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Abstract A long counter with multiple point-like thermal neutron counters positioned in a cylindrical neutron moderator was
investigated to improve the performance of the long counter, including flatter fluence response in a wider neutron energy range and
also the compactness. The summation of the weighted counts of each thermal neutron counter yields the response of the long counter.
In this study, silicon carbide (SiC) coated with SLiF convertor was used as the thermal neutron counter. In a further effort to balance
the performance and structural complexity of long counters with multiple thermal neutron counters, the number and positions of
these counters were first studied and optimized. As a result, the long counter with four specially positioned SiC counters showed the
best performance. Besides, we also implemented a copper annular into the moderator to compensate for the long counter’s response
above a few MeV. The response function was relatively flat in the energy range from 10 eV to 25 MeV, with a relative standard
deviation of approximately 1.78%. In addition, the proposed detector can evaluate the neutron energy, allowing it to monitor neutron
fluence and neutron energy simultaneously.

1 Introduction

Neutron detectors that show “flat” energy dependence of the fluence response or H*(10) response over a wide energy range are
recommended by the International Atomic Energy Agency (IAEA) to be used as transfer instruments for establishing neutron
calibrations at Secondary Standards Dosimetry Laboratories. This type of detector could determine neutron fluence or ambient dose
equivalent without using the information on a neutron spectrum and thus can serve usefully as a secondary standard instrument
for traceability to the national standard. The method to avoid the difficulties in determining the total number of neutrons with
heterogeneous energies was first proposed by Fermi and Amaldi [1]. They thermalized the neutrons of all energies in a large water
tank and then integrated the thermal neutron density with respect to the distance from the source to obtain the total number of
neutrons.

Inspired by Fermi and Amaldi’s method, Hanson and Mckibben found that the counting rate of a long boron counter in a slab
of paraffin is kind of independent of the incident neutron energy in a certain energy range [2]. Hence, they further had its paraffin
moderator structurally designed to give a flat response function from 10 keV up to 3 MeV and named it a long counter. After Hanson
and Mckibben’s initial suggestion of such a neutron detector, various studies concentrated on enhancing the moderator design of the
long counter for its advantages of high detection efficiency, insensitivity to gamma rays, reasonable directionality, and long-term
stability [3—13].

Instead of employing a moderator with a complex structure, some studies merely used a polyethylene cylinder as the moderator
and realized the flat response by changing the thermal neutron counters. One of them optimized the pressures and positions of two
small spherical 3He proportional counters in a polyethylene moderator so that their response functions peaking in two different
energy intervals can be combined into a flat response function [14]. While the other study used a 3He position-sensitive proportional
counter divided into 20 regions to record the thermal neutrons’ distribution along the axis of a polyethylene cylinder, and the
distribution of neutron detection position was weighted before being summed up to realize the flat response [15]. What both studies
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have in common is that they unevenly combined the counts of thermal neutron counters positioned at different depths in a moderator.
As a result, the energy-independent fluence response function can be created by the linear combination of response functions that
peak in different energy intervals.

However, the long counters designed by combining the counts of different thermal neutron counters are still relatively preliminary
and their flat fluence response has yet to be perfected. Firstly, the response functions of the spherical 3He proportional counter have
only been calculated at limited positions in the moderator, and two of them were subjectively combined into a basically flat
response function. By contrast, for the long counter using a >He position-sensitive proportional counter divided into 20 regions, the
indiscriminate use of all 20 response functions seems to introduce unnecessary complexity.

In this study, we modeled 20 thermal neutron counters in a polyethylene cylinder to provide response functions at enough
positions and discriminately used them in the linear combination. An objective process was described and used to determine the
linear combination coefficients of the thermal neutron counters. We thereafter investigated how the combined flat response function
varies with the number and position of the thermal neutron counters in use. Finally, by using four specifically positioned counters
and copper for response compensation, a compact long counter with a flatter response function can be designed. Meanwhile, given
a response matrix that is comparable to that of the Bonner sphere spectrometer (BSS) [16, 17], the detector also has a specific role
in monitoring neutron fluence and neutron energy simultaneously.

2 Materials and methods

To obtain a flatter response function, it makes sense to utilize a set of response functions peaking in different energy ranges just
as the BSS. Several response functions selected from a typical response matrix of the BSS can be linearly combined into a rather
flat response function. We positioned point-like thermal neutron counters along the axis of a cylindrical moderator to construct a
neutron long counter and therefore obtained a response matrix that is comparable to that of a typical BSS [18-22]. As shown in
Fig. 1, regarding the diameter of the BSS sphere that is sensitive to neutrons around 20 MeV, we used a polyethylene cylinder with
a length and diameter of 30 cm as the moderator to obtain response functions that peak around 20 MeV. For the 20 counters shown
in Fig. 1, we aimed to select and combine their response functions optimally. Thus, we need to solve a system of overdetermined
equations to produce the flattest possible response for a certain response function combination and then find the optimally performed
one from all possible combinations. Through such a procedure, we can determine the most critical response functions needed in the
combination of the flat fluence response and thus simplify the structure of the long counter.

The Monte Carlo code is used to calculate the energy response of the SiC thermal neutron counters. In our design, the response
function of the long counter depends on a combination of multi-counter outputs instead of a single *He or BF3 tube recorded counts
as in most long counters. However, the long counter design and calibration work conducted through the Monte Carlo simulation
can be particularly inefficient because the detection efficiency of the LiF-coated SiC thermal neutron counter is about 1000 times
lower than that of the 3He or BF3 proportional counter. To improve the efficiency of the simulation, we take a two-step method, first
utilizing the Monte Carlo code to determine the fluence energy distribution surrounding the thermal neutron counters. Subsequently,
the response R(E,)(cm?), defined as the recorded charged particle counts per unit fluence of incident neutrons, can be numerically
calculated using the following formula [23]:

R(Ey) = as - Ne,; - ¢ %1 Q(E;) - S(E;) - ont (Ei), (1
i=
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where E,, is the energy of the incident neutron energy, a; is the parallel monoenergetic neutron beam area, N¢z; is the number of
OLi atoms contained in the LiF convertor and ¢ is the proportion of the number of 6Li(n, t) reactions that the SiC counter recorded,
which is determined by the solid angle of the SiC surface to the convertor assuming an isotropic angular distribution of the tritons
produced. E; is the midpoint of the i-th energy bin on the logarithmic coordinate axis, @(E;) is the neutron fluence for neutrons in
the i-th energy bin, S(E;) is the neutron self-shielding factor calculated assuming the plane detector model [24], and 0 ,,,(E;) is the
standard cross section obtained from the ENDF/B-VIIIL.O Library [25] for SLi(n, 1) interaction.

3 Results and discussion
3.1 Long counter with polyethylene moderator
3.1.1 Counter response in polyethylene moderator

As shown in Fig. 1, a total of 20 counter regions were modeled in 1 cm steps along the long axis of the cylindrical moderator for
Monte Carlo simulations to calculate the response functions of these counters. The counter encapsulates a piece of SiC with a size
of 5 mm*5 mm and thickness of 500 pm. A 5 jum LiF layer with a °Li enrichment of 90% was plated on its upper surface, and thus,
a ¢ value of 0.5 was used.

To determine the response functions of thermal neutron counters, a series of irradiation exposures were simulated, with parallel
monoenergetic neutron beams of uniform density impinging perpendicularly on the front surface of the long counter. The energy of
monoenergetic neutron beams covers neutron energies from thermal to 100 MeV, with 10 energies per decade. To model the thermal
neutron scattering within the polyethylene moderator, the room temperature cross section S(«, ) tables were invoked based on the
MT (poly.01 T) card, and the thermal neutron cross sections in original 1001.70c and replacement poly.01 T are shown in Fig. 2b.
The responses were calculated at each of the 121 energy points using Eq. (1). Taking the response of the fifth thermal neutron counter
in the left at 1keV incident neutrons as an example, the cross section o (E) for Li(n, 1), S(E) for a LiF of 5 wm thickness, and the
neutron fluence energy distribution @(E) surround it are shown in Fig. 2a. And as shown in Fig. 2c, the energy distribution of the
recorded alphas and tritons in this counter was also simulated by irradiating the LiF-covered SiC using a parallel neutron beam the
energy distribution of which is set according to @(E). Finally, the calculated response functions are shown as a response matrix in
Fig. 3.

3.1.2 Determination of the linear combination coefficients

In this section, we intend to find a method that can linearly combine a set of response functions arbitrarily selected from Fig. 3
into the flattest possible response function in a certain energy range. Using such a method, we may assess the performance of any
response function combination and then identify the optimally performed one from all possible combinations. Assuming we have
arbitrarily chosen j response functions out of a total of 20, this linear combination can be expressed by the following equation:

Rigeat = )_Rj - wj, 2
J
where R; is the portion of the selected j-th response function within the expected energy-independent energy range, w; is the

coefficient corresponding to R;, Rigeal is a constant function that represents the ideal flat response. We may further express the
equation in a matrix form:

Rideal = R - w, 3)

where R is an i x j coefficient matrix with i the number of energy points within the expected energy-independent energy range.
To deal with such an overdetermined set of equations without exact solutions, it makes sense to search for the vector w which is
closest to being a solution, in the sense that to minimize the residual errors A between the ideal and combined responses given as

A = ||Rigeal — Rwll; = \/(Rideall — (Rw))? + (Rigear2 — (Rw)2) + .. .. “

This process implies finding the least squares solution of Rw = Rjgeal, Which is equivalent to solving the normal equation R7 Rw
= RT R;gea1, where RT is the transpose matrix of R. Thus, the coefficient vector w found by the least squares method is

w = (RTR) "' RT Rigeal. )
3.1.3 Combined response function

To determine the optimal configuration of thermal neutron counters, we consider all possible combinations of 2 to 10 counters
out of a total of 20. Using the method described above, we calculate the coefficient vector for each combination. For example,
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when constructing a long counter with five counters, we compute the coefficient vectors for CSO = 5%(1)!5! = 20';21"138"2]}16 = 15504

combinations. Then, for each counter combination and its corresponding combined response function, we can calculate the relative
standard deviation (RSD) of its responses in the planned energy-independent range and determine the combination with the minimum
RSD. Figure 4 shows the minimum RSD for long counters constructed with various numbers of counters in different energy ranges.

The results show that, with more counters in use, the RSD of the response functions in these energy ranges initially decreases and
then remains at a certain level. When the energy-independent energy range is set to 10 eV-5 MeV, using three counters is sufficient.
If the upper energy limit is extended to 10, 15, and 20 MeV, or the lower energy limit is extended to 1 eV, using five counters is
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appropriate. Beyond these points, adding more counters does not remarkably reduce the RSD of the response function, but only
complicates the structure of the long counter.

We first plot the optimized linear combination in the energy range from 10 eV to 5 MeV. As shown in Fig. 5, the combined
response function appears rather flat. To assess its flatness, we use the RSD in this study rather than the previously used maximum
relative deviation to the mean because materials, such as polyethylene and cadmium, which are commonly used in the long counter
design, have narrow resonances in their neutron cross sections. These resonances can considerably increase the maximum relative
deviation and mask the overall flatness of the response function. Meanwhile, to exhibit the improvement of the linear combination
to the flatness of the response function, the RSDs of the response functions for other long counters with polyethylene moderators
are also calculated, as listed in Table 1. Given that their flat response functions span various energy ranges, the overlap of each
two energy ranges was chosen to assess their flatness fairly. The terms RSD-1 and RSD-2 denote the RSDs of the flat response
functions for the long counters in this study and previous research, respectively. The flat response function obtained in this work has
a considerably smaller RSD than that of the other long counters. In addition to JAEA’s compact long counter using polyethylene
and polystyrene moderators, the long counter designed in this work is roughly half the weight of a typical long counter.

However, as shown in Fig. 6, when the upper energy limit is extended beyond 5 MeV, each of the responses above 5 MeV has a
large error. This phenomenon occurs because the responses above 5 MeV depend entirely on the deep-positioned counters, but their
responses are much smaller than that of the shallow-positioned counters, requiring rather large coefficients to raise them, resulting
in larger errors. Additionally, the error and unevenness of the response function also slightly increase when the lower energy limit
is extended to 1 eV. The error bar given in this study only considers the statistical error of the simulation results. Later in our
experimental work on the actual construction of this long counter, a thorough analysis of the errors from many aspects, such as the
counter or the moderator material, will be conducted [17, 26].
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Table 1 Performance parameters of long counters with polyethylene moderator. RSD-1 and RSD-2 denote the RSDs of the response functions for the long

counters in this study and previous research in their overlapping flat response energy range

Long counter  Flat response Overlapping RSD-1 (%) RSD-2 Moderator size Weight  Thermal Average response
Energy range energy range convertor
IRSN [5] 5eV-2.5MeV  10eV-2.5MeV  2.06 1.17% Diameter 40 cm,  ~50kg 3He ~10 cm?
length 40 cm
KIRSS [8] 1 keV-8 MeV 1 keV-5 MeV 5.13 1.20%  Diameter 41 cm, ~60 kg 3He ~15 cm?
length 50 cm
JAEA [9] 0.4 keV-5 MeV 0.4 keV-5 MeV 5.10 1.25%  Diameter 22 cm, ~15kg 3He -
length 37 cm
This work 10 eV-5 MeV — 1.16 — Diameter 30 cm, ~20kg LiF ~0.005 cm?
length 30 cm
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Fig. 6 Combined response functions of detectors with polyethylene moderators in different energy ranges

3.2 Long counter with response compensation

To reduce the error of the responses above 5 MeV, the counter response can be enhanced by incorporating metal materials with a
higher atomic number. As is the case with other response-compensated neutron detectors, high-energy neutrons can be converted
into multiple low-energy neutrons through the (n, xn) reaction. In previous design work on response-compensated long counters,
various metal materials were evaluated. On the basis of these results, we selected copper due to its relatively flat response in the
high-energy range [13, 27], and the cross sections for Cu(n, xn) from ENDFB-VIILO library [25] are shown in Fig. 7.

A copper annulus with an inner diameter of 10 cm and a length of 13 cm was embedded in the moderator, and a 10-cm-long
air annulus was set in front of it. Initial simulations used a 2-cm-thick copper annulus, but the response functions exhibited jagged
peaks that could not be integrated into a flat response function due to the resonance of the copper’s neutron cross section. Subsequent
simulations with a 1-cm-thick copper annulus can obtain flat combined response functions in five energy ranges through the same
procedure described above.

As shown in Fig. 8, the embedded copper annulus effectively reduces the error of the responses above 5 MeV. The flat response
function with the upper energy limit extended to 30 MeV still has a small error. However, the response at 30 MeV in this curve is
considerably lower than the curve’s overall flat response, indicating that the upper energy limit of the flat response function cannot be
raised to 30 MeV or higher with this design. Additionally, when the lower energy limit is extended to 1 eV, the error and unevenness
of the response function increase. Therefore, with this long counter design, combining the response functions in the 10 eV-25 MeV
energy range is relatively appropriate. In subsequent simulations, we set the inner diameter of the copper annulus to 8, 10, and 12 cm
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Fig. 8 Combined response functions of detectors with response compensation in different energy ranges

and the length of the air annulus to 5, 10, and 15 cm to calculate the response function and combined nine response functions as
shown in Fig. 9.

The results reveal that the three response functions in the right-hand column exhibit larger deviations compared with the other
response functions, and their geometrical designs are not suitable. For the remaining six response functions, five of them have
one or two responses that are offset from the mean. Only the design with an inner diameter of 8 cm for the copper annulus and a
length of 5 cm for the air annulus corresponds to a response function with no responses that are offset from the mean, which is
the appropriate geometrical design. Given that long counters usually operate in environments with scattered neutrons, 1-cm-thick
borated polyethylene is inserted in the side and back to ensure the directional response. The final schematic geometry of the long
counter is shown in Fig. 10.

We also assessed its flatness with RSD and compared it with those of other response-compensated long counters in the overlapping
energy ranges. As listed in Table 2, the long counter designed in this work has the smallest RSD and the lightest weight. Its response
function is flatter over a wider energy range than that of the FDS-1. Moreover, for the long counters with the flat response energy
range further extended, the linear combination method could be involved to reduce their RSDs. In addition, to evaluate the effect on
RSD due to different flat response energy ranges and various compensator geometries, the RSD values for the response functions
shown in Figs. 6, 8, and 9 are listed in Table 3. Finally, our design with thin-film coated SiC counter at this stage surely needs a
rather long time to attain reasonable statistics, but the improvement of the detection efficiency of compact diode detectors has long
been of interest and schemes such as etching micro-trench or micro-perforation on the diode surface have been proposed [28, 29].
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By adopting this kind of microstructured semiconductor neutron detector, the average response of our long counter can hopefully

reach 0.1 cm? or higher.

3.3 Effective center of the long counter

For a typical long counter, the effective center is located on the axis of the cylindrical moderator, o from the front surface. Assuming
such an exact position, the long counter’s count rate from a point source is inversely proportional to (r + rg)?, where r is the distance
from the source to the front face of the long counter.

For the long counter designed in this work, we first ensure that combining the counts of different counters does not interfere with
the determination of physically relevant effective centers. In accordance with the standard effective center determination procedure,
several monoenergetic point sources are used to evaluate the effective center of this long counter [30]. Monte Carlo simulations are
conducted at 20 distances between the source and the long counter’s front surface ranging from 120 to 500 cm, considering intervals

of 20 cm.
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Table 2 Performance parameters of long counters with response compensation. RSD-1 and RSD-2 denote the RSDs of the response functions for the long
counters in this study and previous research in their overlapping flat response energy range

Long counter  Flat response Overlapping RSD-1 (%) RSD-2 Moderator size Weight Thermal Average response
Energy range energy range convertor
FDS-1[10] 1keV-20MeV ~ 1keV-20MeV  2.83 1.74% Diameter30cm,  ~35kg  3He ~0.3 cm?
length 37 cm
FDS-2 [11] 0.1 keV-150MeV 0.1 keV-25MeV  4.32 1.80%  Diameter 40 cm, ~65 kg 3He ~1.2 cm?
length 46 cm
FDS-3 [13] 1 eV-800MeV 10eV-25MeV  7.11 1.78%  Diameter 50 cm, ~100kg BF3 ~1cm?
length 50 cm
This work 10 eV-25 MeV - 1.78 — Diameter 30 cm, ~25kg LiF ~0.005 cm?
length 30 cm
Table 3 The RSD values for the Flat response Energy range Inner diameter of copper annulus Length of air annulus RSD
response functions shown in
Figs. 6,8, and 9 1eV-5 MeV Without compensation 1.90%
10 eV-5 MeV Without compensation 1.30%
10 eV-10 MeV Without compensation 1.69%
10 eV-15 MeV Without compensation 1.91%
10 cm 10 cm 1.90%
10 eV-20 MeV Without compensation 2.50%
10 cm 10 cm 2.08%
1 eV-25 MeV 10 cm 10 cm 3.38%
10 eV-25 MeV 8cm Scm 1.78%
10 cm 2.07%
15 cm 3.57%
10 cm 5cm 2.13%
10 cm 2.24%
15 cm 3.08%
12 cm Scm 1.90%
10 cm 2.34%
15 cm 2.99%
10 eV-30 MeV 10 cm 10 cm 2.66%

Figure 11a shows the simulation results for the neutron energy at 0.144 MeV. For each of the 20 different source-to-detector
distances, six separate simulations are conducted with six different pseudorandom numbers, and the result is averaged over the six
runs [31]. rg is determined to be 2.86 cm for the neutron energy at 0.144 MeV, and the effective centers determined for the remaining
neutron energies are shown in Fig. 11b.

3.4 Energy measuring capability

In this work, the flat response function is built on a response matrix that is comparable with a typical BSS response matrix, that
is, such a detector also has the potential to measure neutron energy. For this purpose, we selected the essential response functions
in the response matrix to maintain its energy-measuring capacity. The selection of response functions and evaluation of the energy
measuring capacity is conducted using a widely accepted resolving power determining procedure. It is proposed by Reginatto with
reference to a procedure proposed in the context of geophysical inverse problems [32]. This method considers the linear average of
the neutron spectrum @ (E) at an energy point Eq using average kernel A(Ey, E) as closely as feasible to the Dirac delta function:

(@) g, = [ A(Eg, E)®(E)dE. )
To quantify the energy resolution with the average kernel, the following two parameters are presented:
Lav(Eo) = [ A(Ey, E)EdE. %

[AL(E)))* = [ A(Eo, EXE — Lav(Eo))*dE. ®)
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Fig. 11 Calculation result of effective center. a Effective center obtained from linear fitting against distances from a 0.144 MeV neutron source to the front
face of the long counter. b Effective centers calculated at several neutron energies
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Fig. 12 Averaging kernels A(Eg, E) of a the long counter designed in this work and b the PTB BSS

The breadth of the averaging kernel A(Ey, E) is measured by parameter AL(Ey), whereas parameter Lay(Egp) measures how
accurately the averaging kernel is centered on Eg. If Lay(Ep) — Ep and AL(Ep)— 0, it indicates that the averaging kernel provides
a good approximation to a delta function and the spectrometer features a good energy resolution. Finally, in addition to the four
sensors used for the long counter, two additional sensors were needed to maintain its energy measurement capability.

As shown in Fig. 12a and b, its performance as a BSS is evaluated against the PTB BSS [17]. In general, constrained by the
number of detectors in use, its energy resolution is worse than that of the PTB BSS. Especially in the low-energy range, the averaging
kernels of 1078 MeV and 107 MeV nearly overlap with each other because there is no response function in the response matrix
peaks at 10~® MeV. However, as the energy increases to keV or higher, as given in Table 4, Lay(Ep) is relatively concentrated around
Ey, AL(Ey) is gradually reduced, and the averaging kernels demonstrate a similar shape and variation pattern as that of the PTB
BSS.
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Table 4 Averaging kernel log1o(E/MeV) PTB — Lay Lav PTB — AL AL

parameters
-8 -772 —-6.30 1.86 3.85
-7 —6.34 —6.40 1.94 3.20
-6 —5.72 —6.04 1.14 3.87
-5 —4.92 —5.02 2.44 4.76
—4 -39 —-3.97 2.36 3.78
-3 —3.02 —-3.10 2.87 3.33
-2 —2.06 —2.11 2.53 2.68
-1 — 112 —1.14 1.82 1.78
0 —0.07 —0.18 0.78 1.35
+1 0.84 0.77 1.12 1.53

4 Conclusion

In this study, we analyzed the number and positions of the thermal neutron counters embedded in the cylindrical neutron moderator
of the long counter to optimize its response flatness in a wider neutron energy range and simplify its structure. As a result, a compact
long counter with four specially positioned SiC thermal neutron counters was designed and evaluated. The long counter is 30 cm in
diameter and 30 cm in length, and only one-half in weight of a typical long counter. After response combination and compensation,
its response function can be rather flat in the energy range of 10 eV to 25 MeV, with an RSD of 1.78%. Additionally, the proposed
detector features flat response and energy measuring ability, which is verified by comparing it with the PTB BSS through a commonly
accepted procedure.

In future works, we will experimentally construct this long counter following the above design. The response function and
effective centers of the long counter will be carefully calibrated by combining the Monte Carlo simulations and measurements in the
reference neutron fields. After the experimental characterization, in consideration of the low detection efficiency of the SiC thermal
neutron detector, neutron fluence measurements with this long counter may be conducted further in the high-density neutron field
of the Experimental Advanced Superconducting Tokamak.
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