this work, we will introduce the integrated design of our uSR spectrometer prototype. Based on
the integrated design, the construction of the uSR detection system including detectors and readout
electronics have been completed. Since the detectors need to be operated in a strong external
magnetic field and the purchased PMTs are very sensitive to the magnetic field, magnetic shielding
is essential to the detection system. Therefore, a magnetic shielding case (four layers of 0.1 mm thick
permalloy) has been designed and manufactured and a new method to perform the magnetic shielding
test based on 2>Na energy spectra has been developed. The details are discussed in section 3.1.
For a uSR spectrometer based on a pulsed muon source, the dead time of the detection system is a
crucial factor which could affect its performance. Section 3.2 reports the details about the beam test
performed at ISIS Muon Source in U.K. and the results about the dead time of the detection system.

2 Design and construction of detection system

2.1 Integrated design

As shown in figure 1, the uSR spectrometer prototype is composed of two rings (front and rear).
Each ring has 64 channels consisting of plastic scintillators, light guides and PMTs. The covered
solid angle, energy threshold of each segment, detection efficiency, collection efficiency, faking
event rate, double counting rate, the influence of stray magnetic fields on PMTs, and the influence
of a sample chamber and degraders on the asymmetry were carefully considered in the design.
After detailed GEANT4 simulations, the parameters of key parts have been confirmed, as shown in
figure 1. The planned longitudinal field (LF) of main magnets is in 0-300 Gauss and the transverse
field (TF) is tentatively set in 0—100 Gauss. The sample chamber is a closed cycle cryostat. The
temperature range is in 10-400 K which can meet basic requirements. A detailed description of the
integrated design was reported in our previous paper [17].

2.2 Detector

As shown in figure 1, each detection module is composed of a plastic scintillator (175x13.5x5 mm?,
EJ-200 from Eljen Technology) and a light guide (515.6 x 13.5 x 5 mm?>, Eljen Technology). They
were wrapped by Teflon tapes and black tapes, leaving a window to couple with a PMT (Hamamatsu
R6427). Figure 2 shows the picture of one detection module of 128-channel uSR spectrometer
prototype.

The ratio of signal to noise (SNR), magnetic shielding, and dead time are crucial factors
affecting the performances of uSR detectors for a pulsed muon beam. When assembling the uSR
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Figure 1. The integrated design of 128-channel uSR spectrometer prototype.
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detector, extraneous light should be shielded carefully, otherwise the noise will become very large.
The magnetic shielding and beam test will be discussed in detail in section 3.

2.3 Readout and data acquisition

The readout electronics consisting of hardware and data acquisition (DAQ) software has been
developed. The hardware includes sixteen 8-channel Front-End Electronics (FEE) and four 32-
channel Time-to-Digital Converter (TDC) module [18, 19]. As shown in figure 3, each FEE
receives positron signals from eight detectors, and then converts these signals into timing pulses
by constant fraction discriminators and hands them to the TDC module as the stop signals. FEE’s
timing precision is 55 ps [18]. A trigger detector will be set in the upstream of the muon beam to
produce a start signal. The TDC module enables 32 channels of time measurement by calculating
the time intervals between the start signal and 32-channel stop signals, and then transfers the data
to the PC via a Gigabit Ethernet cable. The time resolution of 312.5 ps is achieved by using 16
phase-shifted 200 MHz clocks for data sampling. The core device of the TDC module is a Xilinx
Virtex-6 Field Programmable Gate Array (FPGA).
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Figure 3. A block diagram of electronics for 128-channel uSR spectrometer prototype.



The DAQ software can realize the remote configuration of FEEs and TDC modules. Main
functions of the DAQ software are listed as follows:

Self-test: the readout electronics can produce a signal similar to the detector output to detect
whether the system can work normally before a real measurement.

Setting thresholds of FEEs: the background can be suppressed by setting an appropriate
threshold.

Setting the time window of the TDC module: different time measurement ranges can be
chosen based on the time structure of the muon beam we used.

Setting the channel shielding of the TDC module: in an actual situation, some channels may
be abnormal or necrosis, so these channels can be shielded selectively.

Data format conversion: the raw data obtained can be converted to NXS form which can be
analyzed by the Mantid software. This software has been widely used in the data analysis of
neutron scattering and uSR experiments [20].

A more detailed description of the DAQ architecture and its performances will be reported in our
another paper [21].

3  Tests

3.1 Magnetic shielding test

As mentioned above, uSR detectors usually operate in a strong magnetic field. As PMTs are
sensitive to the magnetic field, light guides are used to keep them away from the center of the strong

magnetic field in the sample area. However, the stray magnetic field can still influence the PMT’s

performance. Therefore, magnetic shielding is essential to reduce the effect of stray fields.

Firstly, we used G4beamline to optimize the position of PMTs, so that the stray fields at that

position can be minimized. Figure 4 shows the magnetic flux density at the optimal position of
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Figure 4. The magnetic flux density at the optimal position of PMTs at LF and TF conditions. 6 is the angle
between each PMT and the center of the detector ring.
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PMTs at LF and TF conditions (both 300 Gauss). The maximum stray magnetic field is about
8 Gauss which comes from the X/Y (short for X or Y) axis at LF condition and Z axis at TF
condition. Figure 5 shows the typical magnetic field characteristics of Hamamatsu R6427 provided
by Hamamatsu Photonics K.K. When the magnetic field in the X/Y axis of R6427 is 8 Gauss,
the anode output is only about 10-40% left. Therefore, the magnetic shielding for R6427 is very
necessary, even though the PMT has been put at an optimal position.

A cylindrical shielding case made up of four layers of permalloy has been designed as mentioned
before. Since the region between the photocathode and the first dynode of a PMT is mostly affected
by a magnetic field, the photocathode should be positioned deep inside the shielding case by a
length longer than or equal to the radius of the shielding case [22]. The radius of our shielding case
is designed to 24 mm. The distance between the photocathode and the case edge is 30 mm.

A Helmbholtz coil has been made to provide a stable and uniform magnetic field for the test of
the magnetic shielding [23]. The diameter of the coils is 300 mm so that the field’s homogeneous
region (100 x 100 x 100 mm?) [24] is large enough for the PMT (028.5 x 85 mm). The magnetic
field range of the Helmholtz coil is 0-65 Gauss. The PMT’s magnetic characteristics were tested by
measuring >*Na energy spectra. The scintillator we used is LYSO due to its high energy resolution.
It was coupled directly to the PMT and a *>Na source was used to generate a signal. They were
all put into an insulator (polyflon) covered by the magnetic shielding case. A typical energy
spectrum of 22Na has two main energy peaks (0.511 and 1.28 MeV). When the anode out of PMT
is influenced by the magnetic field, the energy peak position will change obviously. Capabilities
of the magnetic shielding case for the PMT can be measured through this way. Figure 6 shows the
magnetic shielding test system.
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Figure 6. (a) The test system of magnetic shielding. The inset shows the magnetic shielding case and
insulator between PMT and case. (b) The magnetic field is parallel to the Z-axis of PMT. (c) The magnetic
field is parallel to the X/Y axis of PMT.

Figure 7 (a, b) show the influence of the magnetic field on the PMT parallel or perpendicular
to its Z-axis without magnetic shielding. When the magnetic field is absent, the original position of
the 0.511 MeV energy peak is at 1677.24 channel. The position of this energy peak moves left by
increasing the magnetic field. If the magnetic field is 20 Gauss parallel to the Z-axis or 10 Gauss
parallel to the X/Y axis of the PMT, the 0.511 MeV energy peak moves quite obviously. Figure 7 (c,
d) show the influence of the magnetic field parallel to the PMT’s Z-axis and X/Y axis on the PMT
with magnetic shielding. The position of 0.511 MeV energy peak is originally located at 1653.17
channel. When the magnetic field parallel to the Z-axis of PMT is 30 Gauss and parallel to the
X/Y axis of PMT is 50 Gauss, the 0.511 MeV energy peak begins to move. It can be concluded
that the magnetic shielding is sufficient up to 30 Gauss. This satisfies the actual requirement of
8 Gauss. The same conclusion can be drawn by the change of the total counting rate which is shown
in figure 8. There is almost no influence on the total counting rate of >’Na energy spectra when
we use the magnetic shielding to the PMT, even though the field is over than 50 Gauss. However,



35 v T T T T T 12 T T

44? 57 No magnetic shielding (a) f(‘”? No magnetic shielding (b)
3.0r i —=— Original signal 1 10f [—=— Original signal |
i = Z axis 10 Gauss = X/Y axis 10 Gauss
251 i —— Z axis 20 Gauss T sl |—=— X/Y axis 20 Gauss|
éc‘: i = Z axis 30 Gauss| i
=2.0f 1 :
2 61 1
= 1058.65 .
S 1.5} 1 I
3 67724 41 1
LorA VT 0511 Mev 1 i
i energy peak 1.28 MeV 1
05k doeray peilel -d 2H 807 66 i
: A 1677.24
0.0 Z= S 0 b&-—l AN\ .
2.0 T T T 1.2 T T -
With magnetic shielding (C) 1438.4 With magnetic shiclding (d)
900.96 o s 1602.66 Original sienal
161 5 =— QOriginal signal | LOf n —_— —+— Uriginal signa B
i | - 7 axis 10 Gauss 1 = +— X/Y axis 10 Gauss,
H —=— Z axis 20 Gauss o8l il —— X/Y axis 20 Gauss| |
T2t BRESTEN ~— Zaxis 30 Gauss | P +— X/Y axis 30 Gauss
= " i 1546.30-1623 71 v 7 axis 40 Gauss ;{ +— X/Y axis 40 Gauss,
'E 1 - 164322« Z axis 50 Gauss 06 ! «— X/Y axis 50 Gauss e
Zosl i 1653.17 ] ; »— X/Y axis 60 Gauss|
< 0.4 [' 1
L 1 o02f 1
0.0 h 0.0 L .
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Channels Channels

Figure 7. Influence of the magnetic field parallel to the PMT’s Z axis and X/Y axis on the PMT (a, b) without
magnetic shielding and (c, d) with magnetic shielding. Note that each spectrum was measured in 120s.
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Figure 8. The effect of magnetic fields to the total counting rate of >>Na energy spectra (a) without magnetic
shielding and (b) with magnetic shielding.

when the magnetic field parallel to the X/Y axis of PMT is 20 Gauss without magnetic shielding,
the total counting rate is decreased by 37.85%. This also means that the PMT is more sensitive to
a magnetic field parallel to its X/Y axis.



3.2 Beam test

Since EMuS is still under development, the detection system was sent to ISIS Muon Group and
tested on their muon beam line (assembled on the EMU spectrometer [25]). The ISIS muon source
is a pulsed muon source (repetition rate = 40 Hz), it is suitable for our beam test. Silver is used as
the test sample and measured in room temperature and zero magnetic field. Figure 9 (a) shows the
energy spectrum of positrons emitted from the sample which was detected by our detection system.
From this figure, we can see the SNR of our detection system is excellent for signals above 0.15V
amplitude. Figure 9 (b) shows the time spectra of our detector and two EMU detectors with our
readout electronics. The time spectrum of decay positrons is crucial for uSR measurements which
follows an exponential law: N(t) = N exp(—t/7,,) (7, is the muon lifetime of 2.2 us) [26]. The time
spectra measured by both the Chinese detector and the EMU detectors follow the same exponential
law. As the size of our scintillator is smaller than that of the EMU detector, the counting rate is
lower. The correct energy spectra and time spectra are shown in figure 9 which indicate that the
Chinese detector and readout electronics work well.

16 = T T T 0-] 6 ¥ T ¥ T T 3 T
(d)~ Background (b) Chinese DAE |~ Chinese detector
14 | - Chinese uSR detector signal| | .~ 0.14 -4 Slit=20 mm ~— EMU channel 16 detector| ]
12}t ] % 012 | EMU channel 19 detector
=10+ 4 =010k
g 3
= L
o 8 | 1% 0.08 fr
g g
2 6f || 1 S006f
S0 :
41+ |t u 4 50.04}
2F [ Y 1 T 0.02
ko Mttt |
0 L Ml L B wisdnaae 0.00k
0.0 0.2 0.4 0.6 0.8 0 2 4 6 8 10
Amplitude (V) Time (us)

Figure 9. (a) The positron energy spectrum of the detection system. (b) The time spectra of our detector and
two EMU detectors. The beam slit is used for tuning beam intensity.

For a pulsed uSR spectrometer, the signal pile-up should be seriously considered, which
requires that the dead time of the detection system is as small as possible. Therefore, the dead time
test is very important for judging the performance of uSR detection system. In order to study the
dead time distortion, different slit widths were used (slits = 35 and 50 mm). The corresponding data
rates were 7.861 and 12.416 events/frame, respectively. As shown in figure 10 (a, b), there exist
distortions in early times in both slit widths, and they can be fitted by a simple exponential function.
If the counting rate is higher, the distortion of the time spectrum in early times is more severe. These
distortions can be removed by an appropriate correction. A non-paralyzable model is commonly
used to describe the dead time behavior according to the analysis of G.F. Knoll [27]: N = M /(1 —
M), where N is the true counting rate, M is the measured counting rate and 7 is the system dead time.
G.F. Knoll also provided a method of dead time measurement based on a short-lived radioisotope
source, known as the decaying source method: N = Nyexp(—At) + Np, where Nj is the initial true
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Figure 10. (a, b) Time-dependent plots of the muon asymmetry measured for our detection system at varying
data rates. Fits to the data using a single exponential are shown in red curves. (c, d) Analysis of data measured
for different data rates using the non-paralyzable deadtime model.

rate and A is the particular isotope’s decay constant, and N, is the background. If the background
is negligible, the equation can be simplified to N = Nyexp(—Ar). By inserting this equation into
the non-paralyzable model equation, the following relation can be obtained for the nonparalyzable
model: M exp(At) = N9 — NoMt. The dead time 7 will be given from the ratio of the slope to
the intercept. As we know, a pulsed muon source can be regarded as a short-lived radioisotope
source and there is almost no background in its SR signals. Therefore, this dead time measurement
method is applicable to our detection system. By plotting M exp(—t/7,,) against M (where M is the
counting rate in each histogram bin recorded for each ISIS frame and 7, is the muon lifetime) [28],
M exp(—t/7,) against M should be fitted as a straight line. The dead time can be derived according
to the slope and intercept of the line. Any departure of the data from this line suggests the model be
invalid for the measurement system in use. Figure 10 (c, d) show the plot of M exp(—t/7,) against
M of different data rates. We can see the data of slit = 50 mm has departed from the line, it also
means the dead time distortion is severe. The best dead time we achieved is 1.4 ns when the data rate
is 7.861 events/frame. From the dead time test, we found that the dead time distortion is inevitable,
but these distortions can be corrected. Our detection system works well when the data rate is below
10 events/frame. The dead time distortion can be eliminated by an appropriate data correction.
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4 Conclusions

We have completed the integrated design of 128-channel uSR spectrometer prototype of EMuS and
the electronics including hardware and data acquisition software. According to the integrated design,
one-channel uSR detector together with readout electronics was constructed and its performances
were tested. Among these tests, the magnetic shield test and dead time test are the most important.
A stable test method for the magnetic shielding capability has been developed by measuring the
energy spectrum of 2>Na source. A magnetic field up to at least 30 Gauss can be eliminated by
the proposed shielding. This satisfies the actual requirement of 8 Gauss. The beam test in ISIS
muon facility was successful, demonstrating that the detection system can work well. The dead
time of the prototype detector was measured with a dedicated setup and measured to be 1.4 ns.
The construction and tests of this uSR detection system have an important guiding significance for
completing the construction of the whole 128-channel uSR spectrometer prototype in the next step.
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