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The time-of-flight high-resolution neutron diffractometer (TREND) at the China Spallation Neutron Source (CSNS)
has been successfully equipped with a large-area >He tube array neutron detector, designed to achieve exceptional resolution
and uniformity. The detector system, comprising 14 banks and 134 modules with 1376 >He tubes, is optimized for high-
angle and medium-to-low-angle measurements. Advanced dual-end readout electronics ensure precise charge and time-
of-flight measurements, while rigorous performance testing confirmed the system’s spatial resolution and uniformity. In-
situ testing using polyethylene samples validated the detector’s operational stability, with counting rate deviations within
3.7%. The system also demonstrated excellent two-dimensional imaging capabilities and adaptability to various neutron
wavelength ranges through harmonic division techniques. These results highlight the TREND detector system as a robust
and versatile tool for high-resolution neutron diffraction studies.
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1. Introduction

The China Spallation Neutron Source (CSNS) is set to
host more than twenty neutron instruments. To meet the
full range of experimental demands for detection efficiency,
spatial resolution, temporal resolution, and field of view,
each instrument has been equipped with a customized, di-
versified suite of neutron detectors: gas-ionization devices
centered on position-sensitive 3He tubes, scintillation as-
semblies built around °LiF/ZnS(Ag) scintillators coupled to
wavelength-shifting fibers and SiPM, and imaging-dedicated
detectors.! 1!

This flexible architecture enables precise measurements
spanning millimeter to sub-millimeter spatial resolution, mi-
crosecond to nanosecond temporal resolution, and energy res-
olutions from meV to keV.

The time-of-flight high-resolution neutron diffractometer
(TREND), a newly constructed instrument at the CSNS, 461
represents a significant advancement in neutron diffraction
technology. This state-of-the-art spectrometer combines ex-
ceptional resolution with remarkable flexibility in adjusting
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resolution and brightness parameters.

At the heart of TREND lies a sophisticated large-area *He
tube array neutron detector, strategically positioned within the
spectrometer’s scattering chamber. The detector system is dis-
tributed around the sample scattering chamber (as illustrated
in Fig. 1), situated approximately 78 m from the beamline. To
optimize performance and meet specific experimental require-
ments, the neutron detector is systematically organized into 14
distinct banks, comprising 134 detector modules that incorpo-
rate 1376 specialized *He tubes.

The detector configuration is strategically divided based
on angular coverage.

High-angle detection (banks 01-06): (1) Utilizes ver-
tically arranged modules with 8 mm diameter *He tubes
(600 mm length). (2) Operates at a filling pressure of 20 atm.
(3) Features 38 detector modules containing 608 *He tubes.
(4) Banks 01, 03, 04, and 06 each house 6 modules, while
banks 02 and 05 contain 7 modules. Each module integrates
16 3He tubes with 2 electronic sets.

Medium to low-angle detection (banks 07-14): (1) Em-
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ploys horizontally arranged modules with 12.7 mm diameter
3He tubes (600 mm length). (2) Operates at a reduced fill-
ing pressure of 15 atm. (3) Comprises 96 detector modules
containing 768 3He tubes. (4) Each bank contains 12 detector
modules. Each module consists of 8 tubes with 1 electronic
set.

The detailed specifications of the *He tubes in the
TREND detector system are comprehensively presented in Ta-
ble 1. This optimized detector configuration ensures superior
performance across a wide range of scattering angles, making
TREND a versatile and powerful tool for advanced neutron
diffraction studies.

Fig. 1. Layout of the neutron detector in the TREND.

Table 1. Parameters of the *He tubes in the TREND.

Parameters Banks 01-06 Banks 07, 14 Banks 08, 13 Banks 09, 12 Banks 10, 11
Diameter 8 mm 1/2 inch 1/2 inch 1/2 inch 1/2 inch
Length 600 mm 600 mm 600 mm 600 mm 600 mm
Position resolution 8 mm 8 mm 8 mm 8 mm 8 mm
Arrangement Vertical Horizontal Horizontal Horizontal Horizontal
3He pressure 20 atm 15 atm 15 atm 15 atm 15 atm
Quantity 608 768

2. Electronics of 3He detector and DAQ

The readout electronics of TREND’s main detector sys-
tem are composed of two key components: front-end electron-
ics and digital electronics. Each detector module is equipped
with two front-end electronics units and one digital electronics
unit, forming an integrated detector unit. The system employs
a sophisticated dual-end readout scheme, where each front-
end electronics unit processes signals from eight *He tubes
through eight dedicated input channels. These units perform
essential signal preprocessing to meet the stringent require-
ments of the digital electronics.

The digital electronics unit,!”) located at the backend, fea-
tures sixteen input channels that receive the preprocessed sig-
nals from the front-end electronics. This unit is responsible for
critical functions including signal digitization, time-of-flight

(TOF) calculation, and charge measurement of incident neu-
trons. The processed data is then efficiently packaged and
transmitted to the data acquisition (DAQ) system for further
analysis.

The performance specifications of the *He tube readout
electronics, as detailed in Table 2, are designed to exceed the
overall detector performance requirements. Key specifications
include: charge measurement range: 10 to 800 fC, charge res-
olution: < 15 fC, charge integral nonlinearity: < 1% (within
10-800 fC range), time resolution: < 1 ps, maximum count-
ing rate per channel: > 100 kHz.

The detector system’s 1376 tubes, combined with the
dual-end readout scheme, necessitate a total of 2752 readout
channels. To ensure long-term operational reliability, the sys-
tem incorporates comprehensive monitoring capabilities, in-
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cluding board-level temperature, humidity, voltage, and cur-
rent monitoring.

Table 2. Design specifications of the readout electronics.

Specification Value
Number of channels 2752
Charge measurement dynamic range 10-800 fC
Charge resolution <15fC
Charge integral nonlinearity < 1% @ 10-800 {C
Time measurement range 40 ms
Time resolution <1uys
Maximum counting rate per channel > 100 kHz

2.1. Front-end electronics design

The 8-channel front-end electronics design for the 3He
tube detector, illustrated in Fig. 2, employs a robust sig-
nal processing architecture. Signals are extracted from both
ends of the detector and transmitted through a 10 nF high-
voltage blocking capacitor to a charge-sensitive preamplifier.
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Fig. 2. Front-end electronics block diagram.

The preamplifier utilizes the OPA657 operational amplifier,
configured with a feedback capacitance (Cr) of 1 pF and feed-
back resistance (Ry) of 10 MQ, achieving a gain of 1 mV/fC
and an Ry X Cr time constant of 10 us. The shaping circuit
time constant is optimized based on signal counting rates and

permissible signal pile-up probabilities.

2.2. Data acquisition system architecture

The TREND DAQ system’s software architecture, shown
in Fig. 3, features a sophisticated interface structure that fa-
cilitates seamless interaction between various system compo-

nents. The readout system software!®!

manages critical func-
tions including: detector and electronics system control, data
acquisition and processing, PV state machine communication
with the control system, alarm information submission, event
processing (X, Y, TOF) and Kafka system integration.

The standardized data format includes essential parame-
ters: pulse information (PulseID), pixel information (PixelID),
time-of-flight information (TOF). The system’s external inter-
faces encompass: neutron detector system (NDS) for front-end
data acquisition, electronics and analysis system (EAS), of-
fline data preprocessing, detector data analysis, physical anal-
ysis group (DAG) interface specifications, experiment control
(EC) PV interfaces.

This comprehensive architecture ensures efficient data
flow and system integration, supporting advanced neutron de-
tection and analysis capabilities.

|

On-line data preprocessing ‘

| | |

Readout & : . Calibration
configuration ) Data check —3 Analysis correction
Config and status Sampling Event
information monitoring (PulseID, TOF, Pos)
Human- ﬁ
computer Running i
. ‘ ’ ol — Logging
interactive contro alarm
interface ﬁ M
Control command
interaction Kafka
| EC —| DAG |

Fig. 3. Data readout system software architecture.

3. Performance testing of neutron detector

Each module comprises 16 *He tubes, with 8 tubes paired
with one electronic system unit, which includes two front-end
boards and one digital board. To protect the electronic compo-

nents from scattered neutron radiation, the electronic system
is positioned behind the *He tube array, shielded by a 10 mm
boron-loaded ceramic plate.

A dedicated testing platform has been developed in the
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laboratory to evaluate the performance of the *He tube array
detector. This platform supports simultaneous testing of both
single-module and multi-module systems and is equipped with
essential components such as high-voltage and low-voltage
power supplies, TO devices, and network equipment, enabling
the concurrent testing of up to 80 detector modules.

Because *He-tube measurements are sensitive to temper-
ature and humidity, all detector tests were conducted in the
CSNS target station hall under a strictly controlled environ-
ment (25 £2 °C, 55%—-60% relative humidity).

3.1. Module assembly and preparation

Prior to module assembly, all components are meticu-
lously cleaned with alcohol. A 1 cm thick boron carbide ce-
ramic plate is installed on the module’s incident surface to
block neutrons and shield the electronic system, shown in
Fig. 4(a). To ensure signal clarity and prevent interference,
each high-voltage cable is fitted with an aluminum braided
ground wire, shown in Fig. 4(b). At the interface of each 3He
tube, a 1 mm thick silicone layer is applied for insulation to
minimize high-voltage sparking, shown in Fig. 4(c). Addi-
tionally, the resistance of each *He tube is repeatedly tested
to prevent operational failures due to broken wires, shown in
Fig. 4(d). Figure 4 illustrates the critical steps in the installa-
tion process of the *He tube detector.

Fig. 4. Assembly of detector modules.

3.2. High-voltage sparking and noise management

High-voltage sparking can result from various factors, in-
cluding environmental temperature, humidity, and burrs on
high-voltage welding joints. During testing, it is essential to
analyze data and phenomena to identify specific causes and
implement appropriate solutions. In the background noise test-
ing of the 1376 3He tubes, some required deburring of high-
voltage connectors, while others needed extended aging or
operation in low-humidity environments to return to normal
noise levels. For example, the high-angle module B1LMO04,

tested in August and October, showed that after extended ag-
ing and controlling environmental humidity below 60%, the
noise level of the tube returned to normal.

3.3. Performance testing and calibration

Before installation into the TREND scattering chamber,
each module and tube undergoes rigorous performance testing
and position calibration on the test beamline to ensure com-
pliance with spectrometer requirements. Only modules and
tubes meeting the criteria are installed. Figure 5(a) shows
the simultaneous testing of detector modules on the testing
beamline. A boron carbide-aluminum substrate serves as the
neutron shielding material, with a 3 mm thick boron carbide-
aluminum substrate slit array used at the front end of the He
tubes as the neutron incident surface. In the optical path,
10 mm thick polyethylene is employed to scatter neutrons uni-
formly onto the slit array of each detector module, facilitat-
ing performance testing and position calibration of each tube,

shown in Fig. 5(b).

Fig. 5. Neutron detector testing site.

3.3.1. Position reconstruction and spatial resolution

The position reconstruction of the detector is performed
using the charge gravity method, [°! as described by the fol-
lowing equation:

L(Q, — Oy
=<3 =B 1
* 2(Q, + Oy W
X =b+kxux 2)

Here, x is the position reconstructed by the charge centroid
method, L is the length of the tube, Q, and Qy, are the charges
collected at the two ends of the >He tube. x’ represents the
true position of the thermal neutron, with a linear relationship
between x’ and x.

During the spatial resolution test, a >He tube with an ef-
fective length of 600 mm uses a slit array with 7 slits, each
2 mm wide and spaced 80 mm apart. Figure 6(a) shows the
linear calibration of the scaling coefficients b and k between x’
and x for the position resolution of 8 3He tubes. Figure 6(b)
displays the neutron distribution of a single *He tube after cal-
ibration.
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Fig. 6. Position linear calibration and position resolution tests.

The position resolution at each slit is determined by Gaus-
sian fitting. Before calibration, the resolution is within 6 mm,
shown in Fig. 7(a). After calibration, it remains within 8§ mm,
shown in Fig. 7(b). The position resolution in the middle of
the *He tube is superior to that at the edges.!'%!!l All position
resolutions meet TREND’s requirements.
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Fig. 7. Position resolution in different regions of the >He tube.

3.3.2.

The TREND large-area *He tube array neutron detector,

Imaging capabilities

utilizing 15 atm or 20 atm of 3He gas, ensures consistent de-
tection efficiency and excellent uniformity (Fig. 8). It also fea-
tures two-dimensional imaging capabilities. After calibration,
the imaging of each slit on different tubes effectively presents
the slit position. Each detector module has a set of independent
calibration coefficients for each tube, and optimizing these co-
efficients can further enhance the two-dimensional imaging
performance of the neutron detector.

Before calibration
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N 3000
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Fig. 8. Slit imaging (a) before calibration and (b) after calibration.

3.4. In-situ testing at TREND

Following the installation of all detectors in the TREND
scattering chamber, the large-area *He tube detector system
underwent comprehensive testing using a polyethylene sam-
ple.

3.4.1. Beam frequency modulation and wavelength
range

The neutron beam at the CSNS operates at a high original
frequency of 25 Hz. To accommodate TREND’s measurement
requirements across different neutron wavelength ranges, a
chopper system is employed to modulate the high-frequency
neutron beam into lower-frequency pulses.

For instance, to achieve a 2nd harmonic division, the
chopper allows thermal neutrons from the preceding pulse
group to pass while blocking subsequent pulse groups at the
next frequency. This principle similarly applies to the 3rd, 4th,
and 5th harmonic divisions. Through this frequency reduction
mechanism, TREND is capable of conducting measurements
within the 0-10 A wavelength range. Figure 9 illustrates the
time-of-flight spectrum of the polyethylene sample under Sth
harmonic division conditions.

E h
165_ Entries 2648742
. 14F Mean 2.639
2 12F RMS 1.599
310;—
3 6F
S) E
O 4F
2f
O' 1 1 1 1 1 1 1
o 1 2 3 4 5 6 7 8 9 10

Neutron wavelength (A)

Fig. 9. The time-of-flight spectrum of the polyethylene sample.
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3.4.2. Detector system testing and optimization

The large-area He tube neutron detector system under-
went rigorous testing using polyethylene samples to verify the
effective reception of scattered neutron signals by each detec-
tor module and individual He tube. During the testing pro-
cess, critical parameters such as high voltage and threshold
were carefully adjusted to optimize the uniformity of the de-
tector system.

360F ~ Average
= ~Tube_1
o o 22
~ E ube_
- Tube 4
’q‘; S10E Tube
an & - Tube 6
f} 330F {3{3::;
£ 320 e
=
3 310
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260 10/15 10/16 10/16 10/17  10/17 _ 10/18
20:00 08:00 20:00 08:00 20:00 08:00

The testing time

Fig. 10. The counting rate test for detector module BO6MOS.

The system was tested continuously from 16:20 on Oc-
tober 15, 2024 to 07:20 on October 18, 2024, during which
all modules operated without any anomalies. As illustrated
in Fig. 10, the counting rate test for detector module revealed
consistent performance across its eight 3He tubes, with an av-
erage counting rate of 310.974 cps. The maximum deviation
in counting rates among the tubes was within 3.7%, a result
that also accounts for the inherent inhomogeneity in the scat-
tered neutron distribution from the polyethylene sample. This
demonstrates the system’s high level of uniformity and relia-
bility under operational conditions.

This in-situ testing confirmed the operational stability and
uniformity of the >He tube detector system, ensuring its readi-
ness for high-precision neutron detection and measurement
tasks.

4. Conclusion

The large-area *He tube neutron detector system for the
TREND at CSNS has been successfully developed, tested,
and validated, demonstrating outstanding performance in neu-

tron detection and measurement. The system’s advanced elec-
tronics, optimized spatial resolution, and uniformity ensure it
meets the stringent requirements of high-resolution neutron
diffraction. In-situ testing using polyethylene samples con-
firmed the system’s stability, with minimal counting rate de-
viations and excellent uniformity. Additionally, the detector’s
two-dimensional imaging capabilities and adaptability to dif-
ferent neutron wavelength ranges through harmonic division
further enhance its versatility. These achievements position
the TREND detector system as a powerful and reliable tool for
advanced neutron diffraction research, enabling groundbreak-
ing studies in related fields.
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