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Introduction to SNSPDs

• Thin film superconducting nanowire
- Thickness: 2-10 nm
- Width: 40-200 nm
- Meandered active area

• Current-biased
• Cryogenic operation (1-4K)
• UV to mid-IR sensitivity

spectrometer designed to detect small changes in the spectrum of a star due to the absorption or
emission from the atmosphere of a transiting exoplanet at wavelengths from 2.8 to 20 μm. This
spectral range contains numerous molecular signatures, which could be indicative of life on an
exoplanet, including water, methane, ozone, carbon dioxide, and nitrous oxide. One of the key
challenges for the MISC transit spectrometer is the required 5-ppm pixel-to-pixel detector sta-
bility needed to detect the minute changes in the host star’s spectrum over the course of a transit.
A detector’s stability may be a function of the detecting element itself or of the detector’s elec-
tronic readout. For infrared detectors used on previous space telescopes, it appears that drifts in
the readout amplifiers limit the photometric stability to a few tens of parts per million.3,4 Further
improvement of these detectors is, therefore, necessary to reach the desired stability.

With a photon-counting detector such as a superconducting nanowire single-photon counter
[SNSPD—see Fig. 1(a)], the detector’s output signal is essentially digital [Fig. 1(b)] and is,
therefore, not affected by drifts in amplifier gain or voltage offsets that can lead to instabilities
in the readout of analog signals. Instead, the dominant source of instabilities in a photon-count-
ing detector becomes the detection efficiency itself. In SNSPDs, the probability of detecting a
photon increases with increasing bias current, because the current serves to both assist and
amplify the detection process. As seen in Fig. 1(c), it is possible to produce SNSPDs with
an efficiency that saturates at higher bias currents, indicating that every photon absorbed in the
nanowire produces a detection event. When an SNSPD is biased in this efficiency plateau region,
drifts in current or temperature do not produce equivalent drifts in efficiency. It is worth noting
that other superconducting detectors, such as transition edge sensors (TESs) and microwave
kinetic inductance detectors (MKIDs), can also be operated as photon-counting detectors with
the added benefit of energy resolution.5,6 However, the recovery time after a detection event for
TESs and MKIDs is 2 to 4 orders of magnitude slower than is typical for SNSPDs. This reduced
count rate dynamic range will cause TESs and MKIDs to have difficulty keeping up with the
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Fig. 1 (a) False-color SEM of a single-pixel SNSPD designed to couple to light from a single-mode
fiber. SNSPDs are lithographically patterned from superconducting films with thicknesses on the
order of a few nanometers and widths from tens to hundreds of nanometers. The nanowire is
meandered to fill the desired pixel active area, and the nanowire layer can be embedded in
an optical stack to enhance optical absorption into the nanowire. (b) Equivalent circuit of an
SNSPD pixel. The SNSPD is treated as an inductor (LSNSPD) and a variable resistor (RSNSPD)
in series. Typical SNSPD inductances are on the order of 1 μH due to the high kinetic inductivity
in superconducting thin films. The nanowire is current-biased below its critical current and con-
nected in parallel to a readout circuit, typically with a 50-Ω input impedance. When a photon of
sufficient energy is absorbed in the nanowire, it forms a local resistive region or hotspot. Joule
heating from the current flowing through this region causes it to expand until the hotspot develops
a resistance on the order of RSNSPD ¼ 1 kΩ. As the nanowire resistance increases, current is
diverted into the readout on the time scale of the LSNSPD∕ðRSNSPD þ 50ΩÞ time constant
(∼1 ns). With the current diverted, the resistive region cools off and returns to its superconducting
state. Current returns to the nanowire with a time scale of LSNSPD∕50Ω ∼ 20 ns. (c) Typical detec-
tion efficiency versus bias current curve for an SNSPD. At sufficiently high bias currents, the effi-
ciency reaches a plateau, indicating that the internal detection efficiency has saturated and that
every absorbed photon produces a detection event. Measurements for a device at 1550 nm are
shown with black circles and the red curve is an error function fit to the data.
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High Efficiency
98% SDE @ 1550 nm

Low Dark Counts
~1e-5 cps

UV – Mid-IR Operation
Photon counting to 18 µm

Kilopixel Array Formats
32x32 “row-column” array 

High Time Resolution
2.7 ps FWHM 

High Event Rate
1.2 Gcps in 64-element array

Which metrics are important for dark matter searches? 
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Figure 4 | Wavelength dependence of the jitter. Jitter (a) and normalized PCR (b) as a function of 

bias current for the 120 nm-wide nanowire measured with wavelengths of light between 273 nm and 

1550 nm. We infer that the region where the jitter curves begin to overlap and saturate (above 17 µA for 

273 nm and 400 nm and above 24 µA for 600 nm) is dominated by instrumental sources rather than 

intrinsic jitter. The error bars represent the 95% confidence bounds of the IRF fit (see Methods). (c) IRF 

for a bias current of 33 µA with 400 nm light, measured with an oscilloscope capable of double the sample 

rate (80 Giga samples per second) compared to the results presented in (a). The greater number of samples 

per waveform improves the accuracy of the delay measurement (see Methods), resulting in an improved 

jitter of 2.7±0.2 ps (compared to 3.2±0.2 ps obtained with the 40 Giga samples per second oscilloscope). 

We observed an anomalous change in the delay histogram tail at low bias currents for the ultraviolet light, 

which was not captured by the fitting function (below 0.25 of the peak value), see Supplementary Note 3 

for details.  
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Broadband Reflector Experiment 
for Axion Detection (BREAD)
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Fig. 1. Sketch of the LAMPOST concept. The dark
photon dark matter field A0 converts to photons in a
layered dielectric target. These photons are focused by
a lens onto a small, low-noise SNSPD detector. The
beam emitted from the stack is approximately uniform
except for a small region in the middle where a mirror is
absent, not shown here.

21]; we use a stack of half-wavelength layers [22].
In such a structure, dark photon DM at the corre-
sponding frequency can convert coherently to pho-
tons: the photon acquires its energy from the dark
photon DM and its momentum from the lattice vec-
tor of the photonic crystal, thus alleviating the mo-
mentum mismatch between the non-relativistic DM
and the relativistic photon (see Fig. 1 for a sketch
of the setup). In particular, in a half-wave stack
[22], due to constructive interference between con-
verted photons from di↵erent layers, the conversion
rate increases as the square of number of layer peri-
ods N . If the half-wave frequency is matched to the
DM mass, then the converted power per unit area is
given by
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where ⇢DM ' 0.4GeV cm�3 is the local DM density,
n1,2 are the refractive indices of the alternating lay-
ers, and A is the area of the stack (Fig. 3 shows the
converted power as a function of DM mass for our
stack configuration).

Due to the small DM velocity, the converted pho-
tons are emitted within ⇠ 10�3 rad of the normal
vector to the layers. This allows them to be fo-
cused down to an area ⇠ 10�6 smaller than that
of the layers, permitting the use of small, highly
sensitive detectors [15, 16, 18]. Superconducting
nanowire single-photon detectors (SNSPDs) have
demonstrated, in separate experiments, ultralow
dark count rates (10�6 Hz) necessary to detect rare
signal events, active areas large enough to collect the
focused light (& 0.1mm2), near-unity detection ef-
ficiency, and sensitivity to photons from 0.1 eV to

10 eV [23–26]. These properties make SNSPDs well-
suited to the unique requirements of this project.

In this work, we present the first results from the
LAMPOST (Light A

0 Multilayer Periodic Optical
SNSPD Target) experiment with 180 hours of data
collection. Our simple and inexpensive prototype
constrains new dark photon DM parameter space at
masses ⇠ 0.7-0.8 eV (corresponding to photon wave-
lengths ⇠ 1550-1770 nm) with less than a week of
run time. The choice of the ⇠ 0.7-0.8 eV mass range
allows us to leverage o↵-the-shelf equipment and ro-
bust fabrication processes to simplify this proof-of-
concept experiment.

Experimental setup.—The dielectric stack, or tar-
get, generates the signal photons of interest. As dis-
cussed in [15], a useful configuration is a ‘half-wave’
stack, in which the stack’s layers have alternating
refractive indices n1, n2, n1, n2, . . . and thicknesses
d1, d2, d1, d2, . . . , with n1d1 = n2d2. The thicknesses
and indices are chosen for light at the signal wave-
length of interest to acquire ⇡ phase upon transmit-
ting through each layer. In such a material, dark
photon DM with frequency ! ' ⇡/nidi can convert
coherently to photons. We utilise alternating layers
of amorphous silicon and silica, deposited on top of
a ⇠ 0.525mm thick silica substrate which is polished
on both sides.

The dielectric stack is integrated and aligned with
several optomechanical elements and a 50 mm fo-
cal length plano-convex lens to focus the signal onto
the primary SNSPD. The structure is illustrated in
the right-hand panel of Fig. 2. A reference SNSPD,
nominally identical to the first, is placed on the same
PCB as the primary detector, but o↵set by 2 cm
so as to be completely out of the optical path of
the signal. This reference detector can serve to pro-
vide an estimate of the event rate for several poten-
tial sources of background counts, including cosmic
ray muons, Cherenkov photons generated in the lens
[27], or high energy particles excited by radioactive
decay events. The entire apparatus is contained in-
side a light-tight box.

To electrically and optically characterize the fab-
ricated SNSPDs, we designed an experimental setup
using a sorption-pump type He-3 cryostat. The halo-
scope containing the SNSPDs (the assembly in Fig.
2) was placed on a 300 mK cold stage, with ample
spacing from the innermost radiation shield. The
signal was amplified at the 4 K stage by a cryogenic
low-noise amplifier with a total gain of 56 dB and
then was sent to a pulse counter. A single mode
optical fiber delivered light from 1550 nm and 1700
nm CW lasers into the cryogenic apparatus though
a vacuum feedthrough.

An important consideration is whether the appa-
ratus is mechanically stable enough to preserve the

Light A’ Multilayer Periodic 
Optical SNSPD Target 

(LAMPOST)
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n-type GaAs (Si, B)

1.52 eV

Conduction Band

Valence Band

1.33 eV 930 nm photon 

Scintillators for Sub-GeV Dark Matter Searches
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Detection Concept

10

• Interactions probed
- Absorption – DM mass 𝑚! 𝑐" deposited
- Scattering – DM kinetic energy 𝑚! 𝑣" deposited

6

[14] Battaglerieri et al.  2017 doi.org/10.48550/arXiv.1707.04591

6

MeV – scale 

https://doi.org/10.48550/arXiv.1707.04591


Advantages of this Approach

• Commercially available 
• No afterglow
• Luminosities >100 photons/keV observed without anti-

reflective coatings at 10K

n-type GaAs Large-area SNSPDs

• Low intrinsic dark count rate 
• Near IR operation 
• Cryogenic operation

 8 

 
Table II. Scintillation properties of seven samples at 10K. 
Sample 
number 

Supplier Luminosity 
(photons/keV) 

Fraction 
@850 nm 

Fraction 
@930 nm 

13316 AXT 43 0.08 0.92 
13352 AXT 39 0.05 0.95 
13353 AXT 33 0.08 0.92 
13354 AXT 31.5 0.08 0.92 
13330 Freiberger 7 0.33 0.67 
13332 Freiberger 8.9 0.55 0.45 
13333 Freiberger 9.5 0.85 0.15 

 
C. Afterglow 

Figure 7 shows the scintillation intensity of sample #13330 at 10K in 2s time steps before, 
during, and after exposure to the 50 keVp X-ray beam. The beam shutter was manually opened 
from 300s to 900s. Since the closing of the X-ray shutter was not synchronized with the data 
acquisition, the point at 900 s could be an instrumental artifact. 

 
Figure 7. (a) Optical emission of sample 13316 at 10K before, during, and after exposure to a 50 keVp X-ray beam, 
measured in 2s time bins. (b) enlargement of emission around the time the beam was turned off.  

D. Thermally Stimulated Luminescence 
Figure 8(a) shows the thermally stimulated luminescence from sample #13330 and crystals of 

Na(Tl), NaI, and CsI of similar size. The crystals were first excited with a 50 keVp X-ray beam 
for 30 minutes at 10K and then the emissions were recorded as the temperature was increased to 
450 K over a period of 50 minutes. The emission peaks appear at temperatures characteristic of 
the trap depths of metastable excited states. If the temperature were held at 10 K after excitation, 
these same traps would slowly release to produce an afterglow background as the system returns 
to its ground state. A closer look at the GaAs emission curve Figure 8(b) shows that it is 
indistinguishable from the instrumental background. The apparent absence of 
thermoluminescence in n-type GaAs can be explained by the annihilation of metastable radiative 
states by the delocalized conduction band electrons. A search of the literature found only one 
paper describing thermally stimulated luminescence from a conductive semiconductor [32]. This 
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paper described thermoluminescence from an n-type ZnSe crystal using UV (365 nm) excitation. 
This was later explained as the absorption of the UV exciting radiation (attenuation length 10–4 
mm) by a layer of non-conductive surface defects [33]. 

 

 
Figure 8. (a) Thermally stimulated luminescence of GaAs sample #13330 and crystals of NaI(Tl), NaI, and CsI as a 
function of temperature after a 30-minute exposure to a 50 keVp X-ray beam at 10K. All crystals were similar in 
size. The vertical scale is the same for all samples. (b) comparison between the GaAs curve and the instrumental 
background with vertical scale enlarged 20x 

IV. CONCLUSIONS 
1) Electron excitations >1.44 eV can produce 1.33 eV photons. 
2) The most luminous GaAs sample studied (#13316) has an observed scintillation 

luminosity of 43 photons/keV, below the theoretical limit of about 200 photons/keV.  
3) Ionization from background radiation (e.g. muons and gamma rays) is not expected to 

cause afterglow, provided that the free carrier concentration is above the Mott transition, 
where even near 0 K conduction band electrons are not frozen out and can annihilate any 
metastable radiative states 

These measurements show that n-type GaAs is a promising cryogenic scintillator for DM 
particle detection in the MeV/c2 mass range in that it can be grown as large, high-quality crystals, 
has good scintillation luminosity, a threshold sensitivity at the 1.52 eV bandgap, and potentially 
no afterglow. However, more work is needed to optimize the doping concentrations, to reduce 
hole traps that compete with boron acceptors, and to develop anti-reflective coatings and 
cryogenic photodetectors. The n-type free carrier concentration must be high enough to 
efficiently combine with the boron acceptors and metastable radiative states but not so high as to 
introduce an unacceptable level of optical scattering and Auger quenching. 
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Large Active Area SNSPDs

• WSi (silicon rich)
• 1mm2 active area; 8 pixels 
• Wire width: 1µm (novel regime)
• Fill factor = 0.25
• Electron beam and Photolithography 

https://doi.org/10.1364/PRJ.4195148 [22] Luskin et al. 2022: Large active-area superconducting microwire detectors for sub-GeV dark matter searches; manuscript in preparation 

spectrometer designed to detect small changes in the spectrum of a star due to the absorption or
emission from the atmosphere of a transiting exoplanet at wavelengths from 2.8 to 20 μm. This
spectral range contains numerous molecular signatures, which could be indicative of life on an
exoplanet, including water, methane, ozone, carbon dioxide, and nitrous oxide. One of the key
challenges for the MISC transit spectrometer is the required 5-ppm pixel-to-pixel detector sta-
bility needed to detect the minute changes in the host star’s spectrum over the course of a transit.
A detector’s stability may be a function of the detecting element itself or of the detector’s elec-
tronic readout. For infrared detectors used on previous space telescopes, it appears that drifts in
the readout amplifiers limit the photometric stability to a few tens of parts per million.3,4 Further
improvement of these detectors is, therefore, necessary to reach the desired stability.

With a photon-counting detector such as a superconducting nanowire single-photon counter
[SNSPD—see Fig. 1(a)], the detector’s output signal is essentially digital [Fig. 1(b)] and is,
therefore, not affected by drifts in amplifier gain or voltage offsets that can lead to instabilities
in the readout of analog signals. Instead, the dominant source of instabilities in a photon-count-
ing detector becomes the detection efficiency itself. In SNSPDs, the probability of detecting a
photon increases with increasing bias current, because the current serves to both assist and
amplify the detection process. As seen in Fig. 1(c), it is possible to produce SNSPDs with
an efficiency that saturates at higher bias currents, indicating that every photon absorbed in the
nanowire produces a detection event. When an SNSPD is biased in this efficiency plateau region,
drifts in current or temperature do not produce equivalent drifts in efficiency. It is worth noting
that other superconducting detectors, such as transition edge sensors (TESs) and microwave
kinetic inductance detectors (MKIDs), can also be operated as photon-counting detectors with
the added benefit of energy resolution.5,6 However, the recovery time after a detection event for
TESs and MKIDs is 2 to 4 orders of magnitude slower than is typical for SNSPDs. This reduced
count rate dynamic range will cause TESs and MKIDs to have difficulty keeping up with the
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Fig. 1 (a) False-color SEM of a single-pixel SNSPD designed to couple to light from a single-mode
fiber. SNSPDs are lithographically patterned from superconducting films with thicknesses on the
order of a few nanometers and widths from tens to hundreds of nanometers. The nanowire is
meandered to fill the desired pixel active area, and the nanowire layer can be embedded in
an optical stack to enhance optical absorption into the nanowire. (b) Equivalent circuit of an
SNSPD pixel. The SNSPD is treated as an inductor (LSNSPD) and a variable resistor (RSNSPD)
in series. Typical SNSPD inductances are on the order of 1 μH due to the high kinetic inductivity
in superconducting thin films. The nanowire is current-biased below its critical current and con-
nected in parallel to a readout circuit, typically with a 50-Ω input impedance. When a photon of
sufficient energy is absorbed in the nanowire, it forms a local resistive region or hotspot. Joule
heating from the current flowing through this region causes it to expand until the hotspot develops
a resistance on the order of RSNSPD ¼ 1 kΩ. As the nanowire resistance increases, current is
diverted into the readout on the time scale of the LSNSPD∕ðRSNSPD þ 50ΩÞ time constant
(∼1 ns). With the current diverted, the resistive region cools off and returns to its superconducting
state. Current returns to the nanowire with a time scale of LSNSPD∕50Ω ∼ 20 ns. (c) Typical detec-
tion efficiency versus bias current curve for an SNSPD. At sufficiently high bias currents, the effi-
ciency reaches a plateau, indicating that the internal detection efficiency has saturated and that
every absorbed photon produces a detection event. Measurements for a device at 1550 nm are
shown with black circles and the red curve is an error function fit to the data.

Wollman et al.: Recent advances in superconducting nanowire single-photon detector technology. . .

J. Astron. Telesc. Instrum. Syst. 011004-2 Jan–Mar 2021 • Vol. 7(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Astronomical-Telescopes,-Instruments,-and-Systems on 12 Mar 2022
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
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Photoresponse and Dark Count Rate

ü Single photon sensitivity in all pixels
ü Saturated internal detection efficiency in 6/8 

Dark count rate: 10-2 cps

9 [22] Luskin et al. 2022: Large active-area superconducting microwire detectors for sub-GeV dark matter searches; manuscript in preparation 

800 mK
λ = 1064 nm



active area

14

Proof-of-Concept System 

1mm
5 mm

1 mm2 SNSPD array 5 x 5 x 0.625 mm3 n-type GaAs 

Target mass: 83 mg

10



SNSPDGaAs

775 nm SNSPD active area

Optical Excitation Experiments

11

• Excite n-type GaAs with pulsed 660nm laser
• Detect scintillation photons with SNSPD using 

time tagger  
• Timescale measurements 
• Calibrated light yield measurements: 

- in progress 
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Optical Characterization: Timescale Measurement

SNSPDGaAs

775 nm SNSPD active area

SNSPDGaAs

775 nm SNSPD active area

AWG

CW Laser
IM

768 nm

AWG

SNSPDGaAs

775 nm SNSPD active area

AWG

CW Laser
IM

768 nm

Laser

660 nm

Time Tagger

SNSPD output

• Optical excitation w/ pulsed 
660 nm laser

• Rep. rate 10 kHz, ns width
• Histogram time delay between 

laser pulse and SNSPD pulse 
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Optical Characterization: Timescale Measurement

• Optical excitation w/ pulsed 
660 nm laser

• Rep. rate 10 kHz, ns width

SNSPDGaAs

775 nm SNSPD active area

SNSPDGaAs

775 nm SNSPD active area

AWG

CW Laser
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SNSPDGaAs

775 nm SNSPD active area

AWG

CW Laser
IM

768 nm
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660 nm

Time Tagger

SNSPD output



SNSPDGaAs

775 nm SNSPD active area

Optical Excitation Experiments

13

• Excite n-type GaAs with pulsed 660nm laser
• Detect scintillation photons with SNSPD using 

time tagger  
• Timescale measurements 
• Calibrated light yield measurements: 

upcoming  



SNSPDGaAs

775 nm SNSPD active area

Co-57
122 keV

HPGe
Linear stage

source

• Light yield measurement
• Instead of X photons out per 660nm photon in 
• X photons out per keV in 

• Digitizer readout 

Energy-tagged X-ray Excitation: Next Steps

14



Scaling the experiment 

20
https://arxiv.org/pdf/1905.06880.pdf

15

Enabling Developments
• Optical lithography 
• Multiplexing techniques 

How to efficiently fabricate this many large pixels?
How to scalably readout this many pixels?

§ 1g target mass
GaAs thickness: 0.5 cm
SNSPD pixel size: 1mm2

§ 1 kg target mass
GaAs thickness: 10 cm
SNSPD module-size 1cm2

(100 pixels/module)

§ 10 kg target mass
GaAs thickness: 10 cm
SNSPD module-size of 2cm2

(100 pixels/module)

doable now

1900 pixels 

4700 pixels 

à approx. 38 SNSPD pixels needed

à approx. 19 modules

à approx. 47 modules
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Scaling SNSPD Active Areas

1116

• New 100 pixel arrays 

• 1µm-width WSi wires 

• Active area: 1.05 cm2

• Test yield 

1mm

Lk proportional to (length/width) of device 



TCI Multiplexing: Path to cm2 Active Area

1117 [27] McCaughan et al. 2022 doi.org/10.48550/arXiv.2112.04705

Thermal Coupled Imager (TCI)

• Combination of time-of-flight delay lines and thermal couplers

• Demonstrated on 32 x 32 array with 1µm-wide WSi wires

Next step: TCI version of cm2 array 

https://doi.org/10.48550/arXiv.2112.04705
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Increasing Efficiency: Optical Stack Design

18 [5] J. Allmaras (2020) Modeling and Development of Superconducting Nanowire Single-Photon Detectors. Dissertation (Ph.D.), 
California Institute of Technology. resolver.caltech.edu/CaltechTHESIS:05312020-201105584

• Designing with rigorous coupled-wave analysis 
(RCWA)

• Goal: maximize absorption of 930nm in nanowire
- No stack: ~5% efficiency for FF 0.25
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Summary

19

• n-type GaAs as a cryogenic scintillator + SNSPDs as a novel sub-GeV DM 
experiment
§ Optical characterization
§ Scaling from proof-of-concept stage to robust experiment 

• Applications in low mass dark matter detection are driving the SNSPD 
development 
§ Reaching larger active areas 
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