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Abstract: We previously succeeded in constructing and demonstrating the capability of a
neutron imaging system based on a superconducting current-biased kinetic inductance detector
(CB-KID). In the present work, we systematically studied the characteristics of the
superconducting neutron detector to improve the spatial resolution and detection efficiency. We
found that the number of neutron detection events with CB-KID remarkably increased when the
detector temperature increased from 4 K to the critical temperature 7.. We observed systematic
changes of neutron signals as a function of the detector temperature from 4 K to 7c. We evaluated
the detection efficiency of the CB-KID detector, and compared with PHITS Monte Carlo
simulations, which modeled the sequential physical processes for the °B(n,a)’Li reaction, the
transport dynamics, and the energy deposition by particles including neutrons, “He particles, ’Li
particles, photons, and electrons.

1. Introduction

Neutron beams can penetrate deeply into most materials except for some neutron absorbing/recoiling
atoms, including hydrogen, lithium, and boron. Some substances are visible with neutron beams even
though they are almost impossible to see with X-ray and gamma-ray imaging techniques. Therefore,
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neutron imaging has potential applications in non-destructive transmission imaging, tomography, dark-
field image, visualization of magnetic-field distribution, various materials including intermetallic alloys
[1,2], fuel cells [3], lithium ion batteries [4], cultural heritages [5], and others. In 1955, Thewlis [6]
demonstrated the first neutron imaging by using a thin layer of boron or lithium to “convert” neutrons
to a-particles which impinged on a fluorescent screen to draw an image on the photographic film. In
recent decades, there have been active competing studies to achieve high resolution, energy-dispersive
imaging and high-speed readout system. This has promoted the rapid development of neutron-imaging
technology as well as the appearance of various different neutron detectors such as a photographic-film
detector [7], a scintillator-and-storage-phosphor detector [8], a gas neutron detector [9,10], and a
semiconductor (solid-state) detector [11]. To our knowledge, the highest spatial resolution of 2 um was
reported by using a gadolinium-oxysulfide-scintillator camera detector by performing center-of-gravity
data processing of the optical readout points [12], and the color center formation in LiF crystals gave
the resolution of 5.4 pm [13]. We proposed a new superconducting neutron detector [14—16] called the
delay-line current-biased kinetic inductance detector (CB-KID) system. We also succeeded in obtaining
a neutron transmission image with a spatial resolution of 22 um and a detection efficiency of about 1%
[17]. In order to improve the spatial resolution and the neutron detection efficiency of CB-KID, we
further investigated the characteristics of our superconducting neutron detector. Koyama and Ishida
[18] proposed a theory for the signal generation and propagation along a superconducting waveguide
with an S-I-S structure within the framework of the London-Maxwell theory to explain an operating
mechanism of the CB-KID system. We also used the Particle and Heavy Ion Transport code System
(PHITS) to calculate the neutron transmission images and the neutron detection efficiency of CB-KID
[19]. However, the PHITS simulations did not consider significant factors affecting the efficiency such
as signal processing electronics, dead time, heat transfer within CB-KID, bias current, and detector
temperature.

In the present work, we have studied systematic evolution of transmitted neutron signal, velocity of
pulsed signal, and neutron detection efficiency with feeding bias currents as a function of the detector
temperature [20,21].
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Fig. 1. (a) Structure of superconducting neutron detector with a pair of X and Y CB-KIDs and a
19B layer convertor; (b) Schematic cross-sectional view of the X-Y CB-KID system.

2. Neutron detector and experimental details

2.1. Neutron detector

The structure of superconducting neutron detector consists of a pair of meanderlines (X- and Y-) [14—
16] with an orthogonal stacking, and a '°B layer deposited on top of the X-, Y- meanderlines to convert
neutrons to charged particles (Fig. 1(a)). The operating principle of CB-KID with orthogonal
meanderlines is different from other conventional neutron detectors. When a neutron reacts with the '°B
nucleus in the conversion layer, the nuclear reaction produces a “He particle and a 'Li particle, of which
one particle reaches the Nb nanowire to create a quasi-particle hot spot in a Nb stripline. This causes a
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rapid reduction of the Cooper pair density #s locally at a tiny spot of the stripline with a length Af (<
£), where ¢ is the total length of the meanderline. This yields a transient change in kinetic inductance
(ALy) as expressed by AL,=msAf/nsqs’S with the effective mass of the Cooper pair m;, the local length
of the hot-spot nanowire A#, the electric charge of the Cooper pair ¢, and the cross-sectional area of
superconducting nanowire S.

A pulsed voltage signal at the hot spot in the stripline of the detector under the bias current I}, is

. . . dly , dL dr dL dAL
given by an electric relation V = [ (d—tk + d—;“) + (L + L) d—: d—tk 7"

magnetic inductance Ly, is kept constant with time and dlv/dt =~ 0 as far as the detector remains in the
superconducting state. According to this equation, a pair of pulsed-voltage signals is generated which
propagate as an electromagnetic wave pulse [18,22] along the stripline (meanderline) toward one of the
end electrodes with an opposite polarity under the application of a DC bias current (Fig. 2). Ultra-low
noise amplifiers are used to amplify the output signals from CB-KID, of which the output signals are
connected to a time-to-digital converter (TDC) of the Kalliope-DC readout circuit [23] to evaluate the

position (x,y) of neutron nuclear event. We can detect a correct position of neutron beam arrival at the

1B layer by combining the results obtained by two X and Y meanderlines as x = ceil (Azt’};vx) p, and

~ [ =~ [ , where the

At .. . .
y = ceil( 22 kel ) py, where the origin of a coordinate is at the center of the detector, py,p, are the
y

repetition pitches for the X, ¥ meanderline; v., v, are velocities of neutron pulsed in x, y meanderline;
hy, hy, are the lengths of two single microstrip segments in the X, Y meanderlines; At:, At, are differences
in time stamps in pulsed signals arrived at anode and cathode electrodes of the X and Y meanderlines.
We designed CB-KID such that p, = p,, = p and h, = h,, = h to obtain a square sensitive area of the
detector.

Bias Tee
t,  te.

ANV

-|

Bias Tee

<
_$<

Fig. 2. The operating principle of the delay-line CB-KID with two orthogonal X and Y meanderlines and
a 'B layer converter on a thermally oxidized silicon substrate. The schematic wave forms of the pulsed
signals amplified by non-inverted and inverted amplifiers to produce output signals with positive polarity
on the right-hand side of the figure.

We used computer-aided design (CAD) software (Layout Editor) to design our superconducting
neutron detector and we fabricated the device at the Clean Room for Analog-Digital-Superconductivity
(CRAVITY) at the National Institute of Advanced Industrial Science and Technology (AIST). The
sensitive area of our detector is 15 mm X 15 mm (Fig. 1(a)). The nanowire width of the X (or Y) Nb
meanderline is 0.9-um and the space between two neighboring nanowire segments is 0.6 um. This gives
a 1.5-um repetition period with 10,000-times repetitions to reach 15-mm effective width and a total
length £ = 151 m of the meanderline. The CB-KID used for the present experiment is fabricated in a
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thermally oxidized Si substrate which is described sequentially as Fig. 1(b) from the bottom (1) a
300-nm-thick SiO,, (2) a 300-nm-thick Nb ground plane, (3) a 350-nm-thick SiO; layer, (4) a 40-
nm-thick Nb ¥ meanderline, (5) a 50-nm-thick SiO, layer, (6) a 40-nm-thick Nb X meanderline,
(7) a 50-nm-thick SiO» layer, and (8) a '°B neutron conversion layer on top of the CB-KID.

2.2. Experimental details

In order to study the characteristics as a function of the temperature, the superconducting neutron
detector was installed in a Gifford-McMahon (GM) refrigerator to conduct long-time measurements at
a stable cryogenic temperature. The superconducting detector was cooled down to a temperature lower
than 4 K, and the temperature of the CB-KID sensor was controlled and monitored by a temperature
controller (Cryocon Inc., Model 44) through a heater and a Cernox thermometer which were installed
in the neighborhood of the neutron detector via a LabVIEW program. We fed DC bias currents to X
and Y meanderlines through bias resistors by using two adjustable DC voltage sources, which were
supplied by an independent power source (NF Inc., Model EC1000SA) to minimize the effect of notable
environmental noises induced from AC power line of the facility. We used low-noise amplifiers (NF
Inc., Model SA-430F5) to amplify the voltage signal from neutron events on the meanderline and feed
the TDC module of the Kalliope-DC readout circuit [23] and a 2.5-GHz sampling digital oscilloscope
(Teledyne LeCroy Inc., Model HDO4104-MS) (Fig. 2). The neutron signal was tuned by adjusting the
bias currents of the X and Y detectors to obtain proper amplitudes of pulsed voltages of neutron events
to be measured by the high-speed digital oscilloscope, and the 5-bit variable attenuators (Hoshin
Electronics Inc., Model N032) were used to tune the signal amplitude for the time-to-digital converter
(TDC) of the Kalliope-DC readout circuit. To reduce noises, SMA connectors, MMCX connectors, and
semi-rigid cables were used to transmit a signal pulse from the cryogenic temperature of CB-KID to
the room temperature readout instruments in the cryostat. Our experiments were performed with the
pulsed neutrons at the beam line BL10 in Japan Proton Accelerator Research Complex (J-PARC).
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Fig. 3. The comparison of the propagation velocity as a function of temperature with a DC bias
current and without a DC bias current. The fitting curve is obtained by the Koyama-Ishida theory
[18].

3. Results and discussion

3.1. Propagation velocity under a DC bias current

The propagation velocity of neutron signal in the meanderline is an important parameter of the delay-
line CB-KID system in order to construct a high-resolution neutron transmission image. Therefore, the
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temperature dependent characteristics of propagation velocity of a superconducting neutron detector
have been studied both theoretically and experimentally [18,20,24]. Our experiment confirmed that the
theory of Koyama and Ishida [18] explains the appearance of the pulsed voltage signal and the
propagation velocity of the signal along the meanderline as a function of temperature, successfully.
While the temperature of the Nb-wire meanderlines was controlled from 3.8 K to 8.3 K, we did not feed
a DC bias current to a superconducting Nb meanderline. In the present work, however, we conducted
propagation velocity measurements under the DC bias currents to answer the question whether or not
there is a change in the propagation velocity by feeding a DC bias current to the CB-KID when taking
a neutron transmission image. We applied a bias current of /, = 50 pA and conducted the measurements
of the propagation velocity as a function of temperature. Since, the velocity is very sensitive with the
temperature, we also paid careful attention to keep the temperature stable. The errors of temperatures
were estimated to be smaller than 10 mK when the temperature was controlled at a step of 0.1 K. Figure
3 shows the T-dependent propagation velocity as a function of the detector temperature together with
the bias-current free velocity data, but we do not see an appreciable change when CB-KID is biased by
a small DC current, and the experimental data points are in good agreement with the Koyama and Ishida
theory [18]. The propagation velocity should be affected by larger DC bias currents that approach the
critical current of the meanderline, as this will lead to the partial destruction of Cooper pairs. However,
when the bias current is small, Fig. 3 shows there is basically no effect on the propagation velocity.
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Fig. 4. The transmitted signals in the Y meanderline and the cross-talk signals from the Y-meanderline to
the X-meanderline at the various different temperatures. We found that this behavior changes appreciably
as a function of the detector temperature.

3.2. Temperature dependence of pulsed voltage profile

Our CB-KID works not only as a conversion system to generate a pair of the signals but also as a
superconducting transmission line of the signals [22]. We noticed a difference in the velocities along
the X-meanderline and the Y-meanderline. We consider that this is due to a different distance between
each meanderline and the ground plane because the velocity is a function of this distance in the
theoretical formula [18]. This results in a different spatial resolution for the x-direction and y- direction
in the constructed transmission neutron images. Since a change in the distance between the meanderline
and the ground plane would also affect the matching impedance of the signal transmission line, it would
be better to develop a higher-speed readout circuit to enhance the spatial resolution further. We also
have to pay attention to reduce the cross-talk signal between the X-meanderline and the Y-meanderline
by guaranteeing a certain thickness of the insulating layer between the two meanderlines. Therefore, a
difference in the velocities may not be avoided in the real CB-KID system. We argue that it is very
important to determine the propagation velocities for each CB-KID chip. In order to examine the extent
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should be smaller than 1% of the
transmitted signal of the input channel
(in Y) in Fig.4. When the detector
temperature approaches 7¢, we noticed
that not only the amplitude of pulse
but also the noise floor decreases
remarkably (Fig. 4). Since the X-
channel voltages change at the same
time with that of the Y channel, we
cannot rule out a possibility that a
signal leakage to the X channel may
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Fig. 5. An input-pulse to the electrode and the transmitted pulses
from other end of the Y meander as a function of the detector
temperature.

occur outside of the meanderline. At least, this finding indicates that the cross-talk signal in our detector
is not so remarkable compared to the amplitude of the actual neutron signal. In the future, we will
continue to refine the fabrication technique to realize a cross-talk free CB-KID detector for achieving
reliable transmission neutron imaging.

The propagation velocity changes primarily due to a reduction in the density of the Cooper pairs (or
an elongated penetration depth) in the superconducting nanowire when the detector temperature
increases. As seen in Fig. 5, the transmitted signal appears at a delayed time due to slowing down of
the propagation velocity along the long meanderline. We also found that the amplitude of the
transmitted signal gradually decreases as the temperature increases at temperatures from 8 K toward the
critical temperature 7¢. The width of the signal pulse also broadens as the detector temperature increases.
This is caused by energy dissipation during signal transmission along the meanderline due to excess
quasi particles at higher temperatures near the critical temperature. This behavior was observed for a
test pulse, but a similar tendency can be seen for the signals from the CB-KID when detecting neutrons.

To understand the characteristics of neutron pulse as a function of temperature, we investigated not
only gradual changes of the voltage

pulse amplitude but also changes in the 10° : :
width of neutron signal pulses. We 2

investigated the behavior of the neutron 5 10 ]
signals at the beam line 10 (BL10) of g 10’ LK 7
Materials and Life Science Division E 10° X ggﬁ -
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Fig. 6. The histogram of the pulse width at the several different
detector temperatures.
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current so as to produce no neutron signals from the X detector. The temperature was controlled from
4 K to 7.8 K. Figure 6 shows the histogram of the pulse width with changing the detector temperature.
The time of threshold (TOT) data was taken by TDC as a pulse width at the preset threshold voltage by
using the Kalliope-DC readout circuit. We found that the number of neutron events increased
remarkably and the pulse width of the neutron signal also increased as a function of the detector
temperature. The pulse width of the neutron signal increased moderately as a function of the detector
temperature at temperatures lower than 6 K, but increased remarkably with temperature from 6 K to 7.8
K. We decided to limit the operating temperature of the CB-KID to lower than 7.8 K for the safety of
the detector in the present measurements. However, we plan to investigate the characteristics of the
neutron signal at higher temperatures to pursue improved detection efficiency of neutrons because the
number of neutron-detecting events increased remarkably at temperatures near the critical temperature
T..

3.3. Neutron detection efficiency

Neutron detection efficiency of a neutron detector is an important factor indicating the usefulness of the
detector. It is influenced by the nuclear reaction rate of neutrons in the '°B conversion layer with
neutrons, the structure of the neutron detector, and the operating conditions of the detector. We focused
on the effect of the detector temperature on the detection efficiency in this work. In order to obtain the
neutron detection efficiency of our detector as a function of temperature, we took the ratio of the number
of neutron detection events as a function of wavelength (or ToF) with different temperatures from 4 K
to 7.8 K against the direct beam flux estimated in PHITS simulations [25]. Figure 7(a) is the neutron
detection efficiency of our detector at various detector temperatures from 4 K to 7.8 K. We found that
the efficiency appreciably depends on the wavelength. The efficiency is the smallest at smaller
wavelengths and increases to maximum value with a slight tendency of saturation up to the largest
wavelength of ~10 A. This primarily comes from the wave-length dependence of the neutron absorption
cross section of the '°B converter. The behavior of the detection efficiency as a function of wavelength
is very similar to that from PHITS simulations. We presume that the deficient behavior of the intensity
in the regime from 7 ms to 15 ms is due to losses of the neutron counting in the Kalliope-DC readout
circuit due to higher incident fluxes at this ToF regime. As a matter of fact, we found the deficient
behavior weakened when the number of events becomes much smaller in Fig. 7(a). The nuclear reaction
rate does not explain the temperature dependence of the neutron detection efficiency observed at
temperatures near the critical temperature. We consider that further investigation on the effect of the
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Fig. 7. (a) The detection efficiency of neutron detector at the several detector temperatures as a function of
wavelength. The PHITS simulations for a 10 um-thick !°B conversion layer is also show (a modification
factor of 1/2) [19]. (b) The absorption ratio (left axis) of the '°B layer with different thicknesses of 1 um,
10 um, and 100 um. The absorption cross-section (see a green line and right axis) is also shown as a
function of wavelength.
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superconducting properties is needed to explain the strong dependence of the detection efficiency on
the detector temperature. Maximum neutron detection efficiency at 10 A is 5 % at the temperature of T
= 7.8 K. According to the PHITS simulations by Malins et al. [19], the neutron detection efficiency of
a CB-KID was expected to reach 16% at the wavelength of 10 A with the 10-um thick '°B layer. Since
the PHITS simulations did not consider the effects of signal processing electronics, dead time, heat
transfer within CB-KID, bias current, and detector temperature, we regard the PHITS results as the
upper-limit of the detection efficiency for the envisaged geometry. In Fig. 7(b) with the '°B thickness
of 10 um, the maximum absorption ratio can be over 90% at 10 A. Note that we did not consider the
covering ratio of the line-and-spacing of the superconducting meanderline in Fig. 7(b) while the event
of simultaneous detections both in the X and Y detectors were considered in the PHITS simulations
[19]. We argue that it is more important to consider the superconducting properties to optimize the
operating conditions of the CB-KID system in the future.

4. Summary

We systematically studied the characteristics of the neutron signals from our superconducting neutron
detector CB-KID when the temperature of CB-KID approaches the critical temperature. We conducted
experiments to investigate the characteristics of the CB-KID by using the beam line (BL10) of Materials
and Life Science Experimental Facility (MLF) of J-PARC. We did not see an appreciable difference of
the propagation velocity between the cases of a bias current of 50 pA and no bias current. In both cases,
there was in good agreement between the experimental points and the prediction derived from the
Koyama-Ishida theory. As characteristic features of the signal, the pulse height decreased with
temperature up to 7. but the pulse width broadened, and the detection efficiency of neutrons showed a
strong temperature-dependence of the CB-KID. We argue that further understandings of the
temperature-dependent features are required to improve the efficiency, the sensitivity, and the resolution
of our superconducting neutron detector.
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