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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 Light A0

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 multilayer dielectric haloscope. Using a
superconducting nanowire single-photon detector (SNSPD), we achieve efficient photon detection with a
dark count rate of ∼6 × 10−6 counts=s. We find no evidence for dark photon dark matter in the mass range
of ∼0.7–0.8 eV with kinetic mixing ϵ ≳ 10−12, improving existing limits in ϵ by up to a factor of 2. With
future improvements to SNSPDs, our architecture could probe significant new parameter space for dark
photon and axion dark matter in the meV to 10 eV mass range.

DOI: 10.1103/PhysRevLett.128.231802

Dark matter (DM), a form of nonrelativistic matter that
amounts to ∼25% of the energy budget of the universe
[1,2], is by now the conservative explanation for a wealth of
astrophysical and cosmological data that cannot be accom-
modated within the standard model (SM) of particle
physics. However, all of our evidence for DM is via its
gravitational interactions on large scales, which is com-
patible with a very wide range of particle physics models.
Light, weakly coupled new bosons are a well-motivated

class of DM candidates [3–7]. Light scalar, pseudoscalar,
and vector particles arise in many SM extensions and are
generally weakly coupled, long-lived, and difficult to detect
[8–13]. These bosonic DM candidates are also automati-
cally produced in the early universe assuming a period
of cosmic inflation [5,7]. For vector DM, the abundance
today depends on the inflationary Hubble scale [7], and
can yield the measured DM abundance for DM masses

≳5 × 10−5 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 × 1012 GeV,
otherwise unreachable in any laboratory experiment or late-
universe astrophysical observation.
The simplest and least-constrained vector DM model is

the dark photon, characterized by the “kinetic mixing”
interaction with the photon [10]
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where Fμν and F0
μν are the field strengths of the photon and

the dark photon, respectively, and A0 is the dark photon
field. The dark photon mass mA0 and kinetic mixing
parameter ϵ ≪ 1 define the DM parameter space.
Similarly to a photon, the leading interaction between

dark photon DM and a detector is the absorption of the DM
particle [15,16]. The entire rest mass energy mA0c2 can be
captured, in contrast to scattering, which deposits at most
the kinetic energy mA0v2=2 in direct detection experiments
[17] (where v ∼ 10−3c is the galactic DM velocity and c is
the speed of light). This motivates new experimental
schemes for the detection of light bosonic DM. In this
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Letter, we focus on the efficient conversion of dark photon
DM to near-IR photons.
To convert a nonrelativistic 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 with different indices of
refraction, whose thicknesses are on the scale of the
photon’s wavelength [15,18–21]; we use a stack of half-
wavelength layers [22]. In such a structure, dark photon
DM at the corresponding frequency can convert coherently
to photons: the photon acquires its energy from the dark
photon DM and its momentum from the lattice vector of the
photonic crystal, thus alleviating the momentum mismatch
between the nonrelativistic 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
converted photons from different layers, the conversion rate
increases as the square of the number of layer periods N. If
the half wave frequency is matched to the DM mass, then
the converted power per unit area is given by

P
A
≃
8

3
ϵ2ρDMN2

�
1

n21
−

1

n22

�
2

; ð2Þ

where ρDM ≃ 0.4 GeVcm−3 is the local DM density, n1;2
are the refractive indices of the alternating layers, 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 photons are

emitted within ∼10−3 rad of the normal vector to the layers.
This allows them to be focused 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 demon-
strated, 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 (≳0.1 mm2),
near-unity detection efficiency, 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 Letter, we present the first results from the

LAMPOST (Light A0 Multilayer Periodic Optical
SNSPD Target) experiment with 180 hours of data collec-
tion. Our simple and inexpensive prototype constrains new
dark photon DM parameter space at masses ∼0.7–0.8 eV
(corresponding to photon wavelengths ∼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 off-the-shelf
equipment and robust fabrication processes to simplify this
proof-of-concept experiment.
Experimental setup.—The dielectric stack, or target,

generates the signal photons of interest. As discussed in
Ref. [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 ¼ n2d2. The thicknesses and indices are chosen for
light at the signal wavelength of interest to acquire π phase
upon transmitting through each layer. In such a material,
dark photon DM with frequency ω ≃ π=nidi can convert
coherently to photons. We utilize alternating layers of
amorphous silicon and silica, deposited on top of a
∼0.525 mm thick silica substrate which is polished on
both sides.
The dielectric stack is integrated and aligned with several

optomechanical elements and a 50 mm focal 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 printed circuit board (PCB) as the
primary detector, but offset by 2 cm so as to be completely

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.

FIG. 2. The LAMPOST prototype haloscope apparatus.
(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 different dimensions, g, aperture diameter,
10 mm; d, wafer diameter, 50 mm; ts, substrate thickness,
525 μm; tasi, amorphous silicon layer thickness, ∼292 nm; ts,
SiO2 layer thickness, ∼548 nm. See the Supplemental Material
[28] for details of the film characterization.
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out of the optical path of the signal. This reference detector
can serve to provide an estimate of the event rate for several
potential 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 inside a light-
tight box.
To electrically and optically characterize the fabricated

SNSPDs, we designed an experimental setup using a
sorption-pump type He-3 cryostat. The haloscope contain-
ing 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 apparatus is

mechanically stable enough to preserve the intended align-
ment during the cooldown. A mock haloscope was con-
structed to independently test this (which used the same
SNSPD and PCB). We can detect a misalignment by
comparing the experimental and theoretical detection
efficiency (DE) of the SNSPD; a large discrepancy would
suggest substantial misalignment. First, we placed a con-
ventional, large-area optical power meter directly above the
SNSPD at room temperature 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
polarization case and 10.6% for the perpendicular case
(described further in the next section). We note that the
experimental 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 facilitate direct
comparison to the simulations, where the internal detection
efficiency is assumed to be unity). Comparing the exper-
imental 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 magnitude differs only by a factor of 0.94. The
discrepancy may be explained by small temporal variations
in laser source power (∼2%), incomplete polarization state
purity (∼1–2%), variable scattering loss at fiber connectors
at different temperatures, and an acceptable amount of
misalignment in the beam. The larger-than-expected

perpendicular polarization DE and smaller-than-expected
parallel DE would be consistent with a slightly impure
polarization state during the measurement. We note that the
targeting beam changed position by 100 μm in both the
lateral directions upon warming up after this mock halo-
scope test, which was consistent with the behavior of the
main haloscope during the actual experiment.
Separately, the main haloscope was assembled and tested

briefly prior to the data collection. A brief optical meas-
urement at cryogenic temperatures was conducted (without
control over polarization), giving a reasonable DE of 19.3%
which is between the nominal parallel and perpendicular
DE values. Next, the system was warmed to room temper-
ature, and the optical fiber was disconnected to prevent
blackbody radiation-induced counts impinging on the
detector. After cooling down again, we began recording
counts on the main detector over several cycles of the
cryostat. At several points, the haloscope was removed
from the system, and the optical alignment was inspected to
ensure no significant drift had occurred. A translational
drift of about 100 μm 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,
while operating both SNSPDs at a bias current of 4.2 μA.
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. The SDE can be expressed as

SDE ¼ OCE × T × DE: ð3Þ

The optical collection efficiency (OCE) is derived from ray-
tracing simulations as described in the Supplemental
Material [28]. The simulations show that 1.27% of signal
photons generated in the stack impinge on the SNSPD in
the worst-case misalignment. The OCE constitutes the
largest source of loss in our system, and is limited by
several factors, including a �100 μm in plane alignment
uncertainty (experimentally observed), spherical aberra-
tion, and total internal reflection losses in the lens.
Additionally, we found that wafer curvature resulting from
intrinsic stress in the dielectric stack’s thin films modified
the focal length from the expected value, further misalign-
ing the signal (see Supplemental Material [28]). The
transmission coefficient T ¼ 88% captures a small optical
loss incurred by defects in the dielectric stack which scatter
the signal. Finally, the 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 averaged for both polarization states, followed by
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an adjustment for 1700 nm photons (the detector is roughly
10% less sensitive at 1700 nm). Overall, we achieve an
SDE of 0.20% in our system. The calculated converted
power P per unit target area A, as a function of dark photon
mass, is shown in Fig. 3. This power is normalized to the
time-averaged power converted by a simple mirrored sur-
face, P0=A ¼ 2

3
ϵ2ρDM, where ρDM is the local DM energy

density.
Results.—Over a 180 hour exposure, the primary

SNSPD registered four counts, while the reference
SNSPD registered five counts. As discussed in the
Supplemental Material [28], the dark count rates for the
two SNSPDs are likely to be similar. Accordingly, we can
estimate the dark count rate for the primary SNSPD using
the reference SNSPD’s counts, and set a limit on the kinetic
mixing ϵ, as described in the Supplemental Material [28].
Figure 4 shows this 90% confidence limit, derived by
minimizing over measurement uncertainties as described
below, compared with existing bounds [38]. We assume a
local DM density of 0.4 GeVcm−3, with a standard
truncated Maxwell-Boltzmann velocity distribution [39],
and assume that the dark photon polarization direction
varies randomly over timescales longer than the DM
coherence time (see the Supplemental Material [28] for
details).
There are several measurement uncertainties on the

properties of the target, such as the layer thicknesses. To

set conservative limits, we calculate the minimum signal
power that is compatible with the possible range of target
properties (as discussed in the Supplemental Material [28]).
This procedure has a non-negligible effect, since the large
substrate thickness ts ≃ 525� 10 μm introduces an oscil-
latory dependence of the signal power on the DM fre-
quency. The time-averaged DM absorption rate per unit
area, as a function of dark photon mass, is shown in Fig. 3.
The thin purple curve shows the signal power for a target
with coplanar, uniform layers, with the measured central
value thicknesses and properties, illustrating the rapid
oscillation caused by the large substrate thickness. Small
variations in target properties can shift these oscillations by
more than a period, introducing uncertainty in the signal
power at a given DMmass. Analogously, physical variation
in, e.g., the substrate thickness over the disk (slowly
varying over the span of the wafer, known as total thickness
variation) results in a disk-averaged conversion power that
is averaged over shifted curves. Taking both of these effects
into account gives the magenta curve in Fig. 3.
The calculations for Fig. 3 were carried out in 1D (using

transfer matrix methods [43]), treating layers locally as
infinite and uniform. As discussed above and in the
Supplemental Material [28], there will be deviations from
this approximation. However, these deviations will only be
important if, at scales≲ the DM coherence length (which is
≃0.5 mm at the relevant DM masses), they have a greater
effect than the uncertainties incorporated into the 1D
calculation. As discussed in the Supplemental Material
[28], measurements of the stack show that, with the
exception of small defects (which were incorporated into
our loss calculations above), the layer properties are uni-
form enough that the uncertainty in converted power is
dominated by the 1D effects. Another effect is that, due to
wafer curvature, the angle between the layers and the lens
surface will vary over the stack, being effectively coplanar
in some places but not in others. Taking the minimum over
1D configurations which include the lens and its antire-
flection coating (treating them as coplanar with the stack),
and those which do not, does not visibly alter the magenta
curve in Fig. 3—the uncertain substrate thickness is already
a large effect. The misalignment between the stack and the
lens will also alter the focusing of the stack-generated
signal, which is taken into account by our optical collection
efficiency calculations. While the antireflection coating,
which is itself a series of dielectric layers (whose properties
we do not know precisely), could hypothetically convert
DM into a photon signal which may interfere with that from
the stack, the variation in stack-lens separation over the
area, and the fact that the lens and stack are separated by
more than the DM coherence length, mean that the
converted powers will add incoherently (this is discussed
in more detail in the Supplemental Material [28]).
Figure 3 illustrates that, even using our conservative

estimates, our layered target enhances the conversion rate

FIG. 3. Calculated time-averaged power P absorbed from dark
photon DM with mass mA0 by the layered target, normalized to
the power P0 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 parameters
within measurement uncertainties (see the Supplemental Material
[28]). The substrate thickness is assumed to physically vary by
≳10 μm over the target area; this accounts for the magenta curve
sometimes falling above the purple curve of constant substrate
thickness.
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by up to a factor ∼30 times that of a mirror target of the
same area [40,44,45]. Compared with dark photon absorp-
tion in the SNSPD itself, as considered in Ref. [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).
Figure 4 shows that our prototype detector constrains
previously unexplored DM parameter space in the mass
range 0.7–0.8 eV.
As discussed in the Supplemental Material [28], since

we do not know the precise cause of our observed counts,
it is possible that the dark count rates for the reference
and primary SNSPDs are somewhat different. To set a
conservative limit on the kinetic mixing ϵ, we can find the
value of ϵ that would lead to ≤ 4 signal counts only 10% of
the time, giving a 90% confidence limit on the coupling,
independent of any dark count rate estimate. This results in
a ϵ limit a factor ∼1.3 times larger than the nominal limit
shown in Fig. 4. In future experiments, further measure-
ments (e.g., a control experiment where the stack is
removed) would enable more precise measurement of
the primary SNSPD’s dark count rate.
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
1.27%, which suffers from a combination of optical
aberrations and reflective losses. In the future, these could
be mitigated with a longer-focal length lens, reaching 93%
OCE (see the Supplemental Material [28], Fig. 4), but at the

expense of mechanical stability. With custom-designed
adapters to house the lens, stack, and collimator, and finer
toleranced parts used in the assembly, concerns over
alignment could be assuaged. The other aspect would be
improving the DE of the SNSPD. By adding an appropri-
ately designed dielectric coating around the SNSPD, the
DE could be raised to 98%[24]. Finally, by lowering the
defect count of the target’s dielectric stack, transmission
losses could be made negligible. Combining these would
enable a SDE above 90%, which would increase the reach
of an otherwise equivalent experiment about an order of
magnitude in coupling, as illustrated in Fig. 4.
Further improvement can be achieved from background

count characterization and mitigation, to determine whether
they originate from cosmic ray muons, Cherenkov photons
generated in the lens [27], or simple statistical fluctuations
of the bias current in the detector. For dark counts generated
by cosmic rays or radioactivity, it may be possible to veto
such events using additional detectors.
Extending the reach to heavier DM masses could be

accomplished with wider-band-gap thin film materials such
as ZnSe or TiO2. To search lighter DMmasses,more research
should be conducted on fabricating low-energy threshold
SNSPDs, though promising results have been obtained at
photon energies as low as ∼0.1 eV (λ ∼ 10 μm) [25,46].
By placing the dielectric layers in a magnetic field, axion

[47–49] DM with a coupling to photons [50] could also
be absorbed, allowing a haloscope to probe axion masses
well above the traditional microwave range [15]. If good
SNSPD performance in a large magnetic field is achieved
(as has been demonstrated in some cases [51,52]), almost
the same experimental setup could be used. Finally, we note
that another experimental search for dark photon dark
matter with a multilayer dielectric haloscope was recently
published in Ref. [53].
The LAMPOST prototype places the first constraints on

dark matter using optical haloscopes, exceeding current
constraints in the 0.7–0.8 eV mass range by up to a factor of
2 in dark photon coupling. At the same time, the prototype
demonstrates technologies and techniques that will enable
searches over even larger volumes of parameter space.
Optimizing 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 haloscopes, and background
characterization and vetoes are all concrete avenues toward
a rapid exploration of large regions of dark photon dark
matter parameter space. Integration with a large background
magnetic field and lower-threshold SNSPDs will enable the
search for axion dark matter in the meV mass range.
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FIG. 4. LAMPOST constraints on dark photon DM with mass
mA0 and kinetic mixing ϵ. The magenta shaded region shows the
90% limit set by our experiment. The thin purple curve
corresponds to the reach of an equivalent experiment with an
improved SDE of 90%. Existing limits on dark photon DM from
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[38] are shown in gray.
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