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Photon counting for axion interferometry
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Axions and axionlike particles are well-motivated dark matter candidates. We propose a novel
experiment that uses single-photon detection interferometry to search for axions and axionlike particles
in the Galactic halo. We show that photon counting with a dark count rate of 6 x 10™® Hz can improve the
quantum sensitivity of axion interferometry by a factor of 50 compared to the quantum-enhanced
heterodyne readout for 5-m-long optical resonators. The proposed experimental method has the potential to
be scaled up to kilometer-long facilities, enabling the detection or setting of constraints on the axion-photon
coupling coefficient of 10717 — 107!¢ GeV~! for axion masses ranging from 0.1 to 1 neV.
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I. INTRODUCTION

There is substantial evidence from astrophysical [1-3]
and cosmological [4] observations for the existence of dark
matter. Among various extended theories beyond the
Standard Model of particle physics, QCD axions [5-8]
and pseudoscalar axionlike particles (ALPs) [9-11] are
widely recognized as leading candidates.

We consider ALP dark matter to behave as a coherent,
classical field a and interact weakly with photons through
the coefficient g, :

1 -
EC—ZgayaFF. (1)

This interaction induces a phase velocity difference
between left- and right-handed circularly polarized light
[12—15], which can be accumulated and extracted using a
properly designed optical cavity and laser interferometry.

Several experiments were proposed in the literature to
search for ALPs with interferometry [16—19], and the first
results were recently published [20,21]. In previous work,
the signal light is measured by beating the signal field
with a strong local oscillator field. The advantage of this
technique is that the measurement can be done with a
standard photodetector with a high quantum efficiency.
However, the readout suffers from quantum shot noise from
the local oscillator field.
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In this paper, we derive the sensitivity of axion inter-
ferometers using photon-counting detectors to directly
detect the signal field, eliminating the need to beat it
against the local oscillator field. We show their capacity to
enhance detector sensitivity for axion fields with coherence
times that are relatively short, especially when compared to
the periods between dark counts of single-photon detectors.
Over the past few decades, the technology for detecting
single photons at near-infrared wavelengths has matured
significantly [22-25]. The idea of employing single-photon
detection was also introduced in the context of microwave
cavity axion searches [26] and high-power interferometers
for gravitational-wave detection [27]. Recent transition-
edge sensors and superconducting nanowire single-photon
detectors (SNSPDs) feature high detection efficiency
exceeding 90% and exceptionally low dark count rates
of 6 x 107® Hz [24,28-30]. This is a vast improvement on
commercial-off-the-shelf InGaAs single-photon avalanche
diodes, which, even if operated at 70 K, offer detection
efficiency of 25% and minimum dark count rates of 50 per
second [25]. The use of advanced superconducting detec-
tors would extend the time intervals between detector dark
count events, surpassing the coherence time of the axion
field above 0.1 neV, and hold the potential to enhance the
quantum-limited sensitivity of axion interferometers.

We analyse an axion interferometer which consists of a
linear optical cavity and derive its optimal parameters for
heterodyne and single-photon readouts. Our technique is
also applicable to folded cavities. We calculate the signal-
to-noise ratio for linear cavities of length from 1 m up to
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10 km and show the advantage of single-photon detection
compared to heterodyne readout in axion interferometry.
The proposed approach has the potential to be integrated
into both tabletop experiments and existing facilities for
gravitational-wave detectors, such as GEO 600 [31] and
LIGO facilities [32,33].

II. EXPERIMENTAL SETUP

Figure 1 shows the proposed axion interferometer with
single-photon detection. A laser beam in P polarization
(red) is injected into a high-finesse Fabry-Pérot linear
cavity. To maximize the signal-to-noise ratio, the band-
width of this main cavity is designed to match one of the
axion fields (see Sec. III for a discussion on the bandwidth
of the axion field). It is also beneficial to keep the cavity
undercoupled (T, > T) to transmit most of the signal field
to the readout port, where 7 and T, are power trans-
missivities of the input and output coupler of the cavity.
Because of the presence of the ALP field, the resonating
laser field in P polarization undergoes partial conversion
to S polarization (blue). The signal field around the free
spectral range (frsr) of the cavity is further amplified by
the optical resonance and transmitted through the output
port. In other words, the detector is mostly resonantly
sensitive to axion fields whose Compton frequency f, =
m,c*/h is equal to frsg = ¢/(2L) or a multiple thereof.

When using the method of heterodyne readout, a small
fraction of the pump field is converted to S polarization and
used as a local oscillator for the readout [34]. For the proposed
single-photon readout, the main challenge in the experiment
is isolating S-polarization photons from the P-polarization
ones in the pump field transmitting out of the cavity. The
transmitted pump field has a photon rate of approximately
10%° Hz, which needs to be reduced to below 10~ Hz to
prevent false detections by the single-photon readout.

Because the pump and signal fields have orthogonal
polarizations, a series of polarized optics, including polar-
izing beam splitters and linear polarizers with high extinc-
tion ratios, can be used to attenuate the transmitted pump
field by 12-18 orders of magnitude. Commercial high-
quality birefringent polarizers, such as Wollaston prisms,
Glan-Taylor prisms, and nanoparticle linear film polarizers,
have currently achieved extinction ratios of 107-10%: 1[35].
Because of imperfections in the polarization optics, further
suppression of the pump field is necessary. Since we are
searching for axions at frequencies around the free spectral
range of the main cavity, the signal fields are separated
from the pump field in frequency as well. Accordingly, a
triangular optical cavity with nondegenerate polarization
modes can serve as a filter for both frequency and
polarization in the final signal extraction. An odd number
of cavity mirrors causes the P-polarization light to acquire
an additional 7 phase and become off resonance. The
polarization filtering extinction ratio increases as the
square of the cavity finesse [36]. For a triangle cavity with

a round-trip path length of 50 cm, assuming the input and
output mirrors have the same transmittance of 100 ppm and
a loss of 20 ppm, a finesse of 25000 can be achieved with
a cavity bandwidth of 20 kHz. Comparable finesse and
bandwidth have been demonstrated [37], and the proposed
performance is promising with high-reflectance crystalline
coatings [38,39]. When measuring the axion frequency
around 10 MHz, this will theoretically provide up to 6
orders of magnitude suppression on the pump field due to
the frequency difference and a polarization extinction ratio
up to 8 orders of magnitude. Such a cavity can be controlled
with auxiliary laser beams [40—42], and two or more such
cavities in a series may be needed, depending on the
performance of the upstream polarizing optics. Finally, an
SNSPD with high system detection efficiency at 1064 nm
wavelength plus a low dark count rate, enclosed in a 1 K
cryostat, is used for signal detection. In particular, narrow-
band cold filtering tailored to the 1064 nm wavelength of
this experiment will be employed to minimize the dark
count rate [43-45].

III. SENSITIVITY AND INTEGRATION TIME

In this section, we show how single-photon detectors can
improve the sensitivity of axion interferometers. In our
experiment, the observable quantity is the phase difference
accumulated by the left- and right-handed circularly polar-
ized light that propagates in the presence of the axion field
for a time period 7. The phase difference is given by the
equation

Ag(t.7) = Vhegya(r) - alt =), (2)

where 7 is the reduced Planck constant, ¢ is the speed of
light, and a(t) is the time-dependent amplitude of the axion
field in the Galactic halo.

Now, we consider how linearly polarized light prop-
agates in the axion field between two points separated by a
distance L. We adopt Jones calculus with the electric field
vector given by (E,,E,)”, where E, and E, are the
horizontal and vertical components of the field, respec-
tively. The Jones matrix for the propagation of light in the
axion field is given by the equation

Nas 0 ) N( 1 A¢/2>
4 ( 0 e A7 A2 1) G)

where matrices A and its inverse A~! convert electric fields
from the linear basis to circular ones and back.

In further analysis, we neglect the time dependence of
the pump field in the cavity E .,, because it is not affected
by the axion field. The field in the S polarization builds up
in the main cavity due to the axion field according to the
equations
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FIG. 1. Schematic of the experimental setup. P-polarized pump
light resonates in a main linear optical cavity. The ALP field
converts a small portion of light into S-polarized at a shifted
frequency, which is isolated by a series of polarized optics and
triangular optical cavities. The signal field is detected by an
SNSPD. PBS: polarizing beam splitter.

E\(t) = riE4(1), (4)

where 7 is the single-trip travel time in the cavity; r| and r,
are the field reflectivities of the input and output couplers;
E, is the pump field forward propagating within the main
linear cavity, with its sign flipped by the output coupler;
E,_, are S-polarization electric fields propagating within
the cavity near the input (£ and E,) and output (E, and E3)
couplers (see Fig. 1). Solving Eq. (4) relative to E, and
neglecting the factors r; and r, under the approximation ry,
r, = 1 in the driving term, we get

Ey(t) = ryryEx(t — 27) —% (Ad(1.7) = Ad(t—7.7)). (5)

If dark matter consists of ALPs with mass m,, then its
field behaves classically and can be written as [46]

a(t) = agsin(Q,t + 6(1)), (6)

where the angular frequency Q, = 2zf, = m,c*/h; ay =
V2ppmh/m, is the amplitude of the field, with ppy ~
0.3 GeV/cm? as the local density of dark matter; §() is the
phase offset of the field. The phase offset remains constant
for times ¢t < 7,,, where 7, = Q,/f, is the coherence time
of the field, Q, = c?/v?> ~ 10° is the quality factor of the
oscillating field, and » is the Galactic virial velocity of the
ALP dark matter [9]. Equation (6) neglects spatial varia-
tions of the field, since ALP wavelength 4, > 100 km is
significantly larger than the length of the proposed experi-
ment for m, < 1078 eV.

By setting the cavity single-trip time to Q,7 = 7 (i.e., the
axion mass is appropriately resonant with the cavity) and
applying Eqgs. (2) and (6), Eq. (5) can be simplified to

Ey(t) = riryEy(1 = 22) = 2Eoa(t)ga,Vhe.  (7)

Since the phase of the axion field stays constant much
longer than z, the solution for the field transmitted to the
readout port is given by the equation

2y/T —
Eout(t) =V T2E2(t) ~ E() r 21 a(t)gay hc
172 —

~ EyGO(t), (8)

where G = 2+/T,/(r;r, — 1) represents the cavity gain;
6= a(t)ga},\/% < 1 is the conversion efficiency of the
pump field to the signal field in the presence of the
axion field.

We now consider the signal-to-noise ratio accumulated
with two types of readout methods: heterodyne and single-
photon counting. For the heterodyne readout, we intend to
install a half-wave plate in the transmission path of the
cavity to convert a fraction of the transmitted pump field to
the local oscillator field E; o [19,34]. The time-dependent
component of the power observed on a photodetector is
then given by the equation

Py(t) = 2E 0 Equ(t) = 2/ PLoPoGO(1). 9)
The single-sided power spectral density of P,(¢) around the
frequency of the axion field Q, is given by the equation

G2 ggprMhCS

S - 16PLOPO
PP Q(Ql

T, (10)

where T = min(T},,7,) and T;, > 7 is the integration
time. For T;, < 7,, we set our frequency spacing in the
power spectral density estimation to 1/T},, and the peak
in Spp at frequency €, grows linearly with time. For
Tin > 7,, the peak of the axion field is resolved, and the
power spectral density does not grow for a larger integra-
tion time. However, the signal-to-noise ratio still improves
for T}, > 7,, because we can subtract the mean value of the
shot noise with higher precision. The single-sided power
spectral density of the shot noise is given by the equation

ZthPLOe_z’

o (11)

N shot —

where w, is the angular frequency of the laser light; r is
the squeezing factor [47,48]; and K = max(1, Ty, /7,) is
the number of power spectral density averages that can
be made with optimal frequency resolution: 1/T;, for
Tin < 7,and 1/7, for T}, > 7,,. The signal-to-noise ratio is
then given by the equation
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S 4P,G* g2 c*re?”
SNR% _ PP _ 0 gayplz)M /.—_'TintT, (12)
Sshot Qg

where 1 is the wavelength of light.

In the case of photon counting, we observe only signal
fields by rejecting the pump field in the orthogonal
direction with polarization optics and mode cleaners as
discussed in Sec. II. The time-averaged power on the
single-photon detector is then given by the equation

4ppmhc’

P.=P\G*qa, ——5—,
c ay Qg

(13)

and the time-averaged number of photons observed during
the integration time T, is given by the equation

2ppmcta
h—a)o = I zggy%Tinl' (14)
We do not suffer from shot noise from the local oscillator
while counting photons. However, single-photon detectors
observe dark counts with a time constant z,. For state-of-
the-art single-photon detectors, 7, is on the order of 100 s.
If integration time T, = Qt,, we expect Q dark clicks of
our detector with the standard deviation of \/Q. Therefore,
the signal-to-noise ratio is given by the equation

N 2P,G’gippmcth e
SNR% - @ = ﬂéz Tidev (15)

where T; = min(Ty, 74)-

Comparing the signal-to-noise ratios from Egs. (12)
and (15), we find that an improvement in the estimation
of g,, can be achieved if 7, > 7,. The improvement factor
is given by the equation

SNR, 1 <Td>1/4N 1 <fdfa>1/4 16)
SNR, 2e"\7.)  V2e'\Q.)

Figure 2 compares the limits on g,, that linear cavities
can achieve with heterodyne (blue) and photon counting
detectors (red), based on Egs. (12) and (15) with
SNR, , = 1. The cavity length is tuned for each frequency
of the axion field f, = ¢/2L to satisfy the condition
Q.7 =n. Based on the 5-m-long laser-interferometric
detector for axions (LIDA) with 120 kW resonating
power [21], we assume the power transmissivity of the

cavity output coupler 7, = T + Y, where ¥ = 1.7 ppm X

v/L/5 m is the round-trip loss in a cavity of length L.
We also impose 7, > 3 ppm to ensure that the cavity
bandwidth is larger than the bandwidth of the axion
field. We assume the resonating power of Py =
min(120 kW x L/5 m, 10 MW). Since the beam area size
increases with the cavity length, the laser intensity on the

T T T T T
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FIG. 2. Estimated limits on the axion-photon coupling coef-
ficients using photon-counting readout, compared with those
obtained through heterodyne readout. Each curve shows the
enveloped sensitivities of different fixed-length detectors at
specific axion masses. For example, the LIGO 4-km facility
has a sensitivity bandwidth of 0.3 Hz centered around 37.5 kHz.
The “kink” in each curve around 5 x 10° Hz (L =~ 400 m)
originates from the assumption that the resonating power of
the cavity increases linearly with the cavity length but remains
constant after reaching the upper limit of 10 MW. The existing
limit from the CERN Axion Solar Telescope (CAST) [50] is
shown as a reference.

mirrors remains constant when the cavity length and
resonating power are increased by the same factor. The
upper limit of 10 MW is chosen to accommodate the
technical complexities associated with maintaining high-
quality coatings over large surface areas. For heterodyne
readout, we assume the injection of 10 dB squeezing when
the cavity is less than 10 m for quantum enhancement [34].
Squeezing for longer cavities becomes obsolete, because
the squeezing efficiency decreases with increasing cavity
length due to cavity loss. For photon counting, we assume
an integration time T, of 100 days and 7, = 1.5 x 10° s.
Over long experimental run-times, studying the stochastic
fluctuations in the time-series data may also help eliminate
background noises and reveal signatures of ALP particles
with masses on the order of neV [49].

Taking the 5-m LIDA detector as an example, an
improvement factor of 50 can be achieved with photon
counting compared to the heterodyne readout when meas-
uring g,, at 30 MHz (m, = 124 neV). The length of the
GEO 600 facility corresponds to an axion frequency of
250 kHz (m, = 1 neV), resulting in an improvement factor
of 16. For a 4-km detector that can be installed in the LIGO
facilities, the improvement factor would be 10 for an axion
frequency of 37.5 kHz (m, = 0.15 neV).
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We also note that the sensitivity curves in Fig. 2 are
calculated for a light wavelength 4 = 1064 nm. According
to Eq. (15), the SNR scales as v/A, suggesting that longer
wavelengths lead to an improvement in the g,, constraints.
In the case of microwave photons (z, ~ 1073 s), using a
5-m-long gigahertz resonator similar to the ADMX one
[51] and a microwave single-photon detector with low dark
count rate [52,53] (z;, > 10 s) has the potential to probe
axion fields around 100 neV down to g,, ~ 10716 GeV~".

IV. CONCLUSION

In this work, we proposed an axion interferometer with
single-photon counting methods targeting to detect or set
constraints for axion-photon coupling coefficient for axion
masses of 0.1-100 neV. Looking into the future, current
gravitational-wave facilities are potential infrastructures
to be transformed into axion interferometers, given their
existing high-power lasers, ultrastable linear optical
cavities, and vacuum envelopes. The proposed configura-
tion and techniques also have the potential to be extended
to an interferometric experiment for estimating gradients in
the static axion field [54].

The photon-counting technique holds great promise for
surpassing the quantum shot-noise limit, which represents
the fundamental noise floor in existing experiments. A key
challenge is separating the intense pump field from the faint
signal field. This can be addressed by installing polariza-
tion optics and a set of mode cleaners in the readout path.
However, classical noise sources, such as technical laser
noise and electronic noise, can also impose limitations on
the sensitivity [20,21]. Similar to other experiments based
on birefringence in optical cavities [55], spurious signals
may arise due to scattered light and misalignment of

polarized optics caused by mechanical vibrations and
acoustic noise. Moreover, we note that the sensitivity of
the axion interferometer with photon readout is currently
limited by the dark rate of state-of-the-art single-photon
detectors. Anticipated advancements in single-photon
detector technologies will lead to enhanced constraints
on the axion-photon coupling parameter g,,.

Finally, we computed the sensitivity curve for both
heterodyne and single-photon readout across resonator
lengths ranging from 1 m to 10 km. The scaling of the
SNR improvement will be similar for folded resonators as
long as the dark count rate is lower than the bandwidth of
the axion field. The scaling is also applicable for gigahertz
resonators, which have the potential to probe the axion-
photon interaction at a deeper level than constraining g,
with optical resonators.
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