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Abstract—The detection of neutrons is crucial for both the oper-
ation of nuclear devices and the development of advanced imaging
techniques. Recently, a hybrid superconducting niobium-boron
sensor on a Si/SiO, substrate has been developed, aiming for
high pulse shape discrimination and controllability of the relax-
ation time. This device detects thermal neutrons by leveraging
the 1°B(n,a)"Li reaction in the B layer and the interaction of the
charged products with the Nb strip. To critically assess the opera-
tion of the Nb-B thermal neutron detector, a multiphysics modeling
approach is presented here. The software COMSOL Multiphysics
is used to provide thermal and electrical responses of this device
during the transition-to-normal state and its recovery phase. The
study takes into account the impact of the thermal irradiation of
the cryostat lid and the joule heating on the operating conditions
of the Nb strip. Moreover, a pulsed heat load is introduced in
the model to simulate the energy released by either the o or the
Li reaction products in the current-biased Nb strip. The SRIM
software is used to obtain the deposited power density profiles and
their mean volume of interaction within the sample. For simplicity,
the reaction is assumed to take place at the half-thickness of the
B layer and the particles propagate perpendicularly to the sample
surface. Finally, an iterative procedure was applied to find the most
favorable conditions to employ the device in a self-recovering mode
by varying both the bias current and the cold finger temperature.
This study presents a comprehensive understanding of the working
mechanism of the Nb-B thermal neutron detector and proposes
a computational approach to find the optimal working point of
superconducting neutron detectors.

Index Terms—FEM, multiphysics simulation, niobium, super-
conducting neutron detector, superconducting sensor.

1. INTRODUCTION

EUTRON detection technology has been actively devel-
oped for almost a century (a comprehensive review can
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be found in [1]), and superconducting neutron detectors were
introduced Drukier et al. [2], who suggested to use a superheated
superconducting colloid (SSC). This consisted of sedimented
spherical grains of indium on a parafine wax, loaded with a nat-
ural boron compound, B,C. Although different superconduct-
ing detector configurations, such as superconducting tunneling
junctions (STJ), transition-edge sensors (TES)/Bolometers, and
kinetic inductance detectors (KID), have been developed in the
meantime for photons and charged particle detection, the SSC
(see also [3], [4]) was the only one used for neutrons until
2003. In the same year, Takahashi et al. [5] designed the first
neutron TES prototype using the novel MgB5 superconductor
on a sapphire substrate. A meander line layout was proposed
with a dc voltage bias and considering the nuclear reaction
10B(n,a)"Li directly in the MgB,. In addition, Machida et al. [6]
performed a numerical simulation, based on the time-dependent
Ginzburg-Landau equation coupled with the Maxwell and heat
diffusion equations, on a current-biased MgBs film. They found
a threshold width of about 40¢ (1" = 0) above which the neu-
tral particle could not be detected since the normal region did
not spread enough to break the wire electromagnetic symme-
try. Between 2007 and 2012, Ishida et al. [7], [8], [9] and
Machida et al. [10], [11], [12], [13] performed, respectively,
experimental and numerical evaluations on the thermal response
and on the charged density profile of a microfabricated MgB
meander line on Si/SiN/SiO substrate and with different elec-
trodes (i.e., Al and Nb). They claimed the ability of this device
to count events at a rate much faster than 10° events/s due to
its very fast dynamics (t < 1 us). Moreover, they investigated
the spatial dependence of the signal amplitude across the strip
line and found a carrier imbalance due to a spin imbalanced
superconductor confinement. An extensive research on TES for
thermal neutron detection was also performed in the period
2015-2018 by Merlo et al. [14], [15], [16], [17]. Their
experimental progresses were first centered on a current-biased
Nb superconducting strip and then on a NbN one on a silicon
buffer and coated by a boron layer. The steep dR/dT curve
of these materials near the critical temperature, T., lead to a
readable superconducting-to-normal transition even with a small
temperature increment. Shishido and co-workers, presented a
similar device (i.e., a Nb-based meander line of 64 strips of 1um
width and 40 nm thick) using a current biased kinetic inductance
approach, which allowed a wider I-T region operation preserving
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TABLE I
COMPARISON OF NEUTRON DETECTOR ARCHITECTURES
. Time resol. Spatial resol. . Rate capab.

Architecture as] [um] Efficiency [MHz] Ref.
Gas-filled Detectors 3 Moderate-high for thermal neutron _3
(e.g., ®He, and OB tubes) 1 1-10 Very low for fast neutron 10 (371-39]
Scintillator Detectors .
(c.g., ZnS/PLi with LiF, Li-glass, | 10~3 103 High for thermal neutrons 1 [401-[41]
and plastic scintil.) Moderate for fast neutron
Solid-State Detectors
(e.g., Silicon, 1B, or 6Li 10-6-10-3 | 108 gt?“‘:lﬁfgfe for both thermal and 1 [42]-[43]
thin-film detectors)
Proportional Counters and .
Multi-wire Proportional Chambers | 1 103 &O‘Sf’fr:rtef'gfﬂ;‘zggermal neutrons 10-3 [44]
(MWPCs) ’
Semiconductor-based Detectors _3 3 Low for thermal neutrons
(e.g., Diamond detectors) 10 10 Moderate for fast neutron 1 14511461
Neutron-sensitive 1-10° 1 Low-moderate for thermal neutrons 10-6 [47]
CCD/CMOS-based detectors Very low for fast neutron
Superconducting Neutron 6 1n—3 _3 High for thermal neutrons
Detectors (STJs, SNSPDs) 107°-10 1071 Moderate-high for fast neutron 1 48]

the high-speed detection. The authors in [18], [19], [20], [21],
(22], [23], [24], [25], [26], [27], [28], [29], (301, [31], [32],
[33], and [34] demonstrated its operability with a detection
range of tens of ns. This resulted in the identification of single
neutrons but also time-dependent particle fluxes, their impact
position, and the temperature dependence of the signal. The last
developments on superconducting neutron detection schemes
came from Brock et al. [35], [36], whom in 2023 presented
the first high-temperature CB-TES based on YBasCu3zO7_,
meander line, deposited on a metallic substrate and covered by
4-pm-thick B4C [36]. Despite their shorter and heterogeneous
historical development, superconducting neutron detectors of-
fer high time resolution, exceptional spatial resolution, high
efficiency for thermal neutrons, and high rate capability, with
respect to other neutron detectors. A quick overview of the capa-
bility ranges of the different architectures is reported in Table I.

In this research, starting from the experimental apparatus
described in [14], we present a 3-D multiphysics simulation of
the sensor and its operating environment, devoting our attention
on the effective operating temperature following the surface-to-
surface radiation with the 80 K cryostat thermal-screen walls
and the Joule heating produced by the resistive transport current
during operation. We then studied the spatial and the temporal
evolution of the device temperature, the electric field, and the
current density distribution during the particle detection, validat-
ing the model with the experimental results and estimating the
relative figure of merits. Finally, based on this validated setup,
we found an experimentally feasible combination of bias current
and operation temperature that allows the self-recovery of the
superconducting state after neutron detection without the need
to shunt the device or to externally interrupt the bias current.

II. EXPERIMENTAL SETUP AND CONSIDERATIONS

The detector was created using lift-off techniques, depositing
a 150-nm-thick layer of Nbon a 1 x 1 cm? silicon wafer with

a 1-pm-thick SiOg surface layer. On top of the patterned Nb
strip, 450 nm of natural boron was deposited using e-beam
evaporation. In the boron layer, the absorption reaction produces
a1.5MeV alpha particle and a 0.8 MeV lithium particle with op-
posite momenta. This means that either the alpha or the lithium
particle will strike the microstrip for each neutron conversion.
The sample was mounted at the end of an actively cooled cryostat
using “He, and the V-I and V-t measurements were performed
on the INES beam-line at the ISIS pulsed neutron source in the
Rutherford-Appleton Laboratory in the U.K. A photograph of
the experimental scheme is reported in the left panel of Fig. 1
while the top part of Fig. 2 shows the V-t measurement for a
sample with a width of 10 um and a length of 600 um, biased
with a current of 4.5 mA, at the operating temperature of 8.12 K.

The interaction of the reaction products with the device ma-
terials heats a section of the wire (approximately a cylinder with
radius equal to the mean particle lateral deviation in Nb) to above
the superconducting transition temperature. The bias current
avoids the normal region, increasing its density in the remaining
width of the wire, and eventually triggering a quench. As the
joule heating spreads across the wire, the temperature increment
due to the steep transition, dR/dT, is converted to a larger, local,
increase in the resistance of the superconductor. This change
of resistance can then be measured by intercepting the voltage
across the wire length, as a proof of particle detection.

III. NUMERICAL MODELING

A detailed 3-D electro-thermal model of the cryogenic head
is implemented on COMSOL Multiphysics [49]. In Fig. 1 the
frontal and the top view of the simulated domain is reported.
Because of the high aspect ratio between the sample and the
other components, a layered shell approximation is adopted for
the sample in both the thermal end the electrical analysis. The
coupling term between the two physics are the joule heating and
the temperature dependent properties.
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Left panel: photograph of the sample—from the top: boron (dark blue), niobium (light blue), Si/SiO2 substrate (blue)—sample holder, and cold finger. Right

panel: frontal and top schematic view of the cryostat head, with the cold finger end, the screws, the sample holder, and the detail of the sample.
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Fig.2. Upper panel: experimental V-t measurements an biased current. Lower
panel: simulated V-t data (blue), biased current (red), and average temperature
of the Nb microstrip between the voltage contacts (black).

A. Thermal Model

The temperature profile is solved both in time and space by
means of the classical Fourier equation, as reported in (1). The
analysis considers both the energy contribution of the particle
collision and the Joule losses, and particular attention is also
devoted to the effects of the surface-to-surface radiation between
the cryostat thermal shield at 80 K and the internal surfaces

oL

P Br +Ve (ki T+V,T))=Q

Q = Qp + QJ + Qirr‘ (1)

Here, p, C)p,, and k are, respectively, the density, the specific
heat, and the thermal conductivity of each material. V, and
V,, are the tangential and the normal component of the spa-
tial derivative in the thin shell approximation. () is the sum
of the heat released by the traversing charged particle, @),
the electromagnetic heating, Q; = E - J, and the thermal ir-
radiation, Q;. = eo(Tiey — T*) - A/V, from the surrounding
surfaces. In the latter, € is the material thermal emissivity,
o = 5.67 x 1078[Js~'m2K*] is the Stefan-Boltzmann constant,
Tt = 80 k is the considered cryostat thermal shield tempera-
ture, and A/V is the surface-to-volume ratio of the object.

The heat deposited by the charged particle has the charac-
teristic profile along the path showing the Bragg peak near the
implantation region. The profiles for the o and " Li particles
used in this simulation were evaluated by using the SRIM
software [50]. The cold finger interface facing the helium flow is
fixed at the operating temperature, while the initial temperature
accounts also for the contribution of () ; and @);,, prior to the
particle impact.

B. Electric Model

The electrical analysis takes into account current conservation
based on the Ohm’s law (i.e., neglecting the inductive effects),
and implements an experimental resistivity, p(7"). Based on
these assumptions, a known current source is injected into the Nb
bridge by using two terminals, and the voltage drop is evaluated
over the distance L between the voltage taps

Vi ~d<%VtV—Je> =dQ. 2)

In (2), d is the shell thickness, p is the electrical resistivity,
V' is the scalar potential-which tangential gradient defines the
electric field E along the shell, and J, and @) ; stands for the
externally generated current density in the conducting material
and the external current source, respectively.

IV. MODEL VALIDATION

A first comprehensive analysis is intended to compare the
model and the experimental results. Fig. 2 shows the time
evolution of V for a sample with w = 10 gm and L = 600 pm.
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Fig. 3. Time evolution of the maximum local thermal energy in the Nb layer

(up) and, for the same times, the electric field distribution (down) across the
sample width.

In both experiments and simulations the cold finger temperature
was kept at T = 8.12 K and the sample biased with a current
I = 4.5 mA. The absence of a current diverting resistance,
together with the chosen operating condition, induces the Joule
self-heating of the resistive domain to expand over the whole
strip length and produce a positive electro-thermal feedback
(ETF). Indeed, both the measured (upper panel of Fig. 2) and
the simulated (lower panel of Fig. 2) voltage signals revealed a
latching state of about 150 mV until the current is switched-OFF.
Also the time delay covered by the boundaries of the initial
resistive region to propagate to the ends of the film - which is
of the order of tens of us in the present and described by the
tonset Of the voltage drop in the lower panel of Fig. 2—depends on
the electro-thermal cycle of the system (including the thermal
contact resistances). To better support this, the trace of the
quench dynamics in terms of the imparted energy and its tight
interconnection with the electric field profile is plotted in Fig. 3.

The femtosecond particle interaction time-scale cannot be
directly described with reference to the equilibrium temperature
unless considering more sophisticated models [51]; conversely,
the energetic description provides a clear qualitative understand-
ing on the superconductivity depression. Fig. 3 is related to the
interaction with Li, which has an average time-of-flight (taye
in the figure) of about 0.56 ps. A ns-range is required for the
imparted energy to spread apart over the entire sample width and
break the electric field symmetry. In the same time the electronic

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 35, NO. 3, MAY 2025

bath is thermalized with the sublattice (7._, ~ 330 ps) and the
mean temperature starts increasing together with the electrical
resistivity, while the normal zone expands along the Nb length.
Fig. 2 highlights the average temperature of the superconducting
volume between the voltage contacts. The chosen bias current
makes the thermal sink ineffective and brings the temperature
far above the material critical temperature.

V. SELF-RECOVERING OPTION

In order to design a continuously working particle counting
device, the simplest approach is to modify the operating condi-
tions to reverse the ETF and allow self recovery. In other words,
one can choose the conditions that modify the device timescales
in such a way that either the Joule self-heating is reduced or the
extracted power per unit input power is increased. Since both
the bias current and the cold finger temperature also affect the
figures of merit of the apparatus, the simplest approach is to find
an experimentally feasible condition which allows self recovery
while preserving as much as possible its responsivity (r) [53]
and noise-to-equivalent power (NEP) [54].

The estimation of these over a broad range of values can be
obtained from the following:

I OR
r= G aT ®
G-12. 38 or
NEP = NEP; + NEP,
4T
NEP; = Lﬁ
T
NEP; = 4k5T°G. 4)

Here, I is the bias current, GG is the substrate conductance,
and g—? is the electrical resistance curve slop as a function of
temperature. NEP ; stands for the Johnson noise voltage, while
NEP; accounts for the noise power due to thermal fluctuation.

In Fig. 4, the calculated responsivity and NEP are presented as
a function of the two operational variables. It is clear that, while
the responsivity has a nonlinear dependence on temperature and
a linear response in current, the NEP has a less obvious behavior
being also affected by the inverse squared of the responsivity
itself. However, the strong effect caused by the temperature
is mostly related to the dR/dT shape; indeed, the materials
properties remain almost constant in the considered temperature
range.

As a result, reducing the transport current is more effective
than reducing the cold finger temperature to reverse the ETF,
and less impacting on the figure of merits. For instance, de-
creasing the current to a value of 3.6 mA, the responsivity
is only slightly reduced to 1.9 mV - W~! (with respect the
2.3 mV-W ! in the original case) and the NEP slightly increased
to 6.7x 107> W-Hz '/2 (with respect the 4.3 x 10~'°> W.
Hz~'/? in the original case), while the particle-assisted vortex
motion self-contracts on a us time-scale, restoring superconduc-
tivity (see Fig. 5).
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Fig. 4. Responsivity (up) and NEP (down on log scale) profiles over a broad
range of cold finger temepratures and bias currents.
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Fig. 5. Improved V-t simulation results for continuous particle detection.

VI. CONCLUSION

The finite element modeling turned out to be a valuable
tool to characterize and evaluate the performance of super-
conducting neutron detectors. The dynamic response to single
particle radiation has been obtained by considering both time
and spatial evolution of temperature and current. The model has
been validated against experimental data, the figures of merit
have been estimated, and the operating conditions improved
finding a self-recovery configuration. Notwithstanding the limits
of the classical approach—which requires a critical thinking on
the properties definition on very short time-scales—the results
of this analysis well agree with the experimental data and are

comparable with other data present in literature. This allows to
get areliable description of the apparatus with a computationally
effortless model.
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