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Abstract: An area detector with a central hole structure was built up for small-angle neutron
scattering (SANS) on the iMATERIA instrument at Japan Proton Accelerator Research Complex
(J-PARC). Linear position-sensitive detector tubes filled with 3He gas were arranged in three layers
leaving a central hole. As a result of the calibration process, a SANS measurement with wide
q-range from 0.007 Å−1 to 4.3 Å−1 was achieved in double-frame operation, supplying neutrons with
wavelengths from 1 Å to 10 Å. As a merit of this central hole structure, neutron transmission can
be measured simultaneously to reduce experimental time and effort. This is ideal for time-resolved
studies, in which the sample transmission can be time-dependent, throughout the whole experiment.
Additionally, the data storage system in ‘event mode’ format provides an excellent platform for such
time-resolved experiments.

Keywords: small-angle neutron scattering; large-area detector; J-PARC

1. Introduction

Small-angle neutron scattering (SANS) has long been effectively used for studying mesoscopic
and microscopic structures of polymeric, biological, and metallurgic materials. A variety of SANS
spectrometers are in operation at neutron facilities. For example, as a reactor type-instrument, there are
GP-SANS and BIO-SANS at Hi Flux Isotope Reactor (HFIR) [1], 45m-SANS(NG-3), 30m-SANS (NG-7),
30m-SANS (NG-B), and 10m-SANS at National Institute of Standards and Technology(NIST) [2],
D11 [3], D22, and D33 [4] at Institut Laue-Langevin (ILL), KWS-1 [5], KWS-2 [6], and SANS-1 [7] at
Forschungsreaktor München II (FRM-II), QUOKKA [8,9] and BILBY [10] at Australian Nuclear Science
and Technology Organisation (ANSTO), 40m-SANS at High-Flux Advanced Neutron Application
Reactor (HANARO) [11], SANS-J-II [12,13] and SANS-U [14] at Japan Research Reactor No. 3 (JRR-3).
As a spallation source instrument, there are EQ-SANS [15,16] at Sapallation Neutron Source (SNS),
Sans-2d [17] at ISIS, TAIKAN [18,19] at J-PARC, and SKADI and LoKI at European Spallation Source
(ESS) (under construction) [20]. SANS instruments at pulsed spallation sources that typically employ
the time-of-flight (TOF) approach to utilize neutrons over a wide wavelength range simultaneously.
Hence, wide dynamic q-range can be obtained by a single measurement, as indicated by the pioneering
works [21–23].

iMATERIA [24,25] at J-PARC’s Materials and Life Science Facility [25–27] is a versatile neutron
scattering spectrometer with a large number of position-sensitive detectors (PSDs), classified into
four detector banks; back scattering (BS, 2θ ≈ 180◦), sample environment (SE, 2θ ≈ 90◦), large angle
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(LA, 12◦ < 2θ < 40◦), and small angle (SA, 0.6◦ < 2θ < 5.5◦) detector banks (Figure 1). Here, 2θ is
the scattering angle. We have engaged in upgrading iMATERIA to make it more suitable for SANS.
The original area SANS detector at iMATERIA was a simple array of PSD tubes, with the center covered
with a cadmium beam stop. However, high-intensity fast neutrons from the J-PARC neutron source
transmitted through this beam stop to paralyze the central PSD tubes. In order to avoid this situation,
we newly designed an area detector with a central hole, a similar fashion to TAIKAN at J-PARC [18,19].
In this article, we report the design, calibration process, and performance of the newly upgraded SANS
area detector.
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Figure 1. iMATERIA spectrometer at J-PARC, with neutrons entering from the right to the detectors at
the left.

2. Instrumentation

2.1. 3He PSD Tube

We employed 3He PSD tubes (outer diameter: φ12.7 mm, 3He gas pressure: 20 atm) by Toshiba
Electron Tube and Devices Co., Ltd. (Tochigi, Japan). The tube wall is made of 0.25 mm thick
stainless steel.

In many neutron scattering instruments, including almost all SANS instruments, the space between
the sample and detectors is evacuated in order to minimize scattering of neutrons by air. At the same
time, we need to apply high voltages (~1680 V) to the PSD tubes. To avoid high-voltage discharge,
the conductive wires should be placed in atmospheric conditions. As shown in Figure 2, both ends of
type E6867 PSD tube are designed to fit the flange of vacuum chamber by use of O-ring. Consequently,
the active length of the PSD tube can be located in vacuum conditions, while the conductive wires are
located in atmospheric conditions. This PSD tube (type E6867) circumvents the high-voltage discharge
problem ingeniously, and is free from background from the atmospheric chamber, which is difficult to
avoid to with some other types of PSD tubes. The lengths of the 3He PSD tubes are listed in Table 1.
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Table 1. 3He PSD tube lengths.

Product Code Effective Length [mm] Inter-Axis Distance [mm]

E6867-600 600 749
E6867-127 127 230
E6867-100 100 203

2.2. 3He PSD Tube Arrangement

The area detector, with a central hole, is realized by PSD tubes with three different lengths
arranged in three layers (Figure 3). The first layer of PSD tubes (E6867-127) is arranged vertically
in the top and bottom blocks, above and below the straight-through beam. Then, as a second layer,
PSD tubes (E6867-100) are arranged horizontally, covering the ineffective region of the first layer.
Finally, PSD tubes (E6867-600) were arranged vertically, covering over the ineffective region of the PSD
tubes in the second layer. The first and second layers are placed 14.5 mm and 29 mm downstream of the
third layer, respectively. The 40 mm-thick detector flange have thin area for accommodating the first
and second layer PSDs. Prior to manufacturing the flange, the stresses and deflections caused by the
chamber evacuation were simulated by a finite-element-analysis software, ANSYS. By this simulation,
it was confirmed that introduction of rib on the atmospheric side of the flange can reduce the stresses
and deflections to allowable level. Figure 4 indicates the photograph of the built-up area detector.
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Figure 4. Photograph of the large area detector; front side view (a) and back side view (b). As shown
in panel b, on the downstream side of the flange, there are aluminum boxes fixed. They accommodate
electronic boards of charge amplifiers for the signals from PSDs.
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2.3. Readout Module and Data Processing Software

To determine the position of the neutron capture, we employed a neutron encode (NEUNET)
module (Techno AP Co. Ltd., Ibaraki, Japan) [26,28], commonly employed in J-PARC’s Material and
Life Science Facility. The NEUNET module is based on the charge-division method for neutron position
detection and is designed for TOF experiments at spallation neutron sources. The neutron capture
event generates pulse currents in both terminals of the PSD tubes. The pulse current signal is amplified
by a charge amplifier (AMP 97 board), and then the NEUNET module outputs the ID number of PSD
tube (8 bit), the observed pulse heights at both terminals (12 bit × 2) and the time of the event. The full
detail of the data format is described in the literature [28]. For synchronizing the neutron detection
with neutron pulse, a 25 Hz trigger signal from the proton accelerator is supplied to the NEUNET
module. The output data from the NEUNET module are registered on a large-scale storage system by
use of DAQ-Middleware [26,29]. For data reduction from the event-mode data, ‘iM analysis’ software
has been developed. Users can perform background subtraction, counting efficiency correction and
circular/sector averaging to obtain a one-dimensional scattering profile on a LINUX-based workstation.

3. Data Processing

3.1. Position Sensitive Detection by Charge Division Method

We employed the charge division method for the position-sensitive detection of incoming neutrons
into PSD tubes. When a neutron enters into a PSD tube, it is captured by a 3He nucleus inside the tube
to generate a charge cloud by the following reaction:

3He + neutron→ 3H + proton + 764 keV. (1)

As a result of the high voltage, the charge cloud generates an electric current, which is divided
into two distinct pathways, as indicated by i1 and i2 in Figure 5. The ratio of i1 and i2 is determined
by the inverses of the pathway resistances through which they flow. If the cross-sectional area of the
cathode wire is constant, the resistance is hence proportional to the length of the each of the pathways.
Therefore, i1/i2 equals to L2/L1. Here L1 and L2 are the length of the pathways in which i1 and i2 flow,
respectively. For evaluating i1/i2, the small pulse current resulting from neutron irradiation is enhanced
by a charge-sensitive amplifier. The time evolution of the signal is then converted to digital data.
Finally, the pulse heights of the temporal profiles (H1 and H2) are obtained for both pathways. By use
of β (= L2/(L1 + L2)), the position of detected neutron (r) is calculated as follows:

r = βr1 + (1 − β)r2. (2)
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Here, r1 and r2 are the positions of both ends of the PSD tube. β is related to H1 and H2 as follows:

β = aH1/(H1 + bH2) + c. (3)

Here, a, b, and c are correction parameters, which should be determined by calibration for each
PSD tube. It will be discussed later. In ideal case (a = b = 1 and c = 0), β = H1/(H1 + H2) is satisfied.

3.2. Event-Mode Data Histograming

Event-mode data for each detection events are composed of PSD number, pulse heights (H1 and
H2), and a detection time. A merit of event-mode data is that we can repeatedly select a period for
analysis, since the event-mode data contains absolute time of detection for every single event. However,
in return for this advantage, event-mode data collection consumes much more memory. For example,
typical SANS measurement (30 min under 500 kW operation) requires about 1 GB.

As a first data-processing step, a three-dimensional histogram array, NPSD(i,j,k) is constructed
from the event data (Figure 6, 1st line). The indices i, j, and k label PSD number, pulse height ratio (β),
and time-of-flight (tTOF), respectively. The neutron counts observed at the incident-beam monitor (M1)
and transmitted-beam monitor (M2) are also stored as event-mode data. From these event-mode data,
one-dimensional histogram arrays NM1(λ) and NM2(λ) are obtained (Figure 6, 2nd and 3rd lines). Here,
the neutron wavelength λ is given by λ = (h/mn) (tTOF/L), where h is Planck’s constant, mn is neutron
mass, and L is neutron flight path length. (L = 23.14 m for M1, and 32.37 m for M2).
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3.3. Calculation of Geometric Arrays

The following geometric arrays are dependent only on the geometric conditions of the area
detector. For indices i and j, the xyz coordinates of the neutron detection position are calculated using
the following equation:

x(i, j) = β(j)x1(i) + (1 − β(j))x2(i),
y(i, j) = β(j)y1(i) + (1 − β(j))y2(i),
z(i, j) = β(j)z1(i) + (1 − β(j))z2(i).

(4)

Here, r1(i) (= (x1(i), y1(i), z1(i))) and r2(i) (= (x2(i), y2(i), z2(i))) are the positions of both ends of the
PSD tube labeled ‘i’. The origin of the xyz coordinate is set at the sample position. The z-axis is set
along the incident beam line. Then, the scattering angle, 2θ(i, j) is given by the following equation:

2θ(i, j) = tan−1
(√

x(i, j)2 + y(i, j)2/z(i, j)
)

(5)

The solid angle for each channels, ∆Ω(i,j) is calculated as follows:

∆Ω(i, j) = 2Rpx

√
y(i, j)2 + z(i, j)2/

√
x(i, j)2 + y(i, j)2 + z(i, j)2

3
, (for tubes along x− axis)

∆Ω(i, j) = 2Rpy

√
x(i, j)2 + z(i, j)2/

√
x(i, j)2 + y(i, j)2 + z(i, j)2

3
. (for tubes along y− axis)

(6)
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Here, 2R is effective diameter of the PSD tubes (=12.2 mm), and px and py is pixel width along the
PSD tubes [30]. The neutron wavelength, λ(i, j, k) is given by the following equation:

λ(i, j, k) = (h/mn)

(
tTOF(k)/

(
L1 +

√
x(i, j)2 + y(i, j)2 + z(i, j)2

))
(7)

Here, L1 is the flight path length from the moderator to the sample (26.50 m). The scattering vector
magnitude, q is defined as q = (4π/λ)sinθ. For each channel, a three-dimensional array of q, Q(i,j,k) can
be calculated as follows:

Q(i, j, k) = (4π/λ(i, j, k)) sin(θ(i, j)). (8)

3.4. One-dimensional Profile Calculation

The one-dimensional profile I(q) is given by the following equation:

I(q) = Is(q) − Ib(q), (9)

where Is(q) and Ib(q) indicate the SANS profiles for sample and background (empty cell) measurements,
respectively. Is(q) and Ib(q) are calculated from the event data histograms by the following equations:

Is(q(n)) =(
K
ds

)∑
i,j,k

{
M(i,j,k)W(i,j,k,n)

( NPSD,s(i,j,k)

NM1,s(λ(i,j,k))
−

NPSD,c(i,j,k)

NM1,c(λ(i,j,k))

)
/Ts(θ(i,j), λ(i,j,k))η(i,j,k)∆Ω(i,j)

}
∑

i,j,k{M(i,j,k)W(i,j,k,n)}
,

Ib(q(n)) =(
K
ds

)∑
i,j,k

{
M(i,j,k)W(i,j,k,n)

( NPSD,b(i,j,k)

NM1,b(λ(i,j,k))
−

NPSD,c(i,j,k)

NM1,c(λ(i,j,k))

)
/Tb(θ(i,j), λ(i,j,k))η(i,j,k)∆Ω(i,j)

}
∑

i,j,k{M(i,j,k)W(i,j,k,n)}
.

(10)

Here, K is a prefactor for obtaining absolute intensity in cm−1, and ds is a sample thickness.
The subscripts ‘s’ and ‘b’ on the event data histogram arrays indicate sample and background
(empty cell) measurement, respectively. The subscript ‘c’ means closed-beam measurement by locating
a B4C block at the sample position. W(i, j, k, n) is an indicator function for the 1D profile calculation

W(i, j, k, n) = 1 if 1
√
α

q(n) ≤ Q(i, j, k) <
√
αq(n),

0 if Q(i, j, k) < 1
√
α

q(n),
√
αq(n) ≤ Q(i, j, k).

(11)

The q sequence defined as follows:
q(n) = q0 αn. (12)

Here, n is bin number of q, q0 is initial value of q, and α is common ratio (we employ α = 1.025).
M(i,j,k) is an indicator function for mask. M(i,j,k) = 1 for channels which should be considered,
and M(i,j,k) = 0 for channels which should be neglected. M(i,j,k) is the product of the following three
sub-functions:

M(i, j, k) = Mg(i, j) Mλ(λ) Mt(k). (13)

Here, Mg(i,j) is a geometric mask, used for neglecting ineffective regions of the PSD tubes. Mλ(λ)
is a neutron wavelength mask. Mt(k) is a mask for time. A sensitivity correction function, η(i,j,k), is the
product of the following two sub-functions:

η(i, j, k) = ηPSD(i) ηλ(λ). (14)

ηPSD(i) is the sensitivity of each PSD tube. ηλ(λ) is a neutron wavelength-dependent sensitivity,
which is assumed to be common for all the PSD tubes. Since they have the same 3He gas pressure
and tube diameter, their detection efficiency should be similar. Although slight variations in the
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wavelength-dependent sensitivity are expected among the PSD tubes, this approach works well as
shown later in Section 4.3. Ts(θ, λ) is a transmission considering the effect of scattering-angle dependent
thickness [31,32], calculated as follows:

Ts(θ, λ) = Ts0(λ)
(
1− Ts0(λ)

a(θ)
)
/[−a(θ) ln(Ts0(λ))],

a(θ) = (1/ cosθ) − 1.
(15)

Here, Ts0(λ) is a transmission for θ = 0 as determined by the monitor counts of M1 and M2

as follows:

Ts0(λ) =
NM2,s(λ)/NM1,s(λ) −NM2,c(λ)/NM1,c(λ)

NM2,o(λ)/NM1,o(λ) −NM2,c(λ)/NM1,c(λ)
. (16)

The above transmission parameters relate to sample measurement. For background measurement,
Tb(θ, λ) and Tb0(λ) are calculated in a similar manner. The subscript of event data histogram ‘o’ means
a background measurement without an empty cell. If there is no sample cell, Tb0(λ) = 1.

4. Results and Discussion

4.1. Calibration of Position Detection

The position of neutron detection is calculated by Equations (3) and (4), based on the charge-division
method. For determining the correction factors (ai, bi and ci), we conducted a calibration measurement
using a cadmium mask plate as follows: three cadmium strips (0.5 mm thickness and 10 mm width)
were fixed on an aluminum plate, across the each of the PSD tubes. The distance between the strips is
200 mm for E6867-600 and 30 mm for E6867-127 and E6867-100. The scattered neutrons from a 1 mm
glassy carbon standard were observed with the mask plate just in front of the area detector. Figure 7
shows the two-dimensional distribution of neutron counts on the area detector with accumulating
neutron events for all tTOF (the ‘real-space histogram’). The neutron count histogram along the PSD
tube shows three dips due to the cadmium mask strips. After the adjustment of the correction factors,
ai, bi and ci, the positions of the dips were aligned in straight lines as shown in Figure 7. The image in
Figure 7 was obtained with the ai, bi, and ci parameters after this calibration process. The determined
ai, bi, and ci parameters were then registered in the configuration file of the data reduction software.Quantum Beam Sci. 2020, 4, x FOR PEER REVIEW 8 of 12 
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and ci) were applied at the data processing. The pixel color indicates the neutron count rate, with red
as maximum and blue as minimum. The red, purple, and blue arrows indicate the positions of the
cadmium mask strips for the first, second, and third layer PSDs, respectively. The white dashed circles
indicate other cadmium pieces placed asymmetrically in order to check the overall PSD orientation.
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4.2. Efficiency of Each PSD, ηPSD(i)

Figure 8 shows the neutron count as a function of the position along a typical PSD tube. As an
incoherent scatterer, 1 mm-thick H2O was placed at the sample position. The neutron count is flat
except for narrow regions at both ends. Based on this observation, the sensitivity along the PSD tubes
was regarded as homogeneous. The narrow region with low sensitivity at both ends was omitted
by use of geometrical mask, Mg(i,j). Where there were slight sensitivity variations for each PSDs,
a correction factor ηPSD(i) was introduced. We determined ηPSD(i) by comparing the neutron counts
for each PSD tube, for the measurement of incoherent scattering due to H2O, and registered them in
the configuration file of the data reduction software.

Quantum Beam Sci. 2020, 4, x FOR PEER REVIEW 8 of 12 

 

 
Figure 7. Two-dimensional distribution of scattered neutron counts on the area detector (real-space 
histogram), which was covered with the cadmium mask plate. The calibrated correction factors (ai, bi, 
and ci) were applied at the data processing. The pixel color indicates the neutron count rate, with 
red as maximum and blue as minimum. The red, purple, and blue arrows indicate the positions of 
the cadmium mask strips for the first, second, and third layer PSDs, respectively. The white dashed 
circles indicate other cadmium pieces placed asymmetrically in order to check the overall PSD 
orientation. 

 

Figure 8. Neutron count efficiency along a typical PSD tube. 

4.3. Neutron Wavelength Dependence of Detection Efficiency, ηλ(λ) 

For achieving wide q-range by combining SANS contribution with various λ, we should 
properly apply λ-dependent terms (TS(λ) and ηλ(λ)) in Equation (10), otherwise the obtained profile 
is distorted artificially. For this purpose, we measured scattering from vanadium, which shows 
q-independent flat region due to incoherent scattering at q > 0.03 Å−1. 

As a calibration process, with tentatively setting ηλ(λ) = 1, I(q) for limited λ-region was 
calculated by use of Mλ(λ). Then, we shifted obtained I(q) profiles to obey a common single I(q) 
profile. As an inverse of this shift factor, we determined ηλ(λ). Figure 9a shows the one-dimensional 
profile obtained with the determined ηλ(λ). The determined ηλ(λ) is registered in the configuration 
file of the data reduction software. 

Figure 9b shows the one-dimensional profile from a glassy-carbon standard [33] supplied by 
Dr. Ilavsky (Advanced Photon Source at Argonne National Laboratory). Here, the ηλ(λ) determined 
by the vanadium measurement were applied. The calculated 1D profiles with different λ-ranges 
overlapped each other to form a totally combined profile for λ = 1 Å − 10 Å as shown by a thick 
black line. The coincidence between the different λ-range profiles was pretty good, but not perfect 
probably due to a weak inelastic effect. The totally combined profile agreed well with the absolute 
intensity profile measured by Dr. Ilavsky, as shown by a red dotted line. Here, we adjusted the 
prefactor for absolute intensity (K in Equation (10)). The determined K were registered on the 
configuration file of the data reduction software. For different collimation conditions, a 

Figure 8. Neutron count efficiency along a typical PSD tube.

4.3. Neutron Wavelength Dependence of Detection Efficiency, ηλ(λ)

For achieving wide q-range by combining SANS contribution with various λ, we should properly
apply λ-dependent terms (TS(λ) and ηλ(λ)) in Equation (10), otherwise the obtained profile is distorted
artificially. For this purpose, we measured scattering from vanadium, which shows q-independent flat
region due to incoherent scattering at q > 0.03 Å−1.

As a calibration process, with tentatively setting ηλ(λ) = 1, I(q) for limited λ-region was calculated
by use of Mλ(λ). Then, we shifted obtained I(q) profiles to obey a common single I(q) profile. As an
inverse of this shift factor, we determined ηλ(λ). Figure 9a shows the one-dimensional profile obtained
with the determined ηλ(λ). The determined ηλ(λ) is registered in the configuration file of the data
reduction software.
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Figure 9b shows the one-dimensional profile from a glassy-carbon standard [33] supplied by
Dr. Ilavsky (Advanced Photon Source at Argonne National Laboratory). Here, the ηλ(λ) determined
by the vanadium measurement were applied. The calculated 1D profiles with different λ-ranges
overlapped each other to form a totally combined profile for λ = 1 Å − 10 Å as shown by a thick black
line. The coincidence between the different λ-range profiles was pretty good, but not perfect probably
due to a weak inelastic effect. The totally combined profile agreed well with the absolute intensity
profile measured by Dr. Ilavsky, as shown by a red dotted line. Here, we adjusted the prefactor for
absolute intensity (K in Equation (10)). The determined K were registered on the configuration file
of the data reduction software. For different collimation conditions, a measurement with the glassy
carbon standard for K determination should be repeated. In Figure 9b, the 1D profile from LA detector
bank (q = 0.13 Å−1

− 4.3 Å−1) clearly shows diffraction peaks due to the stacking of hexagonal carbon
layers. The TOF-SANS approach provides structural information all the way from the mesoscopic
scale to the atomic scale in a single experiment.

5. Conclusions

An area detector, with a central hole structure, was built up for circumventing the loss of
central PSDs caused by intense irradiation by fast neutrons. As a result of the calibration process,
a wide q-range SANS profile from 0.007 Å−1 to 4.3 Å−1 was obtained from a single measurement.
In addition, the central hole structure enables a simultaneous transmission measurement, which reduces
experimental time and effort and is ideal for time-resolved studies. Additionally, the data storage
system with the ‘event-mode data’ format provides an excellent platform for the time-resolved studies.
The time-division width for analysis can be chosen, varied, and reset even after the measurement.
The hardware and software conditions for TOF-SANS experiments have been completed for users.
Since the introduction on January 2016, the area detector has been in stable operation over four years,
and utilized in studies of a variety of industrial materials, such as polymer electrolyte membrane [34–36].
Table 2 summarizes the specification of the SANS detector. As a future prospect, we are continuously
engaged in the effort for extending the q-range to lower and higher q values.

Table 2. Specification of the SANS detector on iMATERIA.

Detector Area (SA bank) 689 mm × 600 mm
91 mm × 91 mm (Central hole)

Number of PSD tubes
46 (E6867-600)
14 (E6867-127)
20 (E6867-100)

Scattering angle, 2θ 0.6◦–5.5◦ (SA bank)
12◦–40◦ (LA bank)

Moderator-to-sample distance 26.500 m

Sample-to-detector distance
4.684 m (first layer)

4.6695 m (second layer)
4.655 m (third layer)

Neutron wavelength range 1–5 Å (single frame mode)
1–10 Å (double frame mode)

Standard collimation 20 × 20 mm (2.17 m away from sample)
10 × 10 mm (0.22 m away from sample)

Total q range (double frame mode) 0.007–0.60 Å−1 (SA bank)
0.13–4.3 Å−1 (LA bank)
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