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A B S T R A C T

We report the test results for a 120GeV proton beam incident on superconducting nanowire particle detectors
of various wire sizes. NbN devices with the same sensitive area were fabricated with different wire widths and
tested at a temperature of 2.82K. The relative detection efficiency was extracted from bias current scans for
each device. The results show that the wire width is a critical factor in determining the detection efficiency
and larger wire widths than 400 nm leads to inefficiencies at low bias currents. These results are particularly
relevant for novel applications at accelerator facilities, such as the Electron-Ion Collider, where cryogenic
cooling is readily available.
1. Introduction

Superconducting Nanowire Single Photon Detectors (SNSPDs) have
been successfully deployed as optical and infrared photon sensors with
precise spatial and timing resolutions [1,2]. SNSPD operating principles
suggest that the energy deposited from charged particles similarly
induces hot spot formation and the SNSPD can efficiently function
as a precise particle sensor [3–8]. It was recently proven that it per-
forms well under a high magnetic field [9]. These characteristics align
well with different particle detection applications and, when combined
with the low operating temperatures offer new opportunities. A good
example is their possible use in the Electron-Ion Collider (EIC)’s far-
forward particle detection, which is essential to its science mission [10].
Reconstruction of these particles requires a detector with fast-timing,
O(100 μm) pixel size. Geometrical acceptance of semi-conductor detec-
tors satisfying these requirements is limited by the beamline magnets,
which can be mitigated by operating SNSPDs within the frigid bore of
superconducting magnets.

The allowed proton beam energy configurations at the EIC are 41,
100, 275GeV [10]. At the far-forward region, the scattered proton is ex-
pected to have a similar energy to the beam protons with low transverse
momenta. Detecting protons with these sensors in this energy range has
never been reported before. In this paper, we report on the results of a
direct detection of protons at the FermiLab Test Beam Facility (FTBF)
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using this detector for the first time. We first introduce the experimental
setup in Section 2, followed by the presentation of our test results and
a discussion of potential future tests to address the limitations of this
study in Section 3. Finally, we summarize the impact of our findings
and outline a future outlook in Section 4.

2. Experimental setup

2.1. Device fabrication

The sensors were fabricated out of 12 nm Niobium Nitride (NbN)
thin film deposited by ion beam assisted sputtering [11] on top of
a 300 μm intrinsic silicon substrate. Thin films were patterned into
nanowires using electron beam lithography, followed by ICP reac-
tive ion etching in 20:25 mixture of CHF3:SF6 plasma. A utility layer
of Ti(10 nm)/Au(150 nm) for contact pads and alignment/chip dicing
marks was added by optical maskless lithography and lift-off process.
The superconducting critical temperature of a fully finished sensor
device was approximately 7K.

A typical single test chip (size 8mm×8mm) had 8 nanowire devices,
each covering an active area of 30 μm×30 μm with a geometric filling
factor of 1/2 (Fig. 1). Sensors with wires widths of 300 nm, 400 nm,
600 nm, and 800 nm were tested. As these sensors are not designed
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Fig. 1. SEM image of a typical test sensor array that has four different width
configuration: 100 nm (top left), 200 nm (bottom left), 400 nm (top right), and 800 nm.

to detect light, mostly due to their large nanowire width, an optical
characterization was done only on a device with width of 150 nm. The
total efficiency of the test structure was determined to be approximately
3% by counting from an attenuated calibrated 405 nm laser, which is
in the expected range of NbN-based SNSPDs without anti-reflective
coating or optical cavities that are necessary to achieve near 100%
efficiency [12]. Readers interested in a more thorough optical charac-
terization of devices fabricated using the same process are referred to
work of Ref. [9].

2.2. Experimental setup

The chips were mounted and wire bonded to a printed circuit
board (PCB). The PCB was mounted to a copper bracket coupled to
the cold finger of the optical, two-stage GM cryo-cooler based cryostat
(Janis SHI-4). During the test, the board and the sensor were held at a
temperature of 2.82K. A chiller was installed inside the beam enclosure
providing closed loop water-cooling for the helium compressor. The
measurements were performed at the FTBF using a 120 GeV proton
beam in early 2023. At the Meson Test Section 6.2 (MT6.2), about
106 of 120GeV protons were delivered to the enclosure every minute
with 4.2 s spill length on request. The protons were incident on the
detectors as shown in Fig. 2. The cryostat was modified with 1/16
inch Aluminum windows to minimize material thickness in the beam-
line. Room temperature electronics placed in the beam enclosure near
the cryostat include a biasing power supply, an attenuator and low
noise amplifiers (LNAs). The nanowire devices were current biased
with a programmable constant current sources based on the LTC1427
current output DAC. The waveforms were recorded on oscilloscopes via
a coax cable patch panel connecting the MT6.2 beam enclosure and
the electronics room, where the oscilloscopes and other trigger logic
are located. The readout was triggered by the nanowire signal, and
in addition to the nanowire waveforms, the three-fold SC coincidence
signal was also recorded as shown in Fig. 3.

Multi-wire Proportional Chambers (MWPCs) served to reference the
lateral beam position and size with 1/

√

12 mm resolutions in both
horizontal and vertical directions [13,14]. The optimal beam posi-
tion was determined by scanning the dipole magnet currents that are
nearly linear to the beam lateral coordinates in order to maximize the
detection efficiency (Section 3.1). Counts of triple coincidence from
the Scintillation Counters (SCs) provided the total number of incident
protons.

3. Results

3.1. Calibration runs

During the calibration runs, the 400 nm device was tested (a) to
identify the waveforms for the hit candidates, (b) to determine the
timing window between the SCs and the SNSPD signal, (c) to pinpoint
the optimal beam position. For the calibration runs with the 400 nm
2 
device (𝐼𝑐=25.2 μA), the beam current (∼20 nA) was chosen to maxi-
mize detection efficiency while still suppressing background counts to
ensure that most hits are from protons. The typical waveform from the
nanowire hotspot is shown at Fig. 3 (grey) along with the scintiallation
detectors’ threefold coincidence signal (blue). The measurement was
done by self-triggering on the nanowire waveform within the 4.2 s spill,
where the SCs were concurrently recorded by the same oscilloscopes.

The timing signal was defined as 𝑡SC−𝑡SNSPD, the difference between
the edges of the SNSPDs and the SC threefold coincidence signal.
Fig. 4 shows a clear coincidence peak in the timing signal histogram.
The coincidence timing window for the SC signal was conservatively
set to be between 100 ns and 180 ns range. This coincidence timing
selection defines a good proton detection event for the nanowire. The
background to signal rates during the calibration run were estimated
to be (2.1 ± 0.9)% (see 3.2 for the definition of background).

Several beam positions were scanned during this run period to
find the optimal beam position using the MWPCs as mentioned in
Section 2. Only few wires of the MWPC3, the closest MWPC to the
SNSPD operated properly during data taking. Therefore, the MWPC2
was used as the position reference. As the cryostat was placed on a fixed
table, the beamline focusing magnet currents were adjusted to steer the
beam position as measured by the MWPC. The beam position scan was
performed to maximize the proton hit counts normalized to the incident
protons (Fig. 5). Using the optimal beam position provides a consistent
beam profile and thus flux seen by the superconducting sensors. This
allowed for a reliable relative efficiency between sensors with different
wire widths, but is limited in the extraction of the absolute efficiency
due to a relatively large systematic normalization uncertainty.

3.2. Production runs

After calibration, bias scans were performed to characterize the
relative efficiencies of devices with different wire widths as a function
of bias current, 𝐼𝑏. The bias scan measures the proton count rate with
respect to the bias currents. The tested chips included the nanowire of
300, 400, 600, and 800 nm wire width and spacing. As in Section 3.1,
proton counts were normalized to the number of incident protons,
which was estimated from the total SC counts. The bias current 𝐼𝑏
was normalized to the critical currents of each device to collect the
measurement results with the different widths. The critical current
𝐼𝑐 was determined as the current where electronic oscillation starts
to happen. The determined 𝐼𝑐 ’s were 12.5 μA for 300 nm, 25.2 μA for
400 nm, 48 μA for 600 nm, 55 μA for 800 nm devices.

The collected measurement results are shown at Fig. 6. Fig. 6a
shows the normalized counts which generally increases with the bias
current. Fig. 6b shows the normalized background count estimate for
the 80 ns coincidence timing window. To estimate the background
within the timing window, event were selected with an out-of-time
window cut and analyzed similarly for coincidence events. For all
devices, it is evident that the background counts start to grow expo-
nentially around at 𝐼𝑏∕𝐼𝑐 > 0.8. In a lab outside of the accelerator
facility, the reduced currents at which the dark count rates are <
10−2 Hz were measured to be 0.80, 0.85, 0.76, and 0.93 for the 300 nm,
400 nm, 600 nm, and 800 nm devices, respectively. This rate amounts
to a dark count less than 10−9 dark counts per trigger falling within
the 80 ns coincidence time window. At lower 𝐼𝑏∕𝐼𝑐 , the background
counts are dominated by electromagnetic interference induced detector
counts, which is flat, independent of 𝐼𝑏. The interference causes an
underestimation of 𝐼𝑐 , and from an independent measurement it was
confirmed that 𝐼𝑐 at 2.82K was 4.5 μA higher than what was determined
at the FTBF. Uncertainties on 𝐼𝑏∕𝐼𝑐 from this effect are presented on the
fit curves at Fig. 6a as bands. It is clear that the 300 nm and 400 nm
devices’ relative efficiencies increase with 𝐼𝑏∕𝐼𝑐 at low 𝐼𝑏∕𝐼𝑐 region
and saturate at the elbow point, where the slope change is the most
visible. The elbow point can be formally defined as the point, where
the third derivative of fitting curve is zero. When the data points are
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Fig. 2. A block diagram describing the experimental setup. The SNSPD detector was biased at variable current, whose amplified waveform was recorded by the oscilloscope (CH1).
his signal was also used the oscilloscope’s trigger. The digital waveform from the coincidence of the scintillation counters SC1, SC2, and SC3 was also recorded by the oscilloscope
CH2). The signals from the MWPCs were collected separately and could be accessed via the local network.
Fig. 3. An example waveform that was defined as the proton signal. The grey waveform
is the signal from the nanowire firing, and the light blue waveform is the threefold
coincidence of scintillators SC1, SC2, and SC3. The vertical lines indicate the selection
time window defining a good coincidence event.

Fig. 4. The survey of timing differences between the detector fires and the scintillator
signals. The timing window associated with hits is within the 100 ns and 180 ns after
the detector fire.

Fig. 5. The plots showing the normalized counts with respect to (a) horizontal and
(b) vertical beam positions at MWPC2. The center position was determined by fitting
the data (red points) by the Gaussian profile. The beam magnet currents were adjusted
to match the MWPC2 center position with the reference determined at these plots for
other runs.
3 
Fig. 6. The plots showing (a) normalized counts and (b) normalized background counts
estimate with respect to the normalized bias current 𝐼𝑏∕𝐼𝑐 of the 300 nm (dark blue
circle), 400 nm (purple triangle), 600 nm (pink circle), 800 nm (orange triangle) devices.
Curves fit results for normalized counts with logistic functions are presented, and elbow
positions are visualized for 300 nm and 400 nm devices. Uncertainties on 𝐼𝑏∕𝐼𝑐 from
underestimation of 𝐼𝑐 is visualized as bands at the top pane (a).

fitted by a logistic function, 𝑓 (𝐼𝑏∕𝐼𝑐 ) = 𝑎∕
(

1 + exp
(

−(𝐼𝑏∕𝐼𝑐 − 𝑏)∕𝑐
))

,
the top elbow point is 𝑏+ ln(2 +

√

3)𝑐 ∼ 𝑏+ 1.317𝑐 that are presented at
Fig. 6a for the 300 nm and 400 nm devices. Past this point, the internal
detection efficiency of the device is saturated at close to 100% internal
efficiency, as confirmed by linear scaling of counts with optical power
on similar devices used in Ref. [9] or by direct photon counting from
calibrated sources as done in literature [15,16].

As the detection mechanism of the nanowire requires production of
non-equilibrium particles that diffuse outwards to suppress the super-
conducting critical current, there exists a wire size where this formation
and diffusion cannot happen at timescales characteristic to the quasi-
particle recombination [17]. The detection efficiency never saturates
at the maximum values once the wire width is bigger than this size, as
can be seen in the case of the two wider nanowire sensors. While more
measurements are required to fully characterize the detection process
and determine the dominant contributors (e.g., by acquiring more
statistics to see activation thresholds like in Ref. [18]), an estimation of
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Fig. 7. Reduced current at which detection events start to occur as a function of wire
width. Data points are data extracted from linear fits to Fig. 6b, dashed line is a
least-squares fit to function of Eq. (2).

the characteristic length scale useful for practical applications can be
made using simple thermal physics.

In a thin film with thickness much smaller than the superconducting
magnetic penetration depth, and on the order of the superconducting
coherence length, the problem can be treated as 2-dimensional, with
the energy source due to incident particle being approximately point-
like. If the diffusion of the initial proton-induced population of hot
electrons is slow compared to the scattering processes that created this
population, the initial hot spot will have a ‘‘hard’’ non-superconducting
core with the size [8,19–21]:

𝑟𝑠 ≈
√

𝑄
𝑒𝜋𝑐𝜌

(

𝑇𝑐 − 𝑇0
) , (1)

here 𝑄 is the energy that the proton has deposited into the thin film,
is the specific heat of the material, 𝜌 is the mass density, 𝑇𝑐 is its su-
erconducting critical temperature and 𝑇0 is the substrate temperature.
his ‘‘hard’’ hot-spot reduces the effective cross-section of the nanowire
nd also proportionally reduces the critical current of the sensor. For
implicity, we assume that a detection event can happen only if the
otal current goes over the critical current of the sensor and there are
o other contributing factors (e.g., there are no fluctuations that give
ise to the non-saturated detection efficiency at intermediate current
ias). The condition for a detection event to occur then becomes

𝑟𝑠
𝑤∕2 × (1 − 𝐼𝑏∕𝐼𝑐 )

≥ 1, (2)

here 𝑟𝑠 is defined by Eq. (1), 𝑤 is the wire width and, 𝐼𝑏∕𝐼𝑐 is the
reduced current.

By using Eq. (2) and finding points where the strict equality holds,
one can extrapolate the nanowire width at which arbitrarily small bias
current will cause a detection event. At this size, the detected proton
deposits enough energy to create a thermal hot-spot that covers the
nanowire edge-to-edge and there is no need for the avalanche process
typical of the photons detection case. The extrapolated value for this
‘‘hard’’ hot-spot size in our case is 𝑟𝑠 = 134 nm (Fig. 7), which is
approximately an order of magnitude bigger than the hot-spot size
caused by the absorption of a photon [22] and in agreement with the
estimated hot-spot size for particles with this energy [8]. While the
physical validity of this simple model is a question of future work, the
characteristic length scale it provides is of high importance for practical
particle sensor design because it sets the optimal physical dimensions of
the nanowire, which should have a width approximately smaller than
double this value.

3.3. Future beam tests

To study the absolute detection efficiency, we intend to integrate

pixel arrays with a tracking telescope to provide the best normalization

4 
and begin to characterize particle tracking capabilities. Furthermore,
precision measurements are required to resolve geometry induced dif-
ferences — overall nanowire pixel size, wire width, wire spacing,
and pixel pitch can affect the detection efficiency. The present results
clearly indicate pixels with smaller wire widths provide a broader range
of operational bias currents, however, for high energy proton detection,
it is not yet clear to what extent the wire spacing impacts the efficiency
of a pixel with fixed wire width. Similarly, we intend to investigate the
impact of pixel spacing for arrays of devices detecting high energy par-
ticles. To address these questions, we plan to leverage one of the silicon
tracking telescopes at FTBF [23] for sub-10 μm position resolution.

Beyond the detection performance and spatial resolutions, we in-
tend to investigate the timing performance with 2 detector planes at
FTBF’s high tracking rate area, located upstream of the beam collimator
for MT6. In order to reduce the timing jitter associated with the readout
electronics at room temperature, we will use a newly developed cyro-
CMOS ASIC [24]. This puts the TDC measurement near the sensor
which reduces the thermal load from cabling while also increasing
the number of readout channels. The overall goal is to investigate
the intrinsic nanowire time jitter associated with high energy particle
detection, which is expected to be on the order of a few ps [25].

4. Summary

We have demonstrated the direct detection of 120 GeV protons with
SNSPDs with different wire widths. This first test highlights the viability
of the SNSPDs as particle detectors at the accelerator-based nuclear
and particle physics experiments. The relative detection rates indicate
those wires with size smaller than 400 nm are efficient for high energy
proton sensing, with an ideal wire size for this application of about
250 nm. Previous work has already shown the successful SNSPD opera-
tion at magnetic field strengths typical of accelerator superconducting
magnets [9]. An ongoing effort aims at developing a full scale hybrid
cryogenic readout system using superconducting electronics [26–29]
and cryo-CMOS ASICs [24]. Furthermore, a radiation hardness char-
acterization is also planned in the near future [30]. Together with
previous and ongoing R&D, the present results open the door for the
use of SNSPDs in numerous high-impact particle detection applications
at accelerator facilities including the EIC.
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