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Quantum fluctuations constitute the primary noise barrier limiting cavity-based axion-dark-matter
searches. In an experiment designed to mimic a real axion search, we employ a quantum enhanced sensing
technique to detect a synthetic axionlike microwave tone at an unknown frequency weakly coupled to a
resonator, demonstrating a factor-of-5.6 acceleration relative to a quantum limited search for the same
tone. This speed-up is achieved by dynamically coupling the resonator mode to a second (readout) mode
with balanced swapping and two-mode squeezing interactions, which results in both visibility-bandwidth
and peak-visibility increase. A small fractional imbalance between the two interaction rates yields further
scan-rate enhancement and we demonstrate that an eightfold acceleration can be achieved.
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I. INTRODUCTION

Quantum fluctuations intrinsic to the measurement of
the electromagnetic field of a cavity [1] are a major source
of background noise in searches for weak signals [2—4].
As the main source of background in cavity-based axion
searches [5,6], they are the primary limitation inhibiting
a comprehensive search of the axion parameter space.
The figure of merit for cavity-based axion detectors (halo-
scopes) is the spectral scan rate. This is defined as the rate
at which a search can scan through frequency space while
probing with sufficient confidence to resolve or exclude
an axion with a given coupling to electromagnetism. It
would take thousands of years for existing quantum lim-
ited haloscopes to scan the (1-10)-GHz frequency band
at benchmark Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
coupling [7-9].

The scan rate depends on two quantities: the characteris-
tic axion-sensitive bandwidth (visibility bandwidth) of the
detector and the peak visibility of a potential axion sig-
nal. Quantum enhanced sensing techniques hold promise
for increasing these quantities and for facilitating the
otherwise prohibitively time- and resource-expensive
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search. Recently, squeezing has been implemented in an
axion search, doubling detector scan rate relative to a
search at the quantum limit [10,11]. In that experiment,
one quadrature of the measurement-induced noise has been
squeezed below the level of vacuum fluctuations, thereby
accelerating the search by widening the axion-sensitive
bandwidth of the haloscope. The achievement of further
scan-rate enhancement with this technique is challeng-
ing due to limitations associated with transporting fragile
squeezed states through lossy directional elements in the
measurement chain [11].

In this paper, we demonstrate a method of scan-rate
enhancement that circumvents the main limitation of
the squeezing technique and achieves both further band-
width increase and peak-visibility improvement, enabling
a factor-of-5.6 acceleration in the detection of a syn-
thetic axionlike microwave tone. Rather than squeezing
the measurement noise, this method depends on ampli-
fying a potential axion signal before it is polluted by
measurement noise: an interaction that is enabled by care-
fully balancing entanglement and swapping interactions
between a resonator (cavity) mode and an auxiliary read-
out mode [12]. To characterize the performance of this
quantum enhanced technique, we perform a realistic acqui-
sition and processing protocol to detect a weak synthetic
axionlike microwave tone that has a power spectral den-
sity (PSD) that is approximately 1% of the PSD expected
from vacuum fluctuations. By operating the detector
with and without the quantum enhancement enabled, we
demonstrate a factor-of-2.36 improvement in the
signal-to-noise ratio (SNR) with the same measurement

Published by the American Physical Society
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time, corresponding to a 5.6-fold speed-up over the quan-
tum limited haloscope. Furthermore, we demonstrate addi-
tional scan-rate enhancement by imbalancing the para-
metric interactions slightly [13,14] which enables greater
interaction rates and a bandwidth increase. We show that
an eightfold acceleration is achievable with this modi-
fication. Further scan-rate enhancement, around 20-fold,
should be achievable in applications of this technique to
a real axion search.

In Sec. II, we summarize the key features of the quantum
enhanced method. In Sec. III, we describe the prototype
device used in this demonstration experiment and we char-
acterize its performance. In Sec. IV, we apply the quantum
enhanced method based on balanced interactions to the
search for a weak axionlike microwave tone at an unknown
frequency and we extract the scan-rate enhancement.
Finally, in Sec. V, we demonstrate additional scan-rate
enhancement using the imbalanced method.

II. QUANTUM ENHANCED BANDWIDTH AND
VISIBILITY IMPROVEMENT

The scan rate of an axion search is limited by vacuum
fluctuations arising from both the internal loss of the cavity
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and the loss external to the cavity. To understand their rel-
ative contributions to the scan rate, we consider the effects
of these two noise sources as measured at the input of the
measurement chain. The internal loss of the cavity (with
loss rate xy) induces cavity noise, which is maximal on
cavity resonance. A potential axion signal, which is weakly
coupled to the cavity at a rate x,, follows the same path
through the haloscope as does the cavity noise, as illus-
trated in Fig. 1(a). Therefore, the ratio of the axion-signal
PSD to the cavity noise PSD is x./krover the entire spec-
trum. Measurement noise, arising from loss external to the
cavity, dominates off resonance. The relative spectral con-
tributions of the signal and noise sources are illustrated in
Fig. 1(b). We define the visibility a as the ratio of PSD
resulting from a potential axion field to the total noise
PSD and the visibility bandwidth L'l, as the bandwidth over
which the level of cavity noise dominates over the level of
measurement noise.

Noiselessly amplifying the cavity noise and potential
axion signal together relative to the level of measure-
ment noise increases the visibility bandwidth, as illus-
trated in Fig. 1(d) [12]. The amplification also results in
peak-visibility increase, further enhancing the scan rate,
as is discussed in Sec. III and Appendix A. Ideally, the
amplification of the cavity noise and axion signal would
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A comparison between a quantum limited haloscope and a GC-enhanced haloscope. (a) A microwave network model for

a quantum limited haloscope. The axion signal, modeled by a generator at frequency wax, and the cavity loss, modeled by the blue
resistor, are coupled to a cavity centered at w4 through fictitious ports at rates x. and xz. The outgoing cavity fields couple to the
measurement chain at a rate x» and are routed by a circulator toward a near-noiseless amplifier (amp). The circulator shields the cavity
from amplifier backaction by dissipating the backaction at a physical termination (bold red resistor). Vacuum noise (measurement
noise) sourced from that termination is reflected off the cavity measurement port and couples to the measurement chain, polluting the
axion signal. (b) The spectral distribution with respect to vacuum fluctuations of the cavity noise (blue), measurement noise (red),
and axion signal (green) at the input of the measurement chain of a quantum limited haloscope. The green dashed line represents the
response to an axion signal at any given frequency, while the narrow green peak represents a potential manifestation of the narrowband
axion signal. (c) A microwave network model and phase-space diagram for the GC-enhanced haloscope. The measured quadrature,
Y 5, contains amplified axion signal and cavity noise and vacuum-level measurement noise, where the size of the fluctuations in the
quadrature amplitudes is represented by the blue ellipse and red circle in phase space. (d) At the input of the measurement chain, signal
visibility is preserved over a wider bandwidth due to the amplification of the cavity noise and potential axion signal relative to the
vacuum-level measurement noise. In contrast to the quantum limited case, the measurement noise does not vanish on resonance as a
result of the balanced parametric interactions.
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occur inside the axion-photon conversion cavity and the
amplified fields could be measured directly. However, the
magnetic field that enables the axion-photon conversion
[5] is incompatible with the superconducting circuit ele-
ments capable of performing the noiseless amplification.
Therefore, the cavity noise and potential axion signal must
be transported from the cavity mode (4) to an auxil-
iary readout mode (B) and amplified there, as depicted in
Fig. 1(c).

The two-cavity amplification is achieved by a quan-
tum nondemolition (QND) interaction resulting from two
drives. A state-swapping interaction at a rate gc, induced
by a frequency-conversion drive (C) at the difference of the
two mode frequencies, wi« (o4 wp ,|is used to con-
tinuously exchange the states of the cavity and readout
modes. A two-mode squeezing (entanglement) interaction
at a rate g¢, induced by driving at the sum of the two mode
frequencies, w.r—w4 5, enables gain (G) and quadra-
ture correlations between the cavity and readout modes
[15,16]. Applying the two drives simultaneously and bal-
ancing their interaction rates, gc = gg, results in a QND
interaction given by 7 Gc = 2gcX 4X p [12], which causes
the fields from the cavity-mode quadrature X' 4 to be ampli-
fied noiselessly at the orthogonal quadrature of the readout
mode Y 5 , while X ", itself remains unchanged, as shown in
the phase-space diagram in Fig. 1(c). Thus, we can extract
the information contained in X' 4 by measuring Y 5 and the
lack of backaction on X 4 enables a faster measurement rate
compared to that of a quantum limited haloscope, resulting
in bandwidth increase, as shown in Fig. 1(d). In the fol-
lowing sections, we refer to this type of quantum enhanced
method as the GC-enhanced method.

III. DEMONSTRATION OF BANDWIDTH AND
VISIBILITY IMPROVEMENT

In order to experimentally test the GC-enhanced
method, we operate a Josephson parametric converter
(JPC) [17,18] as a prototype device in a way that mimics
a haloscope. The JPC, as illustrated in Fig. 2(a), comprises
two half-wave microstrip resonators, each formed by a pair
of quarter-wave strips, coupled by a Josephson ring mod-
ulator (JRM), which serves as the three-wave mixing ele-
ment that enables the swapping and two-mode squeezing
interactions. The JPC has three electrical eigenmodes that
participate in the JRM: two differential modes that consti-
tute the cavity and readout modes and a common mode that
is used to apply the wr; and w.g drives that induce the QND
interaction [12,19,20]. The cavity mode, which is held at a
fixed frequency around w427 = 7.454 GHz in this pro-
totype experiment, has an internal loss rate of k27 =
960 + 15 kHz and is weakly coupled to an external port
at a rate x,/2r 1220 420 Hz. This port is accessed via
the differential port of a 180° hybrid coupler, the two out-
puts of which oscillate in antiphase to excite the cavity

mode. It is used to introduce probe tones produced by a
microwave generator into the resonator for visibility char-
acterization. The readout mode at wp27=4.989 GHz is
strongly coupled at a rate x,/27 20.6 1.3 MHz to the
measurement chain through the differential port of another
hybrid coupler. The sum port of the same hybrid coupler
is used to excite the common mode of the JPC and thus to
activate the entanglement and swapping interactions. The
JPC is thermally connected to the base plate of a dilution
refrigerator that has an operation temperature of 20 mK.
Further details on the experimental setup are included in
Appendix B.

We operate the JPC under two conditions to demonstrate
the visibility-bandwidth and peak-visibility improvements:
one that operates at a quantum limited scan rate and one
that applies the GC enhancement. Here, we refer to the
quantum limited scan rate as the maximum achievable
scan rate of a critically coupled haloscope with only vac-
uum fluctuations entering at its loss and measurement ports
and that can measure both quadratures of the field exit-
ing the cavity with the minimum required added noise or,
equivalently, can measure a single quadrature noiselessly
[1]. To achieve this benchmark quantum limited perfor-
mance, we apply only the conversion drive (C) to the
JPC, thus using it to mimic a single cavity with an effec-
tive measurement port coupling rate e 4g2C /km. This
approximation is valid in the well-satisfied limit kg, .
For quantum limited operation, the effective single cavity
simulated by the JPC is critically coupled such that . =

xr. This is achieved by setting gc = ~ xnxy2. Exper-
imentally, this operating point is located by measuring
|Smm (5\)/|. As |Smm (0) |- 0, the interaction rate approaches
gc —  Kmkg2. To operate in the GC-enhanced mode,
both the swapping and two-mode squeezing drives are
applied at their largest achievable rates before the GC
performance becomes unstable, as described in Sec. IV
(gc2r =ge2m 230 H.05 MHz for this device). In
both cases, near-noiseless readout is achieved by direct-
ing the output of the JPC to a near-noiseless flux-pumped
Josephson parametric amplifier (JPA) [21-24] which is
operated phase sensitively such that in the GC-enhanced
case, it is phase locked to the JPC (see Appendix B) and
amplifies the JPC-amplified quadrature.

We first demonstrate visibility-bandwidth increase by
measuring the scattering parameters of the JPC in both
transmission and reflection. Although there is no accessi-
ble port associated with the internal loss of the cavity, the

scattering parameter for the cavity noise in transmission,
|Swsl, may be inferred from the axion-signal scattering
parameter |Syg| With |Swfl=  K#kalSmal. We observe
unit transmission of the cavity noise on resonance in
the quantum limited case [blue in Fig. 2(b)] and 16 dB
of phase-preserving gain, corresponding with 22 dB of
phase-sensitive gain, in the GC-enhanced case [Fig. 2(c)].

Measuring in reflection off the measurement port, Sy,
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FIG. 2. Anexperimental demonstration of visibility-bandwidth increase. (a) The circuit diagram of a Josephson parametric converter
(JPC). The cavity mode (blue) is accessed through the axion port (@) and the readout mode (red) is accessed through the measurement
port (m). (b) The gain of the cavity noise (blue) and measurement noise (red) at the measurement port of the JPC as a flgaction of
detuning (&) from the point of unit transmission as measured at the readout port under quantum limited operation (gc =  &mi/2).

Fits from the system scattering parameters| Sw{* and [Swn f as derived from Appendix A are included as solid lines. (c) The gain
from GC-enhanced operation (gc = gc), plotted as a function of the detuning () from the point of peak transmission. The cavity noise
is amplified while the measurement noise is reflected with unit magnitude, resulting in visibility-bandwidth increase (L'1°C,> L'I?").

Fits are included as solid lines, from which we extract the fitting parameters gc/27— gc/2x = 7.30 +0.05 MHz. (d) The visibility
squared (o) for the quantum limited (orange) and GC-enhanced (purple) cases. In both cases, a? is normalized to the peak value a*(0)
of the quantum limited case. A scan-rate enhancement of 5.69 4+ 0.12 is extracted from the ratio of the areas enclosed by the purple

and orange curves.

we observe near-zero reflection on resonance in the quan-
tum limited case [red in Fig. 2(b)] as a result of critically
coupling (e = ky) and we observe unit reflection over
the entire bandwidth in the GC-enhanced case [Fig. 2(c)]
as a result of the matched interaction rates ge g¢. The
gain experienced by the cavity noise relative to the level
of measurement noise in the GC-enhanced case results in
a wider visibility bandwidth compared with the quantum

limited bandwidth (L9 > L'[?"), as marked by the black
arrows.

The other advantage of the GC-enhanced technique,
the peak-visibility increase, is revealed in the visibility
measurement. To perform this measurement, we probe
the axion port with a tone generated by a microwave
generator and we discretely step it across the cavity reso-
nance, measuring the visibility a at the measurement port.

Plotted in Fig. 2(d) is a? for the quantum limited and GC-
enhanf:ed cgses. Given that spectral scan rate scales like
Roc T & do, a scan-rate enhancement of 5.69 + 0.12

isextracted from the ratio of the areas enclosed by the o
curves, matching theoretical predictions given the exper-
imentally determined interaction rates extracted from the
scattering parameter measurements.

As demonstrated, the scan rate is enhanced by both
the visibility-bandwidth increase and the peak-visibility
improvement. The peak-visibility improvement arises
from the fact that the potential axion signal is ampli-
fied before it passes through requisite lossy direc-
tional elements in the measurement chain, making it
more robust to noise introduced by these lossy com-
ponents. A more detailed discussion is included in
Appendix A.
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IV.ENHANCED SCAN RATE IN A SYNTHETIC
AXION SEARCH

In a real axion search, the goal is to detect a signal
that is spectrally broader and several orders of magnitude
weaker than the probe tones used to measure visibility in
Sec. III. The resolution or exclusion of such a weak sig-
nal at an unknown frequency requires integration for some
time at each cavity tuning step to obtain a power spectrum
and then combination of the power spectra obtained from
many adjacent tuning steps [4]. In this section, we use the
same measurement setup as described in Sec. Il and we
demonstrate that the GC-enhanced method still yields sig-
nificant scan-rate enhancement when used to detect a weak
synthetic axionlike tone.

To characterize the performance of the GC-enhanced
detector in a more realistic search without addressing the
added complexity of the magnetic field for axion-photon
conversion, we instead inject synthesized fake axion, or
“faxion,” tones through the weakly coupled axion port to
mimic how an axion signal would couple to a cavity in

the presence of a strong magnetic field. The faxion line
shape is achieved by frequency modulating a microwave
tone using voltages sampled randomly from a probability
distribution which follows the predicted axion spectral dis-
tribution [25]. We calibrate the power in the faxion tone
such that when it is resonant with the cavity mode, it
appears at the measurement port with a peak PSD that is
roughly 1% of the level of vacuum fluctuations when mea-
sured in the quantum limited mode of operation. Further
details of the faxion line-shape generation are included in
Appendix C.

To reduce technical complexity, we simulate the tun-
ing of the cavity across a signal at a fixed but unknown
frequency by instead tuning the faxion tone while keep-
ing the cavity-mode frequency fixed, as illustrated by
Fig. 3(a). The initial faxion frequency wax is chosen ran-
domly from within a 1-MHz initialization window outside
of the axion-sensitive band of the cavity and the detector
is blind to this initial choice. The tone is tuned in 10-kHz
steps forward over a 26-MHz window that encompasses
the full frequency range over which the cavity is axion
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FIG. 3. The scan-rate enhancement in detecting a weak signal using the GC-enhanced method. (a) The tuning of the cavity frequency
across an axion signal in a real search is simulated by tuning the faxion tone past a fixed-frequency cavity. (b) After combining the
power spectra from all tuning steps, the faxion tone can be resolved above the level of noise with a spectral distribution that matches
the line shape of the injected faxion tone, as given by the solid lines. The combined spectrum resulting from the quantum limited search
is plotted in orange, while the spectrum from the GC-enhanced search is plotted in purple. (c) Left panels: grand spectra (black), with
markers identifying the faxion bins in each case. Right panels: repeating the above process 210 times results in two faxion power-excess
histograms, normalized to their peak counts No and distributed around mean power excesses uoL and ucc. A factor of 5.61+ 0.09
scan-rate enhancement is obtained from (ucc/uoL)?. The noise-power-excess histogram is plotted in black for comparison.
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sensitive. At each faxion-tuning step, a power spectrum is
acquired, resulting in a total of 2601 spectra. In the data
processing, each spectrum is subsequently shifted back-
ward in frequency by the amount the faxion has tuned from
the fixed but unknown frequency wax, such that the faxion
tones all align at that frequency as if the cavity had been
tuned across it [11].

Following the data-processing procedure established
by prior haloscope experiments [11,25], we process the
shifted spectra to produce a single combined spectrum that
can be plotted as a function of the detuning J.x from the
faxion frequency in each of the 2601 spectra. This results
in a clear faxion-induced power excess, which follows the
expected axion line shape closely, as plotted in Fig. 3(b).
To further improve the SNR and resolve the faxion-
induced power excess, maximum likelihood estimation is
performed on the combined spectrum by accounting for the
faxion line shape. This yields the grand spectrum. Sample
grand spectra that result from operating the device in the
quantum limited and GC-enhanced modes are plotted in
Fig. 3(c), with the frequency bins most likely to contain the
faxion-induced power excess marked by orange and purple
stars.

To quantify the scan-rate enhancement from the weak
signal search, we repeat this faxion injection and detec-
tion procedure 210 times with 210 randomly initialized
faxion frequencies for both the quantum limited and
GC-enhanced cases. In each case, the faxion bin power
excesses from 210 grand spectra are added to a histogram
[orange and purple points in the right panel of Fig. 3(c)],
resulting in two distributions of faxion-induced power
(solid lines). The right panel of Fig. 3(c) also displays
the noise-power distribution (black) obtained from a sin-
gle grand spectrum that is normally distributed with a
mean value of zero and a standard deviation ;. A bin
containing faxion-induced power is subject to the same
noise fluctuations as the bins containing only noise but
with a faxion-induced power excess that shifts the mean
of the distribution away from zero. Therefore, after mea-
surements of equivalent duration, the power in the fax-
ion bins is normally distributed with standard deviation
close to o, and means uqr— 6.27 .0.07 (quantum lim-
ited) and ugc_14.85 0.06 (GC-enhanced). The SNR
scales with the square root of the measurement time.
Therefore, it would require a factor of the SNR squared
(ucc/uar)*  5.61 times longer measurement time for
the quantum limited case to achieve a signal distribution
that has the same mean excess as does the GC-enhanced
distribution, signifying a factor of 5.61_0.09 scan-rate
enhancement. B

Although the JRM here is not optimized for Kerr-free
operation [20,26—-28], we note that the scan-rate limitation
is not higher-order parametric processes that might limit
the scan-rate enhancement to far below the demonstrated
value. The most readily understood higher-order effect is

single-mode squeezing induced by the fourth-order inter-
action of the JRM, which causes amplified measurement
noise and reduced transmission gain when both the swap-
ping and two-mode squeezing drives are present. We dis-
cover that these effects can be compensated by detuning the
pump frequencies away from their nominal optimal values.
A more detailed discussion of this compensation procedure
will be included in a future publication [29].

Rather than originating from higher-order parametric
processes, the scan-rate limitation in the GC mode of
operation actually takes the form of difficulty with increas-
ing the interaction rates further while maintaining unit
reflected measurement noise. We observe that when oper-
ating the GC amplifier with gc2n— g¢/2n ~7 MHz,
the operating point drifts over the course of several min-
utes, causing amplified measurement noise. These drifts
could be compensated by applying shifts on the order of 10
kHz to the applied pump frequencies to return to the point
of optimal operation. We suspect these drifts to be caused
by mode frequency shifts away from the applied pumps,
possibly resulting from fluctuations in the flux threading
the JRM loop. The sensitivity of the GC operating point
to such drifts makes it challenging to tune up to a point of
higher interaction rates than are achieved.

V.FURTHER IMPROVEMENT FROM
IMBALANCED ENTANGLEMENT AND
SWAPPING

Although it should be possible to achieve higher bal-
anced GC interaction rates with an active feedback loop to
prevent the operating point from drifting, here we imple-
ment a simpler strategy. Imbalancing the rates slightly
such that gc 2: gg makes the amplifier performance less
sensitive to shifts in the mode frequencies, making it pos-
sible to operate with increased interaction rates, a wider
visibility bandwidth, and consequently a greater scan-
rate enhancement. Under GC-imbalanced (GCI) operation
[13,14], the measurement noise decreases on resonance,
rather than being unit reflected over the entire band-
width, as shown in Fig. 4(a). Operating our device at a
GCI point with g2z = 12.25 + 0.01 MHz > g¢2n —
11.76 + 0.01 MHz enables a scan-rate enhancement of
8.17 40.16, as demonstrated in Fig. 4(b). While the imbal-
anced operation itself yields a slight improvement in scan
rate relative to a balanced operating point [12—-14], the pri-
mary benefit of operating in this imbalanced way is the
increased interaction rates.

Although the interaction rates may be increased further
beyond this point by pumping more strongly, additional
scan-rate enhancement is not achieved. With stronger
pumps, we observe that the visibility drops to below the
level of the quantum limited peak visibility, indicating that
the amplification induced by the JPC is no longer noiseless.
This could be caused by heating from the strong applied
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FIG. 4. An experimental demonstration of GC-imbalanced
(GCI) operation. (a) The gain of the cavity and measurement
noise under the GCI operation. We extract interaction rates
of gc2r =12.25 +0.01 MHz > g¢2z =11.76 +0.01 MHz
from the fits, corresponding to a visibility bandwidth that is larger
than the GC bandwidth LT > L'[%C, (b) The visibility squared
for the GCI case (teal) relative to the GC and quantum limited
cases. A scan-rate enhancement of 8.17+0.16 is extracted in
the GCI case relative to the quantum limited case.

pumps or by undesired higher-order parametric processes
that are not included in our model but contribute more
strongly as the pump-induced current across the junctions
approaches the critical current.

To reduce the contribution of these higher-order pro-
cesses, one could tesselate three-wave-mixing dipole ele-
ments (SNAILs) on the arms of the JRM [30]. Alterna-
tively, application of the entanglement interaction between
the readout mode and a third ancilla mode (at a different
frequency) rather than the cavity mode [31] would erad-
icate some of the higher-order parametric processes that
may limit the performance. However, even without opti-
mizing the three-wave mixing element, we predict, using
our visibility model (Appendix A), that maintaining the
demonstrated GCI interaction rates and all of the other
experimental parameters the same but assuming a reduced
cavity-mode loss rate equal to that of a typical copper
haloscope cavity [10] (k727100 kHz) would result in
a scan-rate enhancement of a factor of 20.

VI. CONCLUSION AND OUTLOOK

The quantum enhanced sensing technique demonstrated
in this experiment would accelerate an axion search by
allowing for fewer total tuning steps or, equivalently, for
shorter integration time at any given step while achiev-
ing the same confidence to resolve or exclude a signal.
The next steps toward implementation will involve cou-
pling a microwave cavity immersed in a magnetic field
that enables axion-photon conversion to the three-wave-
mixing element. Because the superconducting circuitry
will need to be spatially separated from the magnetic field,
the primary challenge will be to achieve sufficient coupling
between the cavity and the three-wave mixing element
mediated through a transmission line. The transmission
line will introduce standing-wave modes and undesired
interactions between the readout mode and these standing-
wave modes will need to be mitigated in order to realize
a significant scan-rate enhancement [12]. The mitigation
of these interactions should be possible either by using a
variable-length transmission line [12] or by implementing
a variation on the GC-enhanced technique that makes use
of a third ancilla mode [31,32]. With these optimizations,
the implementation of this quantum enhanced technique in
a real axion search would mark a significant step toward
the feasibility of a comprehensive search of the axion
parameter space.
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APPENDIX A: SCATTERING PARAMETERS AND
VISIBILITY THEORY

In this appendix, we describe the full theoretical model
that is used to derive the fits in Figs. 2 and 4 and we
present an explanation for why the GC-enhanced technique
improves the peak visibility of a haloscope by account-
ing for losses in the measurement chain. We begin with
a Hamiltonian that includes the pure two-mode squeez-
ing and state-swapping interactions H e as well as the
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FIG. 5. The frequency diagram for the modes, pumps, and
detunings. The pump tones are applied with some detunings Jr1
and J.¢ with respect to the difference and sum frequencies of the
Kerr-shifted cavity and readout mode frequencies (w.,5) and are
plotted using black arrows. The Hamiltonian is written in the
rotating frame of the half-pump frequencies as labeled by dashed
green lines for each mode. The rotating frames for the cavity and
readout modes are at frequencies (w.z — wry)/2 = ws + (0.5 —
ory)/2 and (w:e + wr1y)/2 = wa + (9.6 + OL1)/2 respectively.

undesired single-mode squeezing interactions H sus and
compensatory pump detunings H 4o We write the Hamil-
tonian Jf derf GC—|—H sms in the frame of the “half-
pump” frequencies (w.g4wry)/2 for the cavity mode (4)
and (w.r—wry)/2 for the readout mode (B) after the
rotating-wave approximation as

b2/ SE+ou rvn 1 SE=0um ~ina 1
dct___j L ft44+-  GE JBTB+_
; 2 2 2 )
Hec :gcﬁfé +gceATB +he,
3 |V
H sus =2-SAe—’¢A*2 +2—s3e—l¢3*2 + he, (A1)

where the annihilation and creation operators A s B s A T and
B tare slowly varying envelopes, s4 and sz are the single-
mode squeezing rates for each mode, J.¢ and J.; describe
pump detunings from the sum and difference frequencies
of the Kerr-shifted modes (w.r= w4 + wp + 0.r and wr1=
w4 — wp + 1), and the phase ¢ is set by the phase differ-
ence between the state-swapping and two-mode squeezing
drives. These pump frequencies and detunings can be
visualized in Fig. 5.

From this Hamiltonian, the Heisenberg-Langevin equa-
tions can be written as

A 0.E+ 01 Kot rKr - o
A= S R G et
2
—igeB —igoe B + " Kqdun +  Kpsin,
n 0-E— 011 K ~ o
B = " B el

2
e N
— lgCA —igge A+ KmBm,in- (A2)

By solving these equations in the frequency domain,
together with the input-output theory relations given

by [33]

X VA
A=A in— 7c,~A,(i=a,ﬁ

B wos=B win— " KmbB, (A3)

we calculate the scattering parameters Sj: between ports k
and;.

We use these scattering parameters as fits in Figs. 2(b),
2(c), and 4(a). In each of the fits, the interaction rates gc
and g are extracted as fitting parameters. In the quantum
limited case, the single-mode squeezing rates and pump
detunings are set to zero, because operating with only the
state-swapping interaction enabled does not induce single-
mode squeezing from the quartic nonlinearities. Therefore,
the optimal pump frequency is wrs = w4 — wp. Neverthe-
less, any unintentional pump detuning J7y would shift the
frequency at which unit transmission occurs [defined as
0 =0 in Fig. 2(b)] to ws + dr#/2. In the GC case, the cav-
ity and readout single-mode squeezing rates are set to 7%

o . . . .
B ST sy Ao g e sPma e
state-swapping rate. These fractions are determined from

the ratio of the quartic nonlinear coefficient to the cubic
coefficient in the JRM Hamiltonian [17,34], which is set
by the parameters of the JPC circuit. In both the GC and
the GCI modes of operation, the detunings J.7 and J.x are
chosen to optimally compensate the effects of the single-
mode squeezing, dr1= —s4 — sp and O.r= —S4 + SB, as
will be discussed in a future publication [29]. Because of
these detunings, the frequency at which peak transmission
gain occurs [defined as 0 = 0 in Figs. 2(c) and 4(a)] is
wp (0.5 dry)/2.

From these scattering parameters, we calculate the PSD
that would be induced by an axion signal S, as well as the
noise PSD Sy at the measurement port of the JPC [12].
Taking the ratio of these two quantities yields the visibility
in the absence of any imperfections in the measurement
chain. At the output of the JPC, the peak visibility should
be the same in both the GC-enhanced and quantum limited
cases, provided that the GC gain is large enough that the
cavity noise is the dominant source of noise on resonance
[12].

However, because the signal must also pass through the
lossy and imperfect measurement chain, we find that the
GC-enhanced technique actually improves the peak visi-
bility of a haloscope. As displayed in Fig. 6, we model
the loss between the JPC and the JPA as a beam splitter
that allows quantum noise comprising thermal and vacuum
fluctuations to enter, polluting the signal. In GC opera-
tion, the signal is amplified noiselessly by the JPC before
it encounters noise entering from this channel. Therefore,
it is more robust to this noise than an unamplified signal
measured in the quantum limited case would be.
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FIG. 6. (a) A simplified microwave network diagram of the experimental setup. The lossy microwave elements between the JPA
and the JPC are modeled as a beam splitter (BS). (b) The outgoing fields from the JPC, S, and Symeas, are polluted by thermal and
vacuum noise, which enters at the lossy directional elements modeled by the beam splitter, resulting in the decrease of peak visibility.

To model this effect, we write the total noise PSD
measured at the output of the measurement chain referred
to the output of the JPC as

1—n 1
SN,meag(w) = SN(CO) + ]7 NZOmK(w) + 5

NSYS

" nGpa(®)’ (A9

where Sy comprises cavity noise and measurement noise
and has an analytical expression given by Eq. (14) of
Ref. [12]. Here, Nao mx (e"*#7 _1)-! is the Bose
occupancy at the fridge base temperature of 7 =20 mK
and the added half quanta in Eq. (A4) comes from vac-
uum fluctuations. The measured phase-sensitive gain of the
JPA as a function of frequency is given by Gipa(w) and
Nsys =32 quanta is the total noise added by the system
after the JPA. Finally, the energy-transmission efficiency
of the beam-splitter interaction #, as modeled in Fig. 6, is
left as a fit parameter.

As both the JPC and the JPA are operated phase sen-
sitively, we assume that they do not add noise in their
measurement of a single quadrature of the signal [1]. The
visibility as measured at the measurement port is then
given by

OC(CU) = Sa/SN,meas(w) (AS)
and the visibility fits in Figs. 2(d) and 4(b) are obtained
from Eqs. (A4) and (AS). From fitting the visibility data
displayed in Fig. 2(d), we extract #=0.9. We note, how-
ever, that if the JPC is not completely noiseless in the
strongly pumped GC regime, as is assumed, then the
extracted value for # can be an overestimation. Any over-
estimation of # would have a negligible effect on the

measured scan-rate enhancement, however, as the JPC
added noise would compensate for this effect.

APPENDIX B: EXPERIMENTAL SETUP
The full experimental setup is presented in Fig. 7,
including the room-temperature control electronics. In this

appendix, we trace the path of a faxion signal through
the experiment and describe how various experimental
parameters are measured and extracted. The faxion tone
is first generated by a room-temperature microwave gen-
erator (Keysight E8257D) and frequency modulated to
resemble the axion line shape by an arbitrary waveform
generator (AWG). The tone is directed by a cryogenic
circulator toward the L' port of an off-chip 180° hybrid
coupler connecting the north-south lines of the JPC.

The JPC is attached to the bottom plate of a dilution
refrigerator, which is at 20 mK. It is biased via an exter-
nal coil that is connected to a dc-current source (Yoko-
gawa (GS200) at room temperature. The coil generates a
dc magnetic field threading the JRM loop and the chip-
coil ensemble is magnetically shielded with aluminum and
Cryoperm. The dc bias point in this experiment is chosen
to provide strong three-wave mixing capability such that
optimal interaction rates can be achieved [34].

Two off-chip 180° hybrid couplers connect the north-
south and east-west lines of the JPC. The cavity mode is
accessed via the L'l port of the north-south hybrid cou-
pler (right) and the readout mode is accessed via the L'/
port of the east-west hybrid coupler (left). The coupling
rate x, and the internal loss rate x, of the cavity mode
are extracted from a nonlinear fit to the measured scatter-
ing parameter of the JPC in reflection off the axion port
Saa(0) with the pumps off. The measurement port cou-
pling rate x,, is extracted in the same way by measuring
the scattering parameter off the measurement port Sy(d).
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FIG. 7. A full schematic of the GC-enhanced proof-of-principle demonstration experiment, including the room-temperature control
electronics. Coaxial cables are in bold. The thinner lines represent dc cables. Components required for operating the device in a
quantum limited manner are in orange, while components used in the GC-enhanced mode are in purple. Output lines and components
are in red. The lines terminated in ports can be used (from left to right) to probe the readout mode, to probe the JPA, and to measure
out of the cavity mode. These ports are used to characterize device performance [Figs. 2(b) and 2(c)] but are not actively used in the
visibility measurement or weak signal search. Shunt junctions of the JPC are not depicted.
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These rates depend on the dc bias point of the JRM and
they are measured at the operational bias point used in the
experiment. The main source of uncertainty in these mea-
surements is statistical error caused by added noise from
the measurement chain, particularly from the first noisy
amplifier, which is the HEMT at 4 K.

In the visibility measurement and faxion search, the
device is pumped through the £ port of the east-west
hybrid, accessing the common mode of the JRM, while
the .E port of the other hybrid is terminated with a
50-Q termination. In both the quantum limited and GC-
enhanced modes of operation, the device is pumped at
wr by a microwave generator to enable the swap interac-
tion. In the GC-enhanced case, this pump tone is combined
using a hybrid coupler at 300 K with an additional two-
mode squeezing pump tone at frequency w.r generated by
another microwave generator (purple).

Upon being converted (and amplified in the GC-
enhanced case) from the cavity mode to the readout mode,
the tone passes through the L'/ port of the east-west hybrid
coupler and is directed by a circulator toward the mea-
surement chain. It passes through two circulators used to
isolate the JPC from JPA backaction, as well as a direc-
tional coupler that enables probing of the JPA for gain
calibration. The JPA is also attached to the bottom plate
of the dilution refrigerator. Like the JPC, it is biased via
an external coil connected to a dc current source and it is
also magnetically shielded with aluminum and Cryoperm.
In the quantum limited case, the JPA is pumped using a
fourth microwave generator (orange). In the GC-enhanced
case, the w.r and wrs pump tones are combined using a
three-port mixer (purple) to yield a pump tone at 2@,4. This
method of generating the JPA pump tone from the JPC
pumps spontaneously phase locks the JPA to the JPC. In
both the quantum limited and GC cases, the pump tones are
then passed through directional couplers (orange and pur-
ple) that direct a fraction of the pump tones to be used to
generate the local oscillator of a four-port mixer. In the GC
case, the remainder of the pump tone is amplified and then
passed through a manually controlled variable attenuator,
used to control the power in the pump tone and the result-
ing JPA gain. It also passes through a manual phase shifter,
used to align the JPC and JPA amplified quadratures. The
manual act of switching between the quantum limited and
GC modes of pumping is schematically represented by the
switch symbols in Fig. 7. Finally, the pump tone passes
through a 10-dB directional coupler and couples to the
pump port of the JPA.

After amplification from the JPA, outgoing fields are
routed back through the directional coupler and circula-
tors (red) toward the next-stage amplifier (a HEMT at
4 K). After the HEMT, they are amplified further by a
room-temperature MITEQ amplifier and enter an in-phase
and quadrature (IQ) mixer (red) at the rf port. The local
oscillator of the mixer is supplied by a fraction of the

JPA pump tone which is frequency divided (wo= wp /2)
and amplified. After being mixed down, the in-phase and
quadrature signals are directed into dc-11 MHz low-pass
filters and then finally digitized by an analog-to-digital
converter (ADC).

APPENDIX C: SYNTHETIC AXION GENERATION
AND DATA PROCESSING

To produce the synthetic faxion tones, we generate a list
of voltage samples drawn randomly from a cumulative dis-
tribution function (CDF) derived from the axion line shape
[25] and we use the list of voltage samples to frequency
modulate a microwave tone. We sample from the CDF to
update the faxion frequency at a rate of 1.5 kHz, much
slower than the modulation depth, which is set to 30 kHz.
Meanwhile, the measurement rate at each step (2.4 mHz)
is much slower than either of these rates. This means that
at any given measurement step, the faxion frequency is
updated many times over the course of the integration time,
resulting in a signal with a shape that mimics the axion line
shape.

An ADC (ATS9462) continuously records the in-phase
and quadrature streams exiting the 1Q mixer over the
course of 0.16 s. This time-domain trace is divided into
n =32 subtraces with acquisition time 7z,q =5 ms each.
Each subtrace is subsequently Fourier transformed, yield-
ing PSDs at positive frequencies (@) that describe detun-
ings from the local-oscillator (LO) frequency. The PSDs
at these positive frequencies are subsequently assigned
to their negative-frequency (_w) counterparts in the rf.
This produces a spectrum that is symmetric about the
LO frequency. The 32 transformed and symmetrized sub-
traces are then averaged together to produce a single
power spectrum, called the “raw spectrum,” which has a
frequency-dependent profile. This process is repeated at
every faxion-tuning step over the 26-MHz range, resulting
in 2601 raw spectra.

In order to identify any power excesses in the data,
it is useful to remove the base frequency-dependent pro-
file. To do so, we average the 2601 raw spectra together
to get an averaged baseline and we filter the baseline
with a Savitzky-Golay filter to remove all of the small-
scale structure from it (features comparable to the axion
linewidth and narrower), such that all faxion-induced
structure would be removed. Then, each raw spectrum is
divided by the filtered baseline to remove the frequency-
dependent profile while preserving the faxion-scale struc-
ture. Subtracting 1 from these spectra results in 2601
power-excess spectra, which have mean 0 and standard
deviation close to’nz.L'l,, where L', _200 Hz is the
resolution bandwidth in our measurement.

The 2601 spectra are then shifted in 10-kHz increments
such that the faxion tone in each spectrum lines up with
its random initial frequency. This simulates the tuning of a
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cavity across a fixed-frequency axion tone in a real axion
search. Each of the 2601 shifted spectra is then rescaled
by the normalized visibility a(w) so that frequency bins
with higher sensitivity to the faxion are weighted more.
The rescaled spectra are then added together to produce
a single combined spectrum with mean 0 and standard
deviation close to 1, which has a faxion-induced power
excess that contains contributions from all of the axion-
sensitive frequencies. This procedure results in a clear
faxion-induced power excess, which follows the expected
axion line shape closely, as demonstrated in Fig. 3(b). To
further improve the SNR and determine the frequency bin
most likely to contain the faxion, we perform maximum
likelihood estimation on the combined spectrum, account-
ing for the faxion line shape, which results in the grand
spectrum displayed in Fig. 3(c), with the faxion-induced
power excesses marked.
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