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We present the operating principle and the first observing run of a novel kind of direct detector for axions
and axionlike particles in the galactic halo. Sensitive to the polarisation rotation of linearly polarised laser
light induced by an axion field, our experiment is the first detector of its kind collecting scientific data. We
discuss our peak sensitivity of 1.51 × 10−10 GeV−1 (95% confidence level) to the axion-photon coupling
strength in the axion mass range of 1.97–2.01 neV which is, for instance, motivated by supersymmetric
grand-unified theories. We also report on effects that arise in our high-finesse in-vacuum cavity at an
unprecedented optical continuous-wave intensity of 4.7 MW=cm2. Our detector already belongs to the
most sensitive direct searches within its measurement band, and our results pave the way towards
surpassing the current sensitivity limits even of astrophysical observations in the mass range from 10−8

down to 10−16 eV via quantum-enhanced laser interferometry, especially with the potential of scaling our
detector up to kilometer length.

DOI: 10.1103/PhysRevLett.132.191002

Introduction.—The existence of axions and axionlike
particles (ALPs) is well motivated in a variety of theoretical
models. The axion was first introduced in 1977 as a
promising candidate to resolve the strong charge-parity
problem in quantumchromodynamics [1–4].Here, it appears
as a fieldlike Nambu-Goldstone boson in a spontaneously
broken Peccei-Quinn symmetry and relaxes to a value that
allows the electric dipole moment of the neutron to vanish.
After this first proposal, axions as well as ALPs proved to
arise generically from many extensions of the standard
model, e.g., from string theory and supergravity [5–9].
Finally, they have also become a leading candidate for dark
matter [10–12]. This is due to the aforementioned theoretical
support, evidence from astronomical observations like gravi-
tational lensing [13], and since other dark matter candidates
like weakly interacting massive particles have not been
detected in a variety of attempts [14–16].
In light of the growing significance, various experimental

approaches have been proposed, or already employed, to
directly measure a signature of axions and ALPs, e.g., axion
haloscopes (MADMAX [17] and DMRadio [18]), axion
helioscopes (CAST [19] and IAXO [20]), “light shining

though a wall” experiments (ALPS [21] and CROWS [22])
and magnetometers (ABRACADABRA [23]). However, no
signature has been found yet which makes it essential to
further diversify the search.
In this Letter, we present LIDA, a laser-interferometric

detector for axions based on Ref. [24] and related to the
studies in Refs. [25–29]. LIDA uses the coupling of axions
to photons, though not their conversion as in several other
experiments, and represents a fairly new kind of detector
which has not yet contributed to the axion science data. Its
general detection approach is also closely related to
Ref. [30] which, in contrast, utilizes pulsar light.
The utilization of laser-interferometric axion detectors is

particularly well motivated in Refs. [24,26,31] which show
the potential of these detectors to even surpass the most
stringent constraints from astrophysical observations in
almost their entire measurement band. Wewill first reiterate
the operating principle and design, and then discuss LIDA’s
performance in the first observing run. At the same time,
this is the final result in the neV mass range as we will
measure at lower axion masses in the future.
Operating principle.—If dark matter is made of axions

with massma, it behaves like a coherent, classical field [32]

aðtÞ ¼ a0 sin ½Ωatþ δðtÞ� ð1Þ

with angular frequency Ωa ¼ 2πfa ¼ mac2=ℏ, field ampli-
tude a20 ¼ 2ρDMℏ2=m2

a, the local density of dark matter
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ρDM, and the phase of the field δðtÞ. The interaction
Lagrangian for the axion-photon coupling reads [19]

Laγ ¼ −
gaγ
4

aFμνF̃μν; ð2Þ

where a is the axion field, F is the electromagnetic field-
strength tensor, and gaγ is the coupling coefficient. This
coupling leads to a phase difference [25]

Δϕðt; τÞ ¼ gaγ½aðtÞ − aðt − τÞ�; ð3Þ

which accumulates between left- and right-handed circu-
larly polarized light over a time period of τ. Equivalently,
the polarization axis of linearly polarized light is rotated
with a period that corresponds to the axion frequency; this
rotation is measurable with our detector.
Hence, LIDA utilizes a laser beam at optical angular

frequency ωpmp which is linearly polarized along the
vertical axis (S polarization) as a pump field. As shown
in Fig. 1, this pump field is kept on resonance with a high-
finesse cavity to amplify its optical power. If an axion field
periodically rotates the polarization axis of the circulating
intracavity pump field, it excites two coherent light fields
(sidebands) in the orthogonal P polarization at frequencies
ωpmp � Ωa (signal field). These sidebands build up inside
the cavity according to [24]

Esig;cavð�ΩaÞ¼−
Epmp;cav exp

�
iβ∓Ωaτ

2
þδ

�

1−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−2Tsig− lrt

p
exp ½iðβ∓ΩaτÞ�

×gaγ
τ

4
sinc

�
Ωaτ

4

�
cos

�
2β∓Ωaτ

4

�

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2τaρDM

p
; ð4Þ

where we assume the “rotating frame” by setting ωpmp ¼ 0.
Epmp;cav is the circulating pump field, β is an extra cavity

round-trip phase which the signal field accumulates relative
to the pump field, τ is the cavity roundtrip time, Tsig is the
power transmissivity of the cavity input and output cou-
plers for the signal field polarization, lrt is the cavity round-
trip power loss and τa is the coherence time of the axion
field. β results from the cumulative effect of the four cavity
mirrors and their coatings and leads to a nondegeneracy of
the cavity’s S and P eigenmodes (detuning). Hence, each
sideband in the signal field is only resonantly enhanced if
�Ωa is sufficiently close to the detuning frequency.
In transmission of the cavity, we separate the signal field

from the pump field via a polarizing beam splitter. In
addition, a half-wave plate shifts a small constant fraction
of the pump field into the signal polarization to serve as a
local oscillator ELO ¼ iξ

ffiffiffiffiffiffiffiffiffiffi
Tpmp

p
Epmp;cav, where ξ is twice

the rotation angle of the half-wave plate and Tpmp is the
power transmissivity of the cavity output coupler for the
pump field polarization. Finally, a photodetector measures
the signal as the beat note between the local oscillator and
the sidebands, yielding the following amplitude spectral
density [24]:

PoutðΩaÞ ¼ ð1 − loutÞELO

ffiffiffiffiffiffiffiffi
Tsig

p

× ½E�
sig;cavð−ΩaÞ − Esig;cavðΩaÞ� ð5Þ

with the optical loss in the readout beam path lout. This
signal yields a signal-to-noise ratio (SNR) of

SNR2 ¼
����
PoutðΩaÞ
PNðΩaÞ

����
2

ffiffiffiffiffiffiffiffiffiffiffi
Tmeas

τa

s
; ð6Þ

where PN is the amplitude spectral density of the total noise
and Tmeas is the total measurement time.
Experimental setup.—We now discuss the specifics of

our setup as shown in Fig. 1 and the parameters achieved
for the first observing run. The main laser source operates

Main laser source Signal readout

Pump field

diagnostics

In-vacuum cavity

PBS

2

~5m

Main laser source:

24neoVanEOMORPN IF

Cavity

PDPDH

rf (5MHz)

MixerServo

Signal readout:

PDout

High-pass

Gain Data storage

H
50:50 Sum

Mixer

rf (475.4kHz)

4

from
PBS

Squeezed

light source
PBS

FIG. 1. Simplified schematic of the experimental setup on the left, details of the main laser source and of the signal readout on the
right. Red beam: pump field, orange beam: signal field, orange-dashed beam: planned squeezed field, electro-optic modulator (EOM),
Faraday isolator (FI), nonplanar ring laser (NPRO), polarizing beam splitter (PBS), photodetector (PD), radio frequency (rf) generator.
The installation of a squeezed light source as indicated is planned.
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with a 300 mW nonplanar ring laser (NPRO) which
continuously emits linearly polarized light in the TEM0;0

mode at a wavelength of 1064 nm. An electro-optic
modulator (EOM) modulates the phase of the light field
at a frequency of 5 MHz. This enables the stabilization of
the laser frequency to the resonances of the in-vacuum
cavity via the Pound-Drever-Hall scheme [33] using the
signal from the photodetector PDPDH in reflection of the
cavity. The optical power that is injected into the cavity can
be enhanced to about 18 W by a neoLASE solid-state laser
amplifier. A quarter- and half-wave plate finally tune the
pump polarization. For the first observing run, we injected
12 W into the cavity in the S polarization.
The rectangular in-vacuum cavity measures about

4.9 m× 10 cm in size. The input and output couplers
are nominally identical with measured power transmissiv-
ities at an angle of incidence of 45° of Tsig ¼ 0.13% and
Tpmp ¼ 17 ppm in the P and S polarization, respectively.
We inferred the respective pole frequencies from the
cavity’s transfer function for power modulations between
the input and transmission to be fp;P ¼ 6.76 kHz and
fp;S ¼ 202 Hz. This yields a finesse of F P ¼ 2220 and
F P ¼ 74 220 as well as an intracavity round-trip loss of
lrt ¼ 51 ppm. The other two cavity mirrors are highly
reflective, the one on the readout side has a radius of
curvature of 10.2 m setting the beam waist of the cavity
eigenmodes to about 1.1 and 1.5 mm on the horizontal and
vertical axis, respectively. We measured small phase shifts
between the P and S polarization upon reflection off each
of the cavity mirrors of 20 mrad around an angle of
incidence of 45° via an ellipsometer. The current detuning
between the cavity’s P and S eigenmodes is 478 kHz. This
detuning corresponds to a sensitivity peak at an axion mass
of about 2 neV which is within the range motivated, e.g., by
grand unified theories [34,35] and observations of the
cosmic infrared background [36]. The detuning may be
controlled and scanned by an auxiliary cavity in the
future [24].
The signal field was split up by a 50∶50 beam splitter

and measured by two photodetectors PDout. The two PD
signals were high-passed and summed up. The sum was
demodulated at 475.4 kHz, and, after an amplification by a
factor of 50, the demodulated and amplified output signal
was logged with a sampling rate of 65.5 kHz. The current
optical loss in the readout path amounts to lout ¼ 5%,
mainly due to the two beam splitters.
From the optical power in transmission of the cavity, we

inferred an average and maximum circulating intracavity
pump power of 118 and 124 kW, respectively. The latter
corresponds to an optical intensity of 4.7 MW=cm2 at the
waist position. To our knowledge, this level of intensity has
not been reached before in any optical continuous-wave
experiment [37].
Limiting noise sources.—Our current signal readout path

allows for a measurement frequency band of 475.4 kHz to

505.1 kHz. Within this band, we were limited by electronic
dark noise, quantum shot noise, and technical laser noise
(see Fig. 3). Shot noise is caused by vacuum fluctuations in
the signal polarization that copropagate with the input
pump field, are transmitted through the cavity, and reach
the readout. The technical laser noise can couple to the
signal readout if the input polarization is not perfectly
tuned. In this case, a small fraction of the field that is
injected into the cavity is in the signal polarization and its
technical noise is transmitted through the cavity at the
detuning frequency. Hence, we had to carefully adjust the
tuning of the input wave plates. Coherence measurements
with the input intensity noise suggest that laser frequency
noise dominates this technical noise coupling channel.
Results and future prospects.—Figure 2 shows our

sensitivity at the 95% confidence level of the full data.
The full data is derived by averaging the amplitude spectral
density of the readout signal over the total measurement
time, subtracting the noise floor and calibrating the result
with our theoretical model from Eq. (5) using experimen-
tally determined parameters. The numerous narrow lines
originate from the electronic dark noise. For the 95%
confidence level, we first identified the frequencies of the
lines in the electronic dark noise and then removed the
corresponding lines in the full data. After the removal of
2106 lines, we could still probe about 19 000 independent
axion masses between 1.97–2.01 neV given their linewidth
of Δf=f ∼ 10−6. Within this mass range, we could identify
343 candidates which we excluded from axion or ALP
signatures via an analysis of their frequency (and existence)
over time and of their linewidth as outlined in Ref. [28].

476 478 480 482 484 486 488 490 492 494

Measurement frequency (kHz)

10
-11

10
-10

10
-9

10
-8

1.97 1.98 1.99 2 2.01 2.02 2.03 2.04

Axion mass (neV)

FIG. 2. Sensitivity to the axion-photon coupling coefficient gaγ
that LIDA reached during the first observing run, dependent on
the axion mass and measurement frequency, at the 95% con-
fidence level of the full data. Both curves are compared to the
predictions of the shot-noise limited model from Eq. (5), and to
the constraint set by the CAST detector [19].
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LIDA reached a maximum sensitivity of gaγ ¼ 1.51 ×
10−10 GeV−1 at 1.985 neV, or 480.0 kHz, in a measurement
time of Tmeas ¼ 85 h. This is only a factor of 2.3 above
the constraints set by the most sensitive direct searches
at this axion mass, the CAST helioscope [19] and
ABRACADABRA [23], and about a factor of 30 above
the most stringent astrophysical constraints from Fermi-
LAT (NGC1275) [38] and magnetic white dwarf
polarizations [39]. The average sensitivity in the range
of 1.97–2.01 neV, which is relatively narrow at these axion
masses, was 3.2 × 10−10 GeV−1. We have not measured a
significant evidence for axions or ALPs.
We predict a significant increase in LIDA’s sensitivity

from three main improvements in future observing runs.
First, an additional cavity in the input beam path will
suppress both technical laser intensity and frequency noise
above the cavity’s pole frequency and reduce its coupling
to the readout. Second,wewill add a squeezed light source to
the input optics tomitigate the readout shot noise similarly to
the gravitational-wave detectors Advanced LIGO [40,41],
Advanced Virgo [42,43], and GEO600 [44]. Third, we will
operate LIDA at a detuning of about zero for a year. In
combination, these changes will result in a sensitivity of
about10−13 GeV−1 at 10−14 eVas shown inRef. [24]. LIDA
will then be able to probe a region of the mass-coupling
parameter spacewhich has not been explored yet, directly or
via astrophysical observations. At a detuning close to zero,
LIDA’s spectral sensitivity will moreover be significantly
broader than presented here. Finally, a major upscaling of
LIDA to kilometer-length would even allow to reach below
10−16 GeV−1 at 10−14 eV [24].
Challenges.—We will now discuss two challenging and

not yet completely explained aspects of LIDA which may
also become relevant to similar detectors in Tokyo [28] and
at the MIT [27], and to high-intensity and high-finesse
experiments, in general. First, if the intracavity pump
power is sufficiently high, our cavity can assume at least
two stable states when the laser frequency is stabilized to
the cavity’s TEM0;0 eigenmode (locked) as shown in Fig. 3.
Each state is characterized by its circulating power, readout
noise pattern and transmitted light field. We obtain the state
with the highest circulating power when we lock the
detector manually to start an observing run. This state
corresponds to the lowest (“initial”) readout noise as well as
to the purest transmitted field. However, when the detector
relocks automatically after an external disturbance, it
typically decays into a state with less circulating power,
higher (“post-relock”) readout noise with additional noise
peaks and a transmitted field in which the TEM0;0 mode is
superimposed with varying higher-order Hermite-Gaussian
modes. We have not yet identified the exact mechanism
behind this effect, but it is likely to have a thermal origin
and limits the effective measurement time. If the mecha-
nism turns out to be related to parametric instabilities [45],
this issue could be solved via acoustic mode dampers [46].

Second, the pump field that is transmitted through the
cavity shows a significant amount of light in the signal
polarization, i.e., it is elliptically polarized, if linearly
polarized light in the S polarization is injected. In trans-
mission of the polarizing beam splitter in the readout, we
consistently measure contrasts of only 65% to 70%. A
theoretical model of the cavity shows that this observation
can be explained by a slight nonplanarity of the cavity
geometry which would cause a coupling of the external S
and P polarization. The measured contrast only requires a
misalignment at the cavity mirrors of about 1 mrad which is
within a reasonable range. Moreover, we measured that the
viewports of our vacuum system convert linearly into
elliptically polarized light dependent on the point of
tranmission; in general, this effect seems to grow with
increasing distance from the viewport center. Most likely,
the reduced contrast in transmission of the PBS arises due
to a combination of both effects, and we compensate for it
with an additional quarter-wave plate in transmission of the
cavity. This wave plate changes the phase relation between
the signal and pump field but, since the current cavity
detuning of 480 kHz is relatively large, only one of the
signal sidebands is effectively enhanced and measured.
Hence, we can measure the signal in an arbitrary

10
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FIG. 3. Bottom: time series of the circulating intracavity power
when the detector is disturbed. It typically relocks automatically,
however, often reaching a final state with less circulating power
than initially. The CCD camera pictures show the corresponding
fields transmitted through the cavity. Top: amplitude spectral
densities (ASD) of the electronic dark noise and shot noise in the
demodulated output signal. The difference between their inco-
herent sum and the initial readout noise (corresponding to the
cavity state of the first 20 s of the time series) is caused by
technical laser noise. The post-relock readout noise (correspond-
ing to the cavity state of the last 20 s) is significantly increased
over the full measurement band, especially at lower frequencies.
1 and 2 are two examples as the post-relock noise varies.
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quadrature. In the future, we will try to reduce the cavity
nonplanarity and might switch to an in-vacuum readout.
Conclusion.—We presented the results of the first 85 h-

long observing run of a laser-interferometric detector for
axions and axionlike particles called LIDA. Our current
peak sensitivity to the axion-photon coupling coefficient
gaγ is inside an axion mass range of 1.97–2.01 neV where
we reached up to 1.51 × 10−10 GeV−1 at a 95% confidence
level. This is only a factor of 2.3 higher than the CAST limit
and among the most sensitive direct axion searches.
Besides the electronic dark noise, we were limited by
quantum shot noise and technical laser noise which will be
further reduced by the implementation of a squeezed light
source and an input mode cleaner cavity, respectively. From
these techniques and an increase in the measurement time
to a year, we expect to reach a sensitivity about 3 orders of
magnitude higher if we reduce the frequency separation of
the cavity’s S and P eigenmodes and measure axion masses
down to 10−14 eV and lower, where the axion field exhibits
a larger coherence time. This would allow LIDA to probe a
yet unexplored region of the mass-coupling parameter
space. These results are a highly promising milestone for
advancing direct axion and ALP searches by expanding
them to the field of quantum-enhanced laser interferometry.
They are furthermore a strong argument to ultimately set
LIDA up as a kilometer-scale detector, as done in the
gravitational-wave research, which would further boost the
sensitivity by several orders of magnitude [24].
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