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Uncovering the nature of dark matter is one of the most important goals of particle physics. Light
bosonic particles, such as the dark photon, are well-motivated candidates: they are generally long-
lived, weakly-interacting, and naturally produced in the early universe. In this work, we report on
LAMPOST (Light A" Multilayer Periodic Optical SNSPD Target), a proof-of-concept experiment
searching for dark photon dark matter in the ~ eV mass range, via coherent absorption in a multi-
layer dielectric haloscope. Using a superconducting nanowire single-photon detector (SNSPD), we
achieve efficient photon detection with a dark count rate (DCR) of ~ 6 x 107° counts/s. The
observed count rate in our detector differed insignificantly from a reference SNSPD, enabling our
prototype experiment to set new limits for the dark photon dark matter kinetic mixing parameter
e < 107*? and find no evidence for dark photon dark matter over a mass range of ~ 0.7-0.8 eV
(photon wavelength ~ 1550-1770 nm). This performance demonstrates that, with feasible upgrades,
our architecture could probe significant new parameter space for dark photon and axion dark matter

in the meV to 10 eV mass range.

I. Introduction

Dark matter (DM), a form of non-relativistic mat-
ter that amounts to ~ 25% of the energy budget of
the universe, is by now the conservative explanation
for a wealth of astrophysical and cosmological data
that cannot be accommodated within the Standard
Model (SM) of particle physics [1, 2]. However, all
of our evidence for DM is via its gravitational inter-
actions on large scales, which is compatible with a
very wide range of microphysical models.

Light, weakly-coupled new bosons are a well-
motivated class of DM candidates [3-6]. Light
scalar, pseudoscalar, and vector particles arise in
many SM extensions and are generally weakly cou-
pled, long-lived, and difficult to detect [7—13]. These
bosonic DM candidates are also automatically pro-
duced in the early universe assuming a period of cos-
mic inflation [5, 6]. For vector DM, the abundance
today depends on the inflationary Hubble scale [6],
and can yield the measured DM abundance for DM
masses > 5 x 1075 eV given current constraints on
the inflationary scale [14]. The detection of a vector
DM particle at the eV scale would point to a Hubble
scale of 5 x 10'? GeV, otherwise unreachable in any
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laboratory experiment or astrophysical observation.
The simplest and least-constrained vector DM

model is the dark photon, characterized by the ‘ki-

netic mixing’ interaction with the photon [15],
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where F),, and F, ;W are the field strengths of the
photon and the dark photon, respectively, and A’ is
the dark photon field. The dark photon mass m 4/
and kinetic mixing parameter ¢ < 1 define the DM
parameter space.

Similarly to a photon, the leading interaction be-
tween dark photon DM and a detector is the absorp-
tion of the DM particle [16, 17]. The entire rest mass
energy ma/c? can be captured, in contrast to scat-
tering, which deposits at most the kinetic energy
mav? in direct detection experiments [18] (where
v ~ 1073¢ is the galactic DM velocity and c is the
speed of light). This motivates new experimental
schemes for detection of light bosonic DM. In this
work, we focus on the efficient conversion of dark
photon DM to near-IR photons.

To convert a non-relativistic dark photon into a
relativistic photon of the same frequency, the target
must compensate for the mismatch in momentum.
This can be achieved using a stack of dielectric layers



Figure 1. Sketch of the LAMPOST concept. The dark
photon dark matter field A’ converts to photons in a
layered dielectric target. These photons are focused by
a lens onto a small, low-noise SNSPD detector.

with different indices of refraction, whose thicknesses
are on the scale of the photon’s wavelength [16, 19—
22]. In such a structure, dark photon DM at the
corresponding frequency can convert coherently to
photons, with the conversion rate increasing as the
number of layers squared (see Fig. 1 for the detector
concept).

Due to the small DM velocity, the converted pho-
tons are emitted within ~ 1073 rad of the nor-
mal vector to the layers. This allows them to
be focused down to an area ~ 1075 smaller than
that of the layers, permitting the use of small,
highly sensitive detectors [16, 17, 19]. Supercon-
ducting nanowire single-photon detectors (SNSPDs)
have demonstrated, in separate experiments, ul-
tralow dark count rates necessary to detect rare sig-
nal events (1076 Hz), active areas large enough to
collect the focused light (> 0.1 mm?), near-unity de-
tection efficiency, and sensitivity to photons in the
wide energy range of 0.1 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’ Multilayer Periodic Optical
SNSPD Target) experiment with 180 hours of data
collection. We describe the construction and char-
acterization of the multi-layer dielectric haloscope
target and the SNSPD detector. Our simple and
inexpensive prototype constrains new dark photon
DM parameter space at masses ~ 0.7-0.8 eV (cor-
responding to photon wavelengths ~ 1550-1770 nm)
with less than a week of run time. We outline po-
tential improvements to further increase the exper-
imental reach and allow this architecture to probe
significant new parameter space in the near future.
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Figure 2. The LAMPOST prototype haloscope appa-
ratus. (a) Exploded view with element details. Inset:
assembled view. b) Schematic cross-sectional and top-
views of the dielectric stack target responsible for DM-
signal photon conversion, with designed values of differ-
ent dimensions, g: Aperture diameter, 10 mm; d: Wafer
diameter, 52 mm; t;: Substrate thickness, 525 pm; t44:
Amorphous silicon layer thickness, ~292 nm; ¢5: SiOs
layer thickness, ~548 nm. See Supplementary Materials
for details of the film characterization.
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II. Experimental setup

The dielectric stack, or target, generates the sig-
nal photons of interest. As discussed in [16], a
useful configuration is a ‘half-wave’ stack, in which
the stack’s layers have alternating refractive indices
ni,MNo,N1,No,... and thicknesses di,ds,di,dso,.. .,
with nid; = naody. The thicknesses and indices are
chosen for light at the signal wavelength of interest
to acquire 7 phase upon transmitting through each
layer. In such a material, dark photon DM with fre-
quency w ~ n;d;/m can convert coherently to pho-
tons, with conversion rate scaling as the square of
the number of layers (for stacks thinner than the
DM coherence length). We utilise alternating layers
of amorphous silicon and silica, deposited on top of
a ~ 0.5 mm thick silica substrate.

The dielectric stack is integrated and aligned with
several optomechanical elements and a lens (focal
length of 50 mm) to focus the signal onto the pri-
mary SNSPD. The structure is illustrated in the
right-hand panel of Fig. 2. A reference SNSPD,
nominally identical to the first, is placed nearby to
provide a background count rate estimate, since no
signal photons impinge on the reference detector.
The entire apparatus is contained inside a light-tight
box. During data collection, counts from the pri-
mary and reference SNSPD are compared: a DM
signal would correspond to an excess of counts in
the primary SNSPD, as compared to the reference.
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Figure 3. Calculated time-averaged power P absorbed
from dark photon DM with mass m 4, by the layered tar-
get, normalised to the power Py absorbed by a uniform
mirror. The thin purple curve shows the power absorbed
by a target with parameters given by their respective
measured central values, while the magenta curve shows
the minimum power obtained by varying the parame-
ters within measurement uncertainties (see Methods).
The substrate thickness is assumed to physically vary
by 2 10 um over the target area; this accounts for the
magenta curve sometimes falling above the purple curve
of constant substrate thickness.

The calculated converted power P per unit tar-
get area A, as a function of dark photon mass, is
shown in Fig. 3. This power is normalised to the
time-averaged power converted by a simple mirrored
surface, Py/A = %€2PDM7 where ppy is the local DM
energy density. Our layered target enhances the con-
version rate by up to a factor ~ 30 times that of a
mirror target [27-29], even taking into account mea-
surement uncertainties. See Methods for more de-
tails.

After assembling the dielectric stack and the
SNSPD as in Fig. 2, we combine simulated and
experimentally measured factors to obtain a well-
bounded number for the system detection efficiency
(SDE), which captures all known sources of loss from
the point of signal photon generation in the stack to
the generation of photon count events in the SNSPD.
Overall, we achieve a lower bound for the SDE of
0.32% in our system. The loss is dominated by the
optical collection efficiency (OCE) of 2.1%; this fac-
tor considers the fraction of photons impinging on
the detector after exiting the stack. See Methods
for further details and discussion.
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Figure 4. LAMPOST constraints on dark photon DM
with mass m4/ and kinetic mixing e. The magenta
shaded region shows the 90% limit set by our experiment.
The dashed curve shows the 90% limit obtained without
background subtraction. The thin purple curve corre-
sponds to the reach of an equivalent experiment with an
improved SDE of 90%. Existing limits on dark photon
DM from the FUNK [29], SENSEI [30] and Xenon10 [31]
experiments and from the non-detection of Solar dark
photons by XenonlT [32] are shown in gray.

III. Results

Over a 180 hour exposure, the reference SNSPD reg-
istered 5 counts, while the primary SNSPD regis-
tered 4 counts. This is clearly compatible with simi-
lar noise rates and no DM signal in the haloscope de-
tector. As discussed in the Supplementary Material,
we set a 90% confidence limit on the kinetic mixing
€, corresponding to the value that would give 5 ex-
pected signal events in 180 hours. Figure 4 shows
this limit, derived by minimising over measurement
uncertainties as described in Section V, compared
to existing bounds [32]. We assume a local DM
density of 0.4 GeV cm ™2, with a standard truncated
Maxwell-Boltzmann velocity distribution [33].

We expect the responses of the reference and pri-
mary SNSPDs to be similar (see Supplementary Fig.
12); however, this is not guaranteed as fabrication
defects could lead to different noise rates. To be
maximally conservative, we can ask what signal rates
would be incompatible with 4 counts in the primary
detector, even assuming that all of these were DM
events. At the 90% confidence level, this corresponds
to > 8 expected signal events. This limit is shown
as the dashed curve in Fig. 4, showing that even
without background subtraction, we constrain simi-
lar parameter space.



Fig. 4 shows that our prototype detector con-
strains previously unexplored DM parameter space
in the mass range 0.7—0.8eV. This is achieved with
only 5 target layer pairs, relatively low SDE, and
measurement uncertainties.

IV. Discussion

There are several clear directions toward extending
the experimental reach beyond the prototype. The
first is improving the OCE from its current value of
2.1%, which suffers from a combination of optical
aberrations and reflective losses. Considering the
trade-offs, we selected a system design that would
provide sufficient signal over a reasonable timeframe
while minimizing the risk of undetected misalign-
ment from tilt or thermo-mechanical shifts. In the
future, spherical aberration and total internal reflec-
tion losses could be mitigated with a longer-focal
length lens, reaching 93% OCE (see Supplemen-
tary Fig. 8(g)). However, the entire system would
be proportionately more susceptible to tilt between
the alignment beam and the DM-scattered signal
photons, and likely much less mechanically stable.
Achieving a 90% overall SDE (which combines sev-
eral factors including OCE) would increase the reach
of an otherwise equivalent experiment about an or-
der of magnitude in coupling, as illustrated in Fig. 4.

Further improvement can be achieved from back-
ground characterization and mitigation. We do not
know the source of the observed counts, but for each
of the plausible causes, there are mitigation strate-
gies. One possibility is that dark counts arise from
intrinsic SNSPD noise processes. When biased close
to the switching current, statistical fluctuations in
the DC bias current of an SNSPD can seed hotspots
near defective or constricted sites along the nanowire
length. Recently, it has been demonstrated that
SNSPDs with appropriately designed double-ended
readouts can be used to spatially resolve dark count
sites along the nanowire, suggesting the possibility of
vetoing some fraction of false detection events [34].

False counts may also originate from background
energy depositions. A simple example is cosmic
muons passing through the detector and depositing
energy in a way that mimics a photon. Charged
particles from radioactive processes may have simi-
lar effects. Secondary photons generated by charged
particles — for example, Cherenkov photons gener-
ated in the lens [35] — are another possibility. We
estimate that all of these processes are plausible con-
tributors to the observed dark count rate, and fur-
ther studies are required to determine which are sig-
nificant. Possible mitigation strategies include op-
erating underground to reduce the cosmic-ray flux,
using more radioactively quiet materials, and using
charged particle veto detectors.

Extending the reach to DM masses as heavy as
several eV can be achieved by using thin layers of
wider-bandgap, high-index materials such as ZnSe
or TiOs in the dielectric target; SNSPDs with sen-
sitivity to shorter-wavelength photons have already
been demonstrated [26]. At frequencies above the
bandgap of semiconductor materials, proposed semi-
conductor detectors such as SENSEI [30, 36, 37],
DAMIC [38, 39], and SuperCDMS [40] may be bet-
ter suited due to their large target volumes.

Turning to lighter DM masses, SNSPDs have
demonstrated sensitivity to photon energies as low
as ~ 0.1eV (A ~ 10 pm) [25, 41]. Consequently, sen-
sitivity to significantly lighter DM can be achieved
using thicker dielectric layers. Since alternative
schemes using bulk material excitations may be dif-
ficult to realize in the ~ 100 meV-few eV mass range
(between the energy ranges of optical phonons [42]
and electronic semiconductor excitations), dielectric
haloscopes are well-suited to explore this DM mass
range.

By placing the dielectric layers in a magnetic field,
axion [43-45] DM with a coupling to photons [46]
could also be absorbed, allowing a haloscope to
probe axion masses well above the traditional mi-
crowave range [16]. If good SNSPD performance in a
large magnetic field is achieved (as has been demon-
strated in some cases [47, 48]), almost the same ex-
perimental setup could be used. If, on the other
hand, the SNSPD needs to be in a low-magnetic-
field region, an optical configuration that guides the
signal photons out of the magnetic field could be
implemented using optical fibers.

V. Conclusions

The LAMPOST prototype places the first con-
straints on dark matter using optical haloscopes, ex-
ceeding current constraints in the 0.7 — 0.8 eV mass
range by up to a factor of 3 in dark photon cou-
pling. At the same time, the prototype demonstrates
technologies and techniques that will enable searches
over even larger volumes of parameter space. Opti-
mizing the optical collection and detection efficiency
of the setup can improve the coupling limits by more
than an order of magnitude. Larger volumes of
layered dielectric targets, longer integration times,
parallel operation of complementary frequency halo-
scopes, and background characterization and vetoes
are all concrete avenues toward a rapid exploration
of large regions of dark photon dark matter parame-
ter space. Integration with a large background mag-
netic field will enable the search for axion dark mat-
ter in the eV mass range.



Methods
Construction of the apparatus

The haloscope “core” comprises an aluminum 50 mm
optical cage mount, the dielectric stack wafer, and
a plano-convex focusing lens epoxied together, with
a reflective collimator threaded onto the backside.
The core is mounted to Invar posts to minimize
thermal contraction, and the posts are mounted to
an aluminum baseplate which houses the SNSPD’s
PCB. The entire haloscope is mounted and housed
in a light-tight aluminum enclosure to minimize
stray light entering the cryostat through various
feedthroughs at higher temperature stages.

The detector is permanently mounted at the three
dimensional location of best focus considering the
position and orientation of the dielectric stack and
the lens. This location is determined by propagating
a 635 nm laser from the reflective collimator all the
way to the detector. The gold reflector is omitted
from an aperture of width g = 10 mm in the dielec-
tric stack wafer, allowing the laser to pass through.
This allows it to simulate the propagation vector of
the DM signal photons. The SNSPD is translated
within the plane of the baseplate, and the haloscope
core is moved along the focal axis until the align-
ment beam is visibly focused and centered on the
detector area, as viewed through an off-axis micro-
scope and camera setup. Next, the haloscope core
is moved closer to the detector by a pre-calculated
amount that compensates differences in source prop-
erties (wavelength, beam size, beam shape) between
the alignment beam and DM signal photons. Fi-
nally, the SNSPD is fixed in place with UV-cured
€pOxy.

Detector characterization

To electrically and optically characterize the fabri-
cated SNSPDs, we designed an experimental setup
using a sorption-pump type He-3 cryostat. The halo-
scope containing the SNSPDs was placed on a 300
mK cold stage. 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 ap-
paratus though a vacuum feedthrough.

An important consideration is whether the appa-
ratus is mechanically stable enough to preserve the
intended alignment during the cooldown. A mock
haloscope was constructed to independently test this
(which used the same SNSPD and PCB). We can de-
tect a misalignment by comparing the experimental
and theoretical DE of the SNSPD; a large discrep-
ancy would suggest substantial misalignment. First,

we placed a conventional, large-area optical power
meter directly above the SNSPD at room tempera-
ture and recorded the optical power at a fixed laser
power output at 1550 nm. Next, we removed the
power meter, cooled the system to 300 mK, and
recorded the photon count rate on the SNSPD for
the same laser output power (but with a fixed and
known optical attenuation added to the signal path
to avoid saturating the SNSPD). A DE of 28.3+
0.5% was observed for the case of light polarized
along the length of the wire (parallel) and 12.1+
0.5% for the perpendicular polarization. A paddle-
type polarization controller was used to shift the
state as needed. We simulated the theoretical DE
of our detector to be 33.6% for the parallel polariza-
tion case and 10.6% for the perpendicular case (see
Supplement for details). We note that the exper-
imental parallel DE of 28.3+ 0.5% could be 1.117
times higher, or 31.6%, if the SNSPD were operated
at a higher bias current (this is necessary to facil-
itate direct comparison to the simulations, where
the internal detection efficiency is assumed to be
unity). Comparing the experimental DE of 31.6%
(after compensating for incomplete saturation of the
internal detection efficiency) to the simulated DE of
33.6% for the parallel polarization case, the mag-
nitude differs only by a factor of 0.94. The dis-
crepancy may be explained by small temporal vari-
ations in laser source power, variable scattering loss
at fiber connectors at different temperatures, incom-
plete polarization state purity, and an acceptable
amount of misalignment in the beam. The larger-
than-expected perpendicular polarization DE and
smaller-than-expected parallel DE would be consis-
tent with a slightly impure polarization state during
the measurement. We note that the targeting beam
changed position by 100 pm in both the lateral di-
rections upon warming up after this mock haloscope
test, which was consistent with the behavior of the
main haloscope during the actual experiment.

Data collection

Separately, the main haloscope was assembled and
tested briefly prior to the data collection. A brief
optical measurement at cryogenic temperatures was
conducted (without control over polarization), giv-
ing a reasonable DE of 19.3% which is between
the nominal parallel and perpendicular DE values.
Next, the system was warmed to room tempera-
ture, and the optical fiber was disconnected to pre-
vent blackbody radiation-induced counts impinging
on the detector. After cooling down again, we be-
gan recording counts on the main detector over sev-
eral cycles of the cryostat. At several points, the
haloscope was removed from the system, and the
optical alignment was inspected to ensure no signif-



icant drift had occurred. A drift of about 100 pm in
each axis was observed, consistent with the detailed
alignment test conducted separately. We collected
count data for both the main and reference SNSPDs
over a total time of 180 hours at the 300 mK base
temperature.

System detection efficiency calculation

The system detection efficiency (SDE) can be ex-
pressed as

SDE = OCE-T- DE. (2)

The optical collection efficiency (OCE) is derived
from ray-tracing simulations of the optical system
that incorporate the experimentally observed de-
tector misalignment and realistic properties of the
alignment beam. The simulations show that 2.1% of
signal photons generated in the stack impinge on the
SNSPD in the worst-case misalignment. The trans-
mission coefficient T' = 88% captures a small optical
loss incurred by defects in the dielectric stack. Fi-
nally, the detection efficiency DE of the SNSPD is
the probability of generating a detection event for
one photon incident on the detector’s footprint; the
value is estimated to be 17.5% based on a calibrated
measurement of the DE at 1550 nm, which is av-
eraged for both polarization states, followed by an
adjustment for 1700 nm photons (the detector is
roughly 10% less sensitive at 1700 nm). Overall,
we achieve an SDE of 0.32% in our system. More
details on calculations and methods can be found in
Supplementary Materials.

The OCE constitutes the largest source of loss
in our system, and is limited by several factors.
First, there is an uncertainty of 100 yum in the lat-
eral position of the detector relative to the align-
ment beam position (observed to vary between
cooldowns). Next, the alignment beam does not fill
the whole diameter of the focusing lens, which re-
sults in a longer Rayleigh length for the beam, mak-
ing it more difficult to determine the precise location
of best focus. Additionally, the lens has considerable

spherical aberration, producing a circle of confusion
and a significant reduction in power collected by the
detector at any particular choice of focal distance.
Total internal reflection due to the steep interface of
the lens at the outer radius also adds loss.

Conversion rate calculation

There are several measurement uncertainties on the
properties of the target, such as the layer thicknesses
(discussed in Supplementary Materials). To set con-
servative limits, we calculate the minimum signal
power that is compatible with the possible range of
target properties.

This procedure has a non-negligible effect, since
the large substrate thickness 5 ~ 525+ 10 pm intro-
duces an oscillatory spectral dependence in the sig-
nal power. The time-averaged DM absorption rate
per unit area, as a function of dark photon mass, is
shown in Fig. 3. The blue curve shows the signal
power for a target with the measured central value
thicknesses and properties. Small variations in tar-
get properties can shift the etalon thickness by more
than a period, introducing uncertainty in the signal
power at a given mass. Analogously, physical varia-
tion in e.g. the substrate thickness over the disk re-
sults in a disk-averaged conversion power that is av-
eraged over shifted curves. Taking both of these ef-
fects into account gives the magenta curve in Fig. 3.

This curve illustrates that our layered target en-
hances the conversion rate by up to a factor ~ 30
times that of a mirror target [27-29], even taking
into account measurement uncertainties. Compared
to dark photon absorption in the SNSPD itself, as
considered in [23], the much larger area and multiple
layers of the dielectric target produce a signal rate
from stack-converted photons that is at least ~ 103
times greater (at its optimum frequencies), despite
the small SDE.

Data Availability

All data used in this paper are available from the
corresponding author upon reasonable request.
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Supplementary Materials

A. Dielectric stack fabrication and
characterization

The dielectric stack, which is responsible for reso-
nant conversion of DM particles to signal photons,
was fabricated at NIST Boulder. The starting sub-
strate was a fused silica wafer 52 mm in diameter,
which was mounted with wax to a 150 mm-diameter
carrier wafer at the position of best uniformity previ-
ously recorded for the deposition system to be used.
Prior to film coating, it was plasma-cleaned in oxy-
gen. The dielectric stack was deposited with al-
ternating films of hydrogenated amorphous silicon
(a-Si) and silicon dioxide (SiOg) deposited at 40°C
with inductively-coupled plasma chemical vapor de-
position (ICP-CVD). Based on measured deposition
rates and prism-coupled refractive index measure-
ments, the stack was designed to consist of 5 pairs
of 292 nm a-Si and 548 nm SiOs. A gold reflector
with a 5 nm Ti adhesion layer was deposited on top
of the last SiO5 layer with electron beam evapora-
tion.

Figure 5. STEM and SEM images of the fabricated
stack. (a) Top-view showing numerous small pits oc-
cupying a small portion of the surface area. (b) Image
of the entire stack, showing one pitted area extending
through several layers. (c¢) High-magnification TEM im-
age of one amorphous silicon layer.

Fig. 5 shows several images acquired through scan-
ning transmission electron microscopy (STEM) and
scanning electron microscopy (SEM) of one sample
of the fabricated stack. Fig. 5(a) is a top-view
image showing the presence of numerous small (0.1
pum? area) pits present on the sample. These do not
typically extend down to the bottom layer (as seen
in 5(b)), but nevertheless we assume that no signal
is generated from the area of the stack intersecting
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Figure 6. (a) Assembled haloscope core with fiber col-
limator. Inset: backside of dielectric stack prior to core
assembly. (b) A haloscope enclosure mounted on the 300
mK stage of cryostat. (¢) View of light-tight enclosure.

with any blisters, resulting in a stack transmission
coefficient of 0.88 (or 12% loss) which factors into
the final SDE calculation. Small interface effects
were also observed between layers, which may be a
consequence of sputtering damage or interdiffusion
during the early stages of each layer’s deposition.
The precise layer thicknesses were determined
with variable-angle spectroscopic ellipsometry over
a wavelength range from 200 - 1700 nm. The re-
fractive index of each type of film (such as a-Si or
SiO2) was fitted over all measured data but assumed
to be constant for all layers. Layer thicknesses were
left uncoupled to allow for interlayer thickness vari-
ability. Experimentally, we observed actual thick-
nesses of 590 nm, 591 nm, 593 nm, 591 nm, and 595
nm for the SiOq layers (starting at the gold reflec-
tor and moving toward the substrate), and 289 nm,
282 nm, 286 nm, 280 nm, and 288 nm for the a-Si
layers in the same order. Considering two samples
from different areas on the wafer, a variability of
< + 0.2% was observed, which has a negligible ef-
fect on the stack’s behavior. The overall bias toward
thicker-than-intended SiOs layers may have resulted
from different deposition behavior for the fused sil-
ica wafer which was wax-mounted to a silicon car-
rier wafer. The near-infrared refractive index of the
a-Si layer was determined to be 2.64, and the refrac-



tive index of the SiOs layer was 1.48. Both indices
are constant over the mirror’s response range. The
imaginary components of the refractive indices were
previously measured to be < 10™* in the wavelength
range of interest to this experiment, making them
negligible for the optical performance of the stack.

B. Optical simulations

The OCE calculation heavily influences the sensitiv-
ity of LAMPOST through its effect on the SDE. In
this section, we will explain in greater detail the cal-
culations and methodology involved in arriving at
the final numbers for the OCE. We chose to analyze
the optical system with non-sequential ray tracing,
which efficiently captures the effects of many aberra-
tions and misalignment effects present in the physi-
cal system.

In particular, it is useful to understand the rela-
tionship between the alignment beam (to point the
dielectric stack at the detector) and the DM signal
that would hypothetically be produced inside the
stack. The aperture in the stack gives an annulus
source shape for the DM signal and a circular beam
profile for the alignment beam. Because of spheri-
cal aberrations and chromatic focal shift, these two
beams do not share the same focal distance. In the
laboratory setting, the alignment beam can be ob-
served to pass through a focus on the plane of the
detector by moving the haloscope core (lens, stack,
collimator). If we replicate the system parameters
(lens shape, source properties such as profile, wave-
length, etc) in a ray tracing model, we can also ob-
tain an equivalent position of best focus, shown in
Fig. 7(a) as Zzuign- It need not be in exactly the
same position as the experimentally observed focal
distance. Next, in the ray tracing model, we change
the source properties to mimic the expected DM sig-
nal, which is an annulus with a beam diameter of
d = 52 mm and a circular stop the same diameter
as the aperture ¢ = 10 mm, emitting at 1550 nm
(Fig. 7(b)). The new position of best focus for the
DM signal is found at a displacement of dzyignal, or
-1 mm (negative values being closer to the detector
plane) in our case. The effect of thermal contraction
in the invar cage rods supporting the haloscope core
was also included in this number. Knowing dzsignai
we can use it during the experiment by first locat-
ing the visible focus for the 635 nm alignment beam,
then moving the haloscope core closer to the detec-
tor by 1 mm. Note that the signal sources were
simulated with zero intial beam divergence (in con-
trast to the 103 rad angular opening expected for a
DM-converted signal photon) since aberrations and
misalignment always produced larger simulated spot
sizes than if it were limited by this factor.

Next, ray tracing is used to calculate the esti-
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Figure 7. Optical system used in ray-tracing and align-
ment planning. (a) Propagation of the red alignment
beam through the aperture, resulting in a position of
best focus z,ign for the detector during the initial align-
ment. (b) Effective behavior of the DM signal photon
source as an annulus with a modified position of best
focus ( zalign — dzsignal)-

mated OCE for the system when it is aligned at
this position, for the peak signal wavelength of 1700
nm (note this differs from the expected wavelength
of 1550 nm due to larger-than-intended layer thick-
nesses). We identified two sources of misalignment
that are sufficiently large to consider in this esti-
mation, which are defocus (deviation from the best
focal length in the z axis) and unwanted detector
translation along the zy plane away from the calcu-
lated DM signal spot position. We estimate a de-
focusing error of & 2 mm in our experiment. The
translation error constitutes a fixed and known mis-
alignment contribution as well as a systematic uncer-
tainty. The fixed misalignment itself comes from (i)
off-axis tilt in the reflective collimator, causing the
alignment beam position to differ from the DM sig-
nal position by a small amount, and (ii) an initial er-
ror in the detector position when it was glued down,
due to shifting during the curing of the epoxy used to
fix it in place. Both these values were summed and
used in the ray tracing simulations shown in Fig. 8
as a starting location for the DM signal beam’s po-
sition relative to the detector. We noted that the
alignment beam’s position in the plane of the de-
tector was observed to vary by + 100 pm when in-
spected between cooldown cycles. As there is no rea-
son for this error to vary during data collection once
the apparatus has cooled to ~300 mK, and since we
cannot inspect the alignment beam’s position when



dz=2mm
dx =0 mm
400 pm dy=0mm

OCE = 4.0%

dz=-2mm
dx=01mm
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Figure 8. (a-f) Non-sequential ray tracing results for
various misalignment configurations, showing ray inter-
cepts at the plane of the detector. Fifty-thousand rays
were used for ray-tracing. The detector’s active area
is indicated by the white boxes. Coloration represents
incoherent intensity on the plane of the detector deter-
mined by ray intercepts. Inset: coordinate system used
for displacements. (g) Ray tracing of the improved opti-
cal design using a longer focal length lens which achieves
93% OCE. Inset: Ray intercepts at the detector plane
for the improved design.

cooled down, we incorporated this as a systematic
uncertainty to be tested for worst-case estimation of
the OCE. Ray tracing simulations were performed
to compare several plausible misalignment scenarios
Fig. 8(a-f). In the top row, it can be seen that
the OCE is > 4% regardless of the defocus value
when there is no additional systematic displacement
of the detector relative to the signal beam (note that
a fixed displacement is always included, considering
the experimentally observed imperfect initial align-
ment of the detector area). However, in the bottom
row, we assume the worst case situation in which
the detector is shifted relative to the signal beam by
4100 pm along the z-axis, sending much of the beam
off of its surface. On top of this, the defocus is varied
as usual, resulting in the worst-case OCE estimation
of 2.1% in Fig. 8(f). We note that displacement in
the y-axis does not significantly affect any of the re-
sults, within the tolerance observed. As a final note,
we neglected the influence of signal light transmitted
through the aperture portion of the stack, where the
reflector is absent.

We also simulated a hypothetical case in which
the detector was optimally aligned and positioned at
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the best focus without positional uncertainty, which
achieved an OCE of 9.4%, showing that considerable
improvements are possible by refining the alignment
and mounting techniques. Finally, we note the ray
tracing results for a modified haloscope optical path
(Fig. 8(g)) which uses a plano-convex lens of a much
larger focal distance (200 mm) with the convex side
facing the stack. These changes would minimize the
effects of spherical aberration and total internal re-
flection losses, resulting in a significantly improved
OCE of 93%.

We also conducted optical simulations of the
SNSPD’s detection effciency under various condi-
tions for the purpose of validating our alignment
strategy and confirming nominal operation of the
SNSPD. We conducted a combination of 2D finite-
element modeling and rigorous coupled-wave analy-
sis [49] to obtain this value, using the best available
measurements of material thicknesses, refractive in-
dices, and lateral dimensions of the as-fabricated
SNSPD. Considering only the light incident from
the top surface of the SNSPD, the theoretical de-
tection efficiency is 32.7% for the parallel polariza-
tion (and 10.2% for the perpendicular polarization).
However, given the large detection area of this de-
vice and the size of the near-infrared beam used for
alignment, the reflection off the backside of the sil-
icon substrate cannot be neglected in the calcula-
tion of the total absorption coefficient in the detec-
tor. This factor is most significant when the beam
is centered on the detector area but focused on the
bottom surface of the substrate. Conservatively, if
we assume the worst case in which the focal spot of
the beam is centered on the detection area and fo-
cused on the bottom side of the substrate, the light
transmitted through the SNSPD will diffusely scat-
ter off the unpolished back silicon surface with a
Lambertian intensity profile. The total absorption
coefficient of this backward pass can then be calcu-
lated by integration of light scattered to angles en-
compassing the SNSPD’s active area, and multipli-
cation by the angle-dependent absorption coefficient
of the SNSPD for light incident from underneath,
referred to as the backward pass. For simplicity, we
neglect light scattered into the perpendicular polar-
ization, which has a much smaller absorption coef-
ficient. Light scattered under a Lambertian profile
has a radiant intensity proportional to the cosine of
the angle between the incident beam and the surface
normal [50]. We start with the calculation of radiant
flux Fyor emitted from a Lambertian surface [51]:

C L1 2
Ftot = 27TImaa:/ Sln( 9)
b 2

where 6 is the angle of incidence, b and ¢ are the an-
gular span of integration, and I,,,, is is the peak

de,



radiant intensity chosen as 1/m so that Fi,y = 1
when integrating 6 from 0 to 7/2, the full angu-
lar range available in reflection. To calculate the
angular dependence of the total absorption in the
detector during the backward pass, we include the
angular dependence of the detector’s absorption co-
efficient in the integral of the previous expression,
and integrate over the angles of incidence in which
the detector is visible to the point of reflection:

Q .
26
abkwd=2/ sin )a(ﬁ)da,
0

where apgq,q is the total absorption coefficient of the
backward pass, a(f) is the angle-dependent absorp-
tion coefficient of the detector from backward in-
cidence (around 21% for relevant angles, obtained
from 2D simulations), and €2 is the maximum angle
of incidence where the detector area is still visible to
the reflected beam (0.49 rad). We calculate aprywa
to be 4.9%. Next, we consider that only some of
the original light incident on the top surface remains
at the point of reflection off the back surface. The
transmission coefficient through the detector, T', is
0.62, and the reflection coefficient R off the back sur-
face is estimated to be uniformly 0.306, which when
multiplied together and with apgqq result in an ef-
fective increase in the DE of about 1% due to the
backward pass. Adding this to the forward-pass DE,
the total detection efficiency of the SNSPD is esti-
mated to be 33.6% in the case of an incident beam
perfectly aligned to the detector area, and polarized
parallel to the nanowire’s long axis. For the case of
the perpendicular polarization, the backward pass
has a marginal influence, increasing the total DE
from 10.2% to about 10.6%. We ignore the effect of
light scattered into the rest of the substrate, since
the 1 cm? die is large enough that most of the cap-
tured light will escape before encountering the rela-
tively small detector area again.

C. SNSPD fabrication and testing

The device was fabricated from 7-nm thick WSi film
which was sputtered on a 150 nm thick thermal sil-
icon oxide film on a silicon substrate at room tem-
perature with RF co-sputtering. Additionally, a thin
2-nm Si layer was deposited on top of the WSi film
in-situ to prevent oxidation of the superconductor.
To pattern the nanowires, electron-beam lithogra-
phy was used with high-resolution positive e-beam
resist. The ZEP 520 A resist was spin coated onto
the chip at 5000 rpm which ensured a thickness of
335 nm. After exposure, the resist was developed by
submerging the chip in O-xylene for 80 s with sub-
sequent rinsing in the 2-propanol stopper. The ZEP
520 A pattern was then transferred to the WSi by
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Figure 9. Scanning electron micrograph of nanowires
after fabrication. Scale bar: 1 pm

reactive ion etching in CF4 at 50 W for 5 minutes.
The ZEP thickness is estimated to be 250 nm after
etching and is left on the top surface.

Fig. 9 is a scanning electron micrograph (SEM)
of the tungsten silicide (WSi) SNSPD after fabrica-
tion. The device area was 400 by 400 um?, and the
nanowire was connected to external circuitry via two
contact pads. The width of the nanowires was 140
nm with a pitch of 340 nm.

The switching current of the detector I was 5.5
#A measured at 300 mK by sweeping the current
from a 50 Q impedance source. Fig. 11 shows the de-
pendence of the count rate on the absolute bias cur-
rent for 400 by 400 pm? large-area SNSPD at 1550
nm wavelength (~0.8 ¢V). When the detector was
illuminated, the count rate (open red dots) rose at a
bias current of 3 pA. Counts initially grew with the
current and the device was nearly saturated at a bias
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Figure 10. Normalized count rate as a function of the ab-
solute bias current measured at 1550 nm for the primary
SNSPD and reference SNSPD with identical geometry.
Inset: DCR as a function of the bias current taken from
both detectors.
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Figure 11. Normalized count rate as a function of the
absolute bias current measured at 1550 nm (open red
dots) and 1700 nm (green dots) wavelengths. Data was
taken at 300 mK of bath temperature. The SNSPDs
show pronounced saturation at both wavelengths. Inset:
Comparison of DCRs with optical fiber connected (filled
circles) and disconnected (open circles).

current of 4.2 pA. At this bias current, the count rate
with the laser light turned off (background count
rate) was below 100 counts/s. The maximum back-
ground count rate (black dots) was measured at a
point just below the switching to the normal state,
at 103 counts/s. The open dots represents back-
ground count rate when fiber was decoupled from
haloscope. Blocked infrared photons result in signif-
icant reduction of background noise. With extrapo-
lation of experimental data, the expected count rate
at the working bias current (shown by dashed blue
line) for the long-duration integration experiment is
~ 1074 —107° Hz.

D. Confidence limits on DM coupling

As discussed in Section III, over the total 180 hour
exposure, the experiment’s reference SNSPD regis-
tered 5 counts, while the haloscope detector regis-
tered 4 counts (Fig. 12). To make a precise statis-
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tical statement about the DM coupling, given these
observations, we can assume that the reference and
haloscope counts, N, and Nj, (viewed as random
variables), are independent and Poisson-distributed,
with means s, and s, 4+ sa respectively, where s,, is
the expected number of dark counts and s, is the
expected number of DM signal counts (for a given
DM coupling). As our test statistic, we take the joint
likelihood for seeing the observed numbers of counts
n, and nyp, and ask (for some particular assumed s,
and s4) how probable it is to obtain a test statistic
as small or smaller than that for the observed val-
ues n.. = 5. nn, = 4 (we take a one-sided test. onlv

—o— DM detector
—o— Reference device
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Figure 12. Experimental results of long-duration integra-
tion experiment with large-area SNSPDs mounted into a
haloscope. Red points correspond to the signal obtained
from a device aligned with the lens, while black points
show counts taken from a reference detector placed far
from focus of the target.

considering np < s, + sa, since we are interested
in scenarios where the DM count is abnormally low,
despite there being a signal). For example, if we take
s4 = 5, then this probability is maximised by taking
$p ~ 3.3, obtaining a maximum value ~ 0.1. Conse-
quently, the 90% limit on the DM coupling is set by
the coupling value that gives 5 expected events.
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