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We provide a comprehensive comparison of linear amplifiers and microwave photon counters in

axion dark matter experiments. The study is done assuming a range of realistic operating conditions and

detector parameters, over the frequency range between 1 and 30 GHz. As expected, photon counters are
found to be advantageous under low background, at high frequencies (v > 5 GHz), if they can be
implemented with robust wide-frequency tuning or a very low dark count rate. Additional noteworthy

observations emerging from this study include: (1) an expanded applicability of off-resonance photon

background reduction, including the single-quadrature state squeezing, for scan rate enhancements;

(2) a much broader appeal for operating the haloscope resonators in the overcoupling regime, up to
p ~ 10; (3) the need for a detailed investigation into the cryogenic and electromagnetic conditions inside
haloscope cavities to lower the photon temperature for future experiments; (4) the necessity to develop a

distributed network of coupling ports in high-volume axion haloscopes to utilize these potential gains in

the scan rate.
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I. INTRODUCTION

QCD axions are excellent candidates for the cosmologi-
cal dark matter [1-5]. Their presence in a terrestrial
laboratory can be detected using a well-established method,
the cavity-based haloscope [6-9]. In this scheme, a cavity
resonator is immersed in an external dc magnetic field,
resonantly converting halo axions into a microwave signal.
The resonant frequency of the cavity can be tuned to search
for a narrow line, which would indicate the presence of
axion dark matter. The cavity is coupled to a low-noise
amplifier for readout and data processing.

In recent years, advances in quantum sensing techniques
enable new capabilities in axion dark matter searches
[10,11]. It is now possible to apply vacuum squeezing
techniques to evade the standard quantum limit (SQL) by
using a pair of parametric amplifiers operating in a single-
quadrature squeezed state setup [12—14]. It has also been
demonstrated that a microwave photon counter can be used
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in centimeter-wave axion dark matter searches [15-18],
which enhances the scan rate by avoiding SQL altogether.

In this paper, we provide an in-depth comparison of the
linear amplifiers and the photon-counting microwave
detectors in axion dark matter searches. Revisiting this
subject is timely given these advances in quantum infor-
mation technologies. Obviously, such promises can only be
realized when auxiliary systems in the haloscope experi-
ments can support operation of these new sensors under
appropriate conditions. The purpose of this review is to
clarify what these requirements are and to develop a road
map for future axion dark matter searches in the frequency
range of 1-30 GHz, corresponding to the postinflationary
scenario of axion production [5,19-23].

The paper is organized as follows. In Sec. II we derive
the scan rate of an axion haloscope read out by either a
linear amplifier (with the option of adding a squeezing
deamplifier) or a single microwave photon detector. We
obtain closed-form expressions of which we take various
limits—photon noise background versus dark count rate—
as functions of the temperature and search frequencies.
In Sec. III, we proceed to use the results to compre-
hensively compare these two readout systems and
their ability to reach theoretical benchmarks such as
the Kim-Shifman-Vainshtein-Zakharov (KSVZ) [24,25]
and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) [26,27].

Published by the American Physical Society
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We conclude in Sec. IV and discuss the implications of
these results on future searches of the postinflationary
dark matter axions.

II. THE SCAN RATE CALCULATIONS

To calculate the scan rate R of the haloscope for reaching
a certain coupling strength g,,,, we closely follow the
method and notations adopted in a well-cited paper,
Ref. [12]. We consider the experimental setup depicted
in Fig. 1. The large square block represents the cavity
haloscope, which is coupled to a measuring port m, an
internal lossy termination (surface conductive loss) at the
haloscope temperature 7', and a generator a from axion-to-
photon conversion. The coupling strengths are, respec-
tively, k,,, k;, and .

The measurement port m is connected to a circulator
whose output goes to a low-noise amplifier to the right
and the input from an impedance matching termination to
the left, with the efficiency 4 <1 in either direction.
Optionally, a quadrature deamplifier with a deamplification
gain G, can be inserted between the circulator and the
termination. We include loss in efficiency due to dissipa-
tion, with 4 being the efficiency to either the amplifier side
or the termination side.

While we closely follow [12], we consider the general
case where the termination temperature 7, can be different,
usually lower, than the haloscope temperature 7. This
situation arises in axion experiments because the large
surface area of the haloscope cavity and the poorly thermal
anchored tuning elements often make it difficult to operate
the haloscope at the base temperature 7, of the mixing
chamber [13,14]. On the other hand, the small coaxial
termination can be much more easily heat sunk to the base
temperature 7', of the refrigerator.

Starting with the Heisenberg-Langevin equation for the
cavity ladder operator A and following the steps based on
known solutions to the input-output theory as presented
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FIG. 1. The experimental setup considered in Secs. ITA
and IIB. The schematic and notation closely follows those
of [12]. G, and G, are the amplifier and squeezer gains. The
coupling coefficients «,,, k;, and k, are for the measurement port
m, intrinsic (cavity) loss port /, and the axion port a. In this paper,
we consider the general case where T, the termination temper-
ature, is different from the haloscope temperature 7.

in Appendix A of [12], we obtain the single-quadrature
spectral density at the amplifier,

ZoutXm = <nT +%> (1-2) +$

1 1
X [(nA + 5) KoKy, + <nT + 5) KiK

#(mt3)0=2ri6n@]

where A(w) =w? + (k,, —k;)? /4, B(0) =0+ (k,, +x;)*/4,
and the photon occupation number n for thermal sources is
given by (/T — 1)~!, The coefficients A(w) are simply
the reflectivity of the resonator |I'|? in classical microwave
theory and B(w) is a normalization factor. The coupling
constants x,,, k; can be connected with their microwave
equivalents by the following identifications: «;/w. =
k;/(2av,) = 1/Qy and k,, = pk;, where Qy is the intrinsic
(unloaded) quality factor of the resonator and f is the
coupling parameter of the measurement port. This setup
can be analyzed as a cascaded microwave network. At the
resonant frequency of the cavity, the amplifier “sees”
thermal emission from the cavity (especially if g =1).
When the cavity becomes reflective coming off resonance,
the amplifier sees the radiation from the termination.

The photon occupation number n, (>> 1) and coupling
kK, can be expressed in terms of physical parameters
normally found in the haloscope literature, such as g,
and the form factor [12]. We reproduce their Eqgs. (B10)
and (B11) here,

B,V 3
ny = |gayy‘pa 0 Cmnlc ) (2)
4a)aAa hﬂO
Cmnlhc3
Kg = |gay7|BO . (3)
\/ Ho

The parameters g,,,,p,, By, and C,,; are the axion-
photon coupling strength, local axion density, external
magnetic field, and a geometrical form factor for the
eigenmode, respectively. The visibility function a(w), or
the signal-to-noise ratio, is given by

(@) = Ay, - { (nT + %) (1 = )B(@) + ixsk,]

+(nh+;> (1—/1+G/1X>/I-A(a))}_l, 4)

which can be used in R = [ a*(w)do to find the scan rate
figure of merit,
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B ﬂn%KgKl_l r*#*V/G,
Ramp(ﬂ) - n2 - (-1) (1+p) 3/2° (5)
242 IF G+ AU = A/2- {80 4+ 1= 2] +yp 4y P15

where we further define y = (ny +1)/(n, +1). This scan
rate figure of merit will be normalized in later sections
relative to the theoretical benchmarks. Here we note that
Romp scales as |g,,,|*.

A. Linear amplifier in a standard configuration

We first consider the case in which the squeezer gain G,
is unity and y = 1, setting the termination 7', to be the same
as the haloscope T. Ry, then reduces to o 2/(f+ 1),
which peaks at =2 [12,28]. At large f, the scan rate
scales as o« k7' /f ~ Qo/(1 4 B). To follow up a candidate
signal, one seeks to maximize a(0) & /(1 + f)* which
peaks at f = 1. All these are well-known results in the
axion literature.

With G, = 1, one can either amplify-digitize both the X
and Y quadrature or perform a single-quadrature (X)
amplification. The two-quadrature (phase-insensitive)
amplification must add an additional half photon to the
occupation number [29], and the single-quadrature
(phase-sensitive) amplification adds none. However,
as pointed out in [12], this apparent advantage for
single-quadrature noiseless amplification is canceled by
2x fewer independent measurements and 2x larger noise
bandwidth created by the idler. Therefore, phase-sensitive
amplification alone does not evade the SQL at the
system level.

B. Linear amplifier in a squeezed state readout

When the squeezer gain G, > 1, SQL can be evaded as
pointed out in [12] and realized in [13,14]. An enhanced
scan rate is achieved by squeezing the photon noise from
the termination (n;, + 1/2) and increasing the coupling f.
As the cavity becomes overcoupled (larger f), it becomes
more reflective. As a result, the amplifier sees more
photon noise from the termination and less from the
cavity. When y =1, our Egs. (1) and (4) recover
Eqs. (A23) and (A24) in [12]. When A=1, Eq. (5)
reproduces their Eq. (2). Setting A = v/0.69, the scan
rate enhancement E, given by the 2D function E, =
R(f,G,)/R(f=2,G,=1) is plotted in Fig. 2, which
accurately reproduces Fig. 2(b) in [12].

While the above calculations are carried out using
quantum mechanics, the final results can be understood
classically aside from the 1/2 photon corresponding to the
vacuum state and the appearance of the Planck emission
law. We point out the obvious fact that squeezing (G, > 1)
improves the scan rate even when ny > 1. This is quite
clear since ny drops out completely in £, when the ratio is

taken. The implication is that a squeezer improves the scan
rate regardless of whether the experiment is cooled to the
vacuum state. In other words, ADMX at 1 GHz, or even
DMRadioGUT [30] at 1 MHz can still benefit from single-
quadrature squeezing. While this broader applicability was
already obvious from Eq. (2) of Malnou et al. [12], it has
not been widely appreciated by the axion community
because of the emphasis on “quantum” state squeezing.

The reduction of photon background cannot be done by
attenuation, because any dissipation would induce emis-
sion (Kirchhoff’s law), as is apparent from the effects of 4
in Eq. (4). Squeezing achieves this “cooling” by deam-
plifying the thermal (and vacuum) fluctuations in the
quadrature being measured. Another way to achieve a
similar effect is to simply cool the termination resistor to
a lower temperature than the haloscope temperature
(T, < T,y > 1). As discussed earlier, this situation hap-
pens because of cryogenic limitations, such as the hot rod
problem [13,14]. In such scenario, y would be playing a
similar role to G.

The HAYSTAC cavity photons are at around 250 mK,
contrasting the termination resistor’s 61 mK [13,14]. At
4.5 GHz, this corresponds to y = 2.33, already providing
some scan rate enhancement even when there is no
squeezing (E; ~ 1.55 over y = 1). The ADMX [31] cavity
photons typically sit at ~300 mK, and the mixing chamber
can be as cold as 80 mK. If the termination resistor can
be cooled to 80 mK, it would correspond to y = 3.66

at 1 GHz. Assuming once again 1 = +/0.69, we obtain

FIG. 2. Withy =1 and 1 = v/0.69, the scan rate enhancement
E, derived from Eq. (5) reproduces results in [12] for all (5, G,).
The enhancement E, is independent of n; since both thermal and
quantum noise can be squeezed.
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FIG. 3. Squeezing can be used in conjunction of having a
lower T, In this contour plot, we assume y = 3.66, baselining
typical performance of ADMX. The efficiency A remains at
v/0.69. The scan rate peaks at (f,Gy)~ (8,20), giving an
enhancement factor of 3.3x. ADMX typically operates at
p = 1.8 with no squeezing, G, = 1.

E, = Rynp(f=8.G; =20)/Ryp(f =2.G;, = 1) =33, an
enhancement in the scan rate by 3.3x (Fig. 3).

The enhancement can be quite significant for the
MADMAX Experiment [32], which plans to run the
haloscope at 4 K. A compact dilution refrigerator could
be used to cool only the termination connected through a
circulator, providing a y factor significantly larger than 1.

C. Microwave photon-counting detector

One can avoid the SQL by forgoing the phase informa-
tion and by only “counting” the microwave photons [10].
Notable examples of this approach are Rydberg atoms
[33,34], Penning traps [35], and superconducting detectors
[36,37]. In recent years, transmon qubits have emerged to
be a leading technology to measure single photons in the
microwave regime [15-17,36,37]. In [18], such devices are
coupled to a haloscope through a coaxial transmission line.
This device architecture, which the authors called a single
microwave photon detector (SMPD), is particularly appeal-
ing because it creates physical separation between the
superconductive sensors and the strong magnetic fields
associated with an axion experiment. The irreversible
photon detection scheme also makes high-duty cycle
integration possible. A schematic of the SMPD is shown
in Fig. 4, along with a brief explanation of its operating
principles.

For the purpose of this optimization/comparative study,
we focus on microwave photon counters whose physical
parameters are similar to the SMPDs reported in [16—18],
although many of the results should be applicable to other
types of microwave photon counters. Reference [34]
considered several similar issues in the context of

le)
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FIG. 4. The SMPD [15-18] consists of an intake resonator
(“buffer”) that defines the band of the incoming photons, a
resonator that defines the outgoing mode (“waste”), and a
transmon qubit coupled to both resonators. An incoming photon
combines with a pump photon to induce the qubit transition from
|g) to |e) and the generation of a waste photon that subsequently
dissipates. The schematic figure is adapted from [16].

Rydberg-atom-based axion searches. We consider the
system depicted in Fig. 5, where the linear amplifier in
Fig. 1 is replaced by an SMPD. The photon field detected is
given by

WP(v) = {nTu S I nbA<w>J} .

_n
B(w)

For single-mode optics, the noise equivalent power o
associated with P(v) consists of contributions from the
Poisson noise and the Bose noise,

o :% [ / dvhnP () + / dun2P2(v)].

Note that Egs. (9) and (13) in [10], Egs. (12) in [38], and
(41) in [39] all contain the same expression. The readers
shall refer to these papers for the derivation. The total noise
background is given by

T, é
K Kal" L&,
sl ¢

FIG. 5. The experimental setup used in the analysis of Sec. III
C. In place of the amplifier, an SMPD is used for readout at the
measurement port.
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............... Photons from cavity
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FIG. 6. The contributions to photon noise near the resonance of the haloscope cavity. For a photon-counting detector, the noise within
the bandwidth of the detector Ay, contributes to measurement uncertainties against a possible axion signal within the bandwidth of the
haloscope, ~x;(27)~'(1 + ). Based on the noise integral, Eqs. (6) and (7), the on-resonance cavity emission is independent of Av,,
while the off-resonance contributions (emission from the termination and the lossy part of the transmission line) are proportional to Av,,.
In many circumstances, Av, needs to be just large enough to cover the resonance and minimize the noise contribution from n, and

(1 —n)nz. See text for a detailed discussion.

1 Ve+Avy /2
ol = / ‘ dl/hzuz{nr(l -7)

T Ju.~Avy/2

+ % (nrkiK, + nyA(w)]

+ni(1—n)?+

;,]2

B(w)
n
B(w)

[nFxis, + npA% ()]

+2np(1=1) -

[nrKiicy + npA(w)]

+§5MWWM@@. (6)

The origin of various terms in the integral is clear when
one analyzes first the Poisson (c n) portion of the o2
integral. With a photon counter that has a detection
bandwidth Ay, around v,, the integral takes place within
v, + Av,/2. Tt has a component that comes from the cavity
emission and an off-resonance component that comes from
the “background,” including the coaxial termination and the
lossy transmission line; see Fig. 6.

Note that, when the first stage readout is a linear
amplifier with G, > 1, the number of photons at detection
is increased vastly and the Poisson noise becomes negli-
gible (see Sec. 3C in [39]). Despite the advantage of
eliminating the Poisson contribution, the increasing domi-
nance of the 1/2 photon term in the noise makes linear
amplifiers highly undesirable toward high frequencies.

We next include effects of a non-negligible dark count
rate (DCR). The dark counts in state-of-the-art SMPDs
come from several sources [15,17]. The first contribution to
the DCR comes from the photon/microwave environment.
Usually this is characterized as a residual effective temper-
ature in the photon field, denoted by T, (with photon
occupation number n,), in the 30-50 mK range. This
photon noise would add to the existing background 7n,, and
(I —=n)ny. The noise integral of all these background
sources is proportional to Av,.

There are other sources of dark counts associated with
the transmon qubit in the SMPD: (a) thermal excitation
of the qubit and (b) false positives in the determination of
the quantum state, which is ultimately related to the qubit
coherence time 7';. This qubit-related component, which
we call dvpcg, is independent of Av,. The Poisson noise
from ovpcr adds in quadrature to Eq. (6) as an additional
variance outside the integral.

Similar to the noise, the average (axion) signal is given
by nak.k,n [, B~ () (dw/2x). If Av, is large enough to
cover the Lorentzian line, we can use [ (@? + a)™'dw =
z/va and [% (0?+a)2do =r/(2a*?) to obtain
closed-form results. In this limit, we have

/ dwA()/B(0) = 21h, — KK, / dw/B(w),
[ dor@)5@) = [ do/Bo) - s [ dojso).
/ dwA? () B2 (@) = 2780, — 2K, / doo/B(w)
R / doo) B().

Using these integrals recursively, we arrive at an expres-
sion for the frequency-integrated squared SNR Rqypp,
which is directly comparable to the scan rate figure of merit,

Rsypp = 2n3iaky ' 7 (1 + )72
{6+ DA+ EB(1+ )" + FFP(1+p) ),
(7)

where the DCR appears as & = dupcg(nk;)~!, a “dark
count rate” normalized by the unloaded cavity line width.
A = Avy(nx;)™!, is a similarly dimensionless measure of
the detector bandwidth. The terms in the expression are
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organized based on their dependence on A and f. The D, E,
F functions are

D(n, ny,ny) = np(1 =n) + nyn
+ [nr(1=n) +nnp)* + n,,
E(n.ny.ny) = 2nlny — ny = 2qnd + 2n3.(1 — 1)
+ 2n7n, (20 = 1)),
F(n,ng,ny) = 4(ng — ny) .

In the remainder of this section, various scaling relations
are discussed. In Sec. III B, the numerical values supported
by the results achieved by ongoing experiments have been
inserted into the equations to assess the experimental
parameters required to reach various main benchmarks.

Although the results seem verbose, the benefit of
obtaining these analytic expressions becomes clear when
various limits are taken. For example, whether ovpcr
significantly affects the scan rate Rqypp depends on how
it compares with nyAv,. Completeness also helps clarify
the dependence of the scan rate to the haloscope quality
factor Q, a subject of great importance in the design of
axion search experiments.

Under truly background-free conditions, n,, n;,, ny — 0,
or more precisely, D < §/A, the axion experiment
becomes limited only by the DCR,

Rsvpp — 2anjkan* (1 + B) 72 /Supcr- (8)

Intriguingly, the scan rate does not depend on «k; and
increases weakly with f in this limit. We understand this

observation as follows. Generally, a large Q helps the scan
rate by (1) resonantly enhancing the axion-to-photon
conversion power and (2) reducing the bandwidth to
background photons. On the other hand, high Q hurts
the scan rate by (3) reducing the search bandwidth and
(4) restricting the output from the haloscope. With no
background, (2) is gone, the effects of (1), (3), and
(4) cancel, and the benefit of high Q disappears.

When the noise is dominated by photons from the
terminating load and other sources of off-resonance
background [negligible Svpcg and DA > ES(1 + p)7'1,
we have

2anfikpr (1 + )~
D(’% nr, nb)Al/d

©)

Rgsvipp —

Although the scan rate also appears independent of k; or
0y, it is inversely proportional to the detector bandwidth. If
the bandwidth can be engineered, it should be the narrowest
possible to still cover the haloscope linewidth v/Qy, i.e.,
Av, ~ vk (f + 1). Equation (9) becomes proportional to
A*(1 + p)~3 in such global optimization, which peaks at
f = 2. In other words, the conventional wisdom for axion
searches applies. Figure 7 illustrates how this optimization
takes place on the A — f plane under various experimental
conditions. In the SMPD scheme, Ay, is determined jointly
by the linewidth of the buffer and the waste resonators
[Eq. (DS5) in [17]].

In this limit, a competitive axion search must
involve synchronized tuning of the SMPD band and the
haloscope resonance over a wide-frequency range. So far,

10F o o7 U8 09 10F7 03] | ofe o7 ) ! 7 10F % o5 Y 7

8 > 8 > 8
"
& s 6/ 6
<
=
=
ﬁ Jl 4 =0.90 4 n=206
<

2 2} 2

0 0 0

0 2 4 6 8 10 0 2 6 8 10 0 2 4 6 8 10

B B B

FIG.7. These contour plots show the scan rate Rqypp given in Eq. (7) versus the coupling parameter $ and the photon counter bandwidth
A = Av,(x;z)~". As discussed in the text, when A is fixed, the scan rate increases monotonically with 3 as depicted by the arrow at A = 8
(or any other horizontal line). When A is engineered to be just large enough to cover the resonance, e.g., along the red line [A = (1 + /)],
Rg\vipp maximizes at the locations of the asterisk: # ~ 8 (left) when the emission is dominated by the cavity [Eq. (10)], or # ~ 2 (right) when
the photon noise is dominated by the off-resonance background. In between either limit, the scan rate maximizes at f ~ 5 (middle).
The contours are normalized to the maximum in each plot. The efficiency due to dissipation # effectively changes the contribution from
the off-resonance background photons. The SMPD “dark count” due to the residual photons 7', has similar effects. The white-out regions
in the lower right are where the SMPD bandwidth Av, starts to be comparable to the linewidth v,./Q.
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the state-of-the-art SMPD can only be tuned by < 2%.
Significant development is still needed on this front.

Next we consider the cavity photon-dominated regime.
When ny > n,A and 5 ~ 1, the photon noise is dominated
by the haloscope emission. Therefore,

nyak A1+ )2
npB(1+ )7 + 2072 (1 4 B)~°

In this limit, the bandwidth of the photon counter Ay,
is not detrimental to Rq\pp because the noise contribution
is dominated by the Lorentzian integral around the line
(Fig. 6).

A noteworthy result stemming from Egs. (7)—(10) is
their dependence on f. For photon counters with a given
bandwidth Av,, the scan rate Rgypp increases monoton-
ically in # and asymptotically approaches a maximum, until
the resonance width approaches Av,;. Although, in practice,
the rate increases minimally beyond # > 10.

Consider the numerical values from [18]: v, =7.37 GHz,
Q, =2.25x10%, p = 3. The linewidth of the cavity is
then 130 kHz, still substantially narrower than the SMPD
bandwidth Av,; = 700 kHz [clear from Fig. 2(a) of [18]].
According to Eq. (7), by going to = 10 the scan rate can
increase by 47%.

As mentioned earlier, if the SMPD bandwidth can be
optimized together with the rest of the experiment, the
answer might be different. In Fig. 7, we illustrate the
optimization of f in both the fixed—and engineered—Av,
scenarios under different loading conditions.

Rsmpp — (10)

III. OPTIMIZING THE EXPERIMENTAL
CONDITIONS

A. Scan rate comparison between AMP and SMPD

We proceed to use Egs. (5) and (7) to compare the scan
rates of two identical haloscopes read out by (1) a linear

amplifier in a single-quadrature squeezed setup and (2) a
photon counter such as the SMPD.

If the photon background vanishes, option (2) is vastly
superior and the choice between the two is obvious.
However, the main axion haloscope projects that had
produced meaningful constraints on g,,, still find the
effective photon temperature in the cavities to be between
90 and 300 mK, elevated compared to the base temperature
of the dilution refrigerator. At this temperature range, the
photon noise is not negligible.

To apply the results in the previous sections to a broader
range of experiments, 7 is set between 0.01 and 1 K. The
termination temperature 7', is assumed to be 7'/3 unless
T < 0.03, in which case T, bottoms out at 0.01 K. Using
the haloscope temperature 7" and the search frequency v as
parameters, we plot the contours of ratio » = Rgypp/Ramp
(Fig. 8). In the left panel, the SMPD scan rate is compared
against the baseline, no squeezing G, = 1, = 2. In the
center panel, squeezing is turned on for the amplifier
option. With the squeezing on, the contours shift to the
right as expected.

In the right panel, the SMPD has a dark count rate
dupcr = 10° s7!. At the SQL, the equivalent DCR from an
amplifier within the axion signal bandwidth is ~v/Q,,
or about 10* s~ at 10 GHz. In comparison, the DCR of
the state-of-the-art SMPDs (few tens of s7!) is already
significantly better. That is why a DCR of 10? s~! does not
significantly change the overall conclusion except at the
low-frequency end.

The r = 1 contours represent the same scan rate for the
amplifier and the SMPD. From these figures, it is clear that
when 7 < 150 mK and at high frequencies, SMPDs
become overwhelmingly advantageous as r becomes orders
of magnitude greater than 1. However, two things need to
happen before the axion experiments broadly adopt SMPDs
or similar microwave photon counters for the readout:
(a) understanding the cause for the elevated photon

0.50

T(K) o0.10 T(K)o0.10

0.05 0.05

0.01 0.01t,

0 5 10 15 20 25 30 5
v (GHz)

FIG. 8.

15 20 25
v (GHz)

The contour plots for r, the scan rate ratio Rgypp/Ramp- Left: for a SQL amplifier operating in the standard configuration

(G, = 1,8 =2), dupcg = 100 s~! for the SMPD. Center: with an amplifier pair in a squeezed state configuration (G, = 20, = 7),
Supcr = 100 s~!. Right: no squeezing on the amplifier but with a DCR of dvpcg = 10° s
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temperature in the cavity and resolving the issue and
(b) upgrading the SMPDs to allow for robust, synchronized
tuning with the haloscope. Typically, an axion haloscope
has a tuning range Z20% and the microwave photon
counter must match that. Before these developments,
one can continue to make good progress using SQL
amplifiers. Indeed, in Fig. 8, the 7' = 0.2 K line crosses
the equality curve (r = 1) at 11 (9) GHz and the r = 2 line
at 14 (12) GHz, with (without) squeezing.

B. Reaching the KSVZ/DFSZ limits for the
postinflationary frequencies

The original strong CP-resolving axion model was
quickly ruled out by data. The minimal extension that is
still consistent with the data is known as the KSVZ model
after its proposers Kim [24] and Shifman er al. [25].
Another benchmark model that had received broad recog-
nition is the DFSZ model proposed by Dine et al. [27] and
Zhitnitsky [26]. The DFSZ model predicts a coupling
strength (g,,,) 2.6x smaller than the KSVZ value [5].

So far the ADMX and CAPP experiments have reached
the DFSZ theoretical benchmark at around 1 GHz. The
only other project nearing the theoretical limits is
HAYSTAC [13,14], coming within a factor of 2 of the
KSVZ value over ~2%-3% of bandwidth between 4
and 5 GHz.

In this study we are most interested in the frequency
range v, between 1 and 30 GHz (centimeter wave),
corresponding to the postinflationary axion production
scenario [5,19-23]. One main difficulty in scaling the
~1 GHz experiments to high frequencies is due to loss
of volume. From Egs. (2) and (5), the scan rate is « V2.
Naive dimensional scaling of the cavity geometry in all
three dimensions leads to a steep scan rate reduction at high
frequencies (o< 7). In addition, Q, (or, equivalently, wc,‘l)
decreases at high frequency due to the anomalous skin
effect as ~v=2/3.

As discussed in Sec. II B, operating the receiver in a
squeezed state can improve the scan rate beyond the SQL.
However, the main limitation of this approach comes from
the dissipative loss between the squeezer and the halo-
scope, in particular, from the circulator. In practical
systems, the gain in scan rate is often limited to around
a factor of 2. While this is significant enough to implement
on working projects, the sensitivity gap to the DFSZ value
at > 5 GHz is too vast for this method to overcome. In
principle, the gain could be unlimited if the circulator is
lossless or can be avoided altogether. Research and devel-
opment (R/D) efforts are being made to pursue this but
should be characterized as in early stages.

It is possible to improve the scan rates by significantly
increasing the quality factor Q using superconductive
coatings, such as niobium alloys [40] or tapes of high-
T .. superconductors. The most impressive results so far are
those by the CAPP group using high-7'. superconducting

tapes that have been shown to survive in strong B fields.
It is unclear whether superconducting high-Q cavities can
effectively work with photon-counting detectors. As dis-
cussed in Sec. II C, the frequency and the bandwidth of the
SMPD should match those of the haloscope in the off-
resonance background-dominated regime. Synchronized
tuning over a wide-frequency range will be extremely
challenging for these ultrahigh-Q systems. In the DCR-
dominated regime, the scan rate becomes independent of Q
[Eq. (8)], rendering null the benefits of having high-quality
factors. Even restricting to < 5 GHz and operating with
an amplifier face significant challenges in microphonics
and cryogenics when it comes to tuning a system with
Q; = 10° over an appreciable search range.

Other groups have proposed to use extremely high-field
magnets for axion searches, motivated by the strong
dependence of the scan rate to Bj, ie., R Bg.
Advanced magnet engineering is used to produce a field
strength 20 T or higher, leading to a seemingly vast
advantage over standard NbTi magnets at around 8-9 T.
One challenge with this approach is that the very-high-field
magnets use resistive coils that incur staggering power
consumption. Reference [41] reports the 43 T field requires
power consumption exceeding 20 MW, which seems
prohibitive for typical scales of axion experiments. The
CAPP group reports continuous operation of a lower power
18T high T, magnet [42]. Nevertheless, these high-field
magnets often come with relatively small bore diameters,
resulting in a figure of merit B3V < 0.3 T?>m?, substan-
tially lower than that of a 89 T magnet with an
800 mm bore.

Based on these considerations, we focus the subsequent
discussions on two R/D thrusts aiming to reach DFSZ for
much of the postinflationary mass range: (1) breaking the
volume scaling of v and vacuum state squeezing and
(2) developing the SMPD for axion dark matter searches.
In the next two sections we discuss these approaches
in turn.

1. Volume enhancement and squeezed amplification

The loss in volume at short wavelengths (1) can be
circumvented by adopting novel resonators that fill a
volume > 13. In [43-45], we propose two such designs:
the thin-shell “wedge” cavity and multicell “beehive”
cavity (Fig. 9). These geometries can scale up in volume
at a fixed resonant frequency and have Q’s similar to
conventional cylindrical cavities. The wedge design has
been experimentally demonstrated at 7.5 GHz [46]. This
approach is being vigorously pursued by the ADMX-
VERA (Volume Enhanced Resonant Axion) working
group. Haloscopes based on noncavity resonators can also
achieve similar volume enhancements. The most well-
developed concepts are the plasma haloscopes [47,48]
and the dielectric disk haloscopes [32,49].

123018-8



MAXIMIZING QUANTUM ENHANCEMENT IN AXION DARK ...

PHYS. REV. D 111, 123018 (2025)

— AN

il

Lt

FIG. 9. The VERA haloscopes. From left to right: a triple-wedge cavity (5—7 GHz), the cross section view of its field distribution
[43,44,46]; a beehive cavity consisting of overlapping cylinders (5-7 GHz) [45], its field distribution; a notional 20-wedge cavity at

~20 GHz, and a beehive cavity at ~20 GHz.

For the purpose of readout comparison, we use the
VERA concept as the baseline. Much of the results and
conclusions are applicable to other volume-enhanced
haloscopes. Scaling from [13], we assume VERA can
increase the volume of the resonant cavity at 4.14 GHz
by a factor of 7-8 and change the frequency scaling from
Vv to Vv with an a < 3. In principle, an ideal
volume-filling multiwedge cavity or a beehive cavity can
completely eliminate the frequency dependence, corre-
sponding to @ = 0. However, there are still uncertainties
regarding how this technology scales in frequency, despite
great promises shown at < 8§ GHz. Practical limitations at
shorter wavelength might induce phase errors that lead
to lower form factors and, effectively, loss in volume.
Recognizing that, we consider two stages in the VERA
program: VERA-1 with @ = 1 and VERA-2 with a = 0.5.
Both are normalized at 7 GHz using a three-wedge thin-
shell cavity as the baseline model [46]. These two scenarios
correspond to retaining ~20% and ~50% of the effective
volume at 30 GHz compared to 7 GHz.

To make reliable forecasts, we normalize the scan rate
expressions obtained in earlier sections by achieved exclu-
sion limits reported by HAYSTAC in [13]. In 105 days
of operation, they ruled out g,, above 1.38 KSVZ at
90% confidence level over 1.76% of bandwidth around
4.14 GHz. The receiver is operated in a squeezed state setup
with G; = 21 and # = 7.1. The cavity photon temperature
T is measured to be 250 mK and the termination 7, is at
61 mK. These parameters are used in normalizing the
amplifier scan rate R,yp using Eq. (5) and, by exten-
sion, Eq. (7).

For convenience, we normalize the “KSVZ,” “DFSZ,’
and other benchmark contours to correspond to 100 days of
operation over a 5% fractional bandwidth. The HAYSTAC
results have been obtained after several years of optimi-
zation. What they have achieved should be considered
results of a realistic experimental duty cycle and actual
sensitivity and efficiencies of a well-tuned axion experi-
ment using modern cryogenic and readout systems. These

reality-calibrated rates should be a reliable forecast for
reaching particular benchmarks over a bandwidth of 30%
after a few years of operation.

Using the assumptions in Table I, it can be shown that
either VERA-1 or VERA-2 can reach time the KSVZ value
benchmark to 8 GHz with SQL amplifiers. Additionally,
0.5 KSVZ is reachable by VERA-1 up to 15 GHz and
VERA-2 up to 18 GHz (Fig. 10, left panel). The presence of
1/2 photons in the noise creates two limiting effects that are
noticeable: the inability to reach the DFSZ benchmark
above ~4 GHz even with VERA-2 and the ineffectiveness
in improving the experimental reach by cooling the cavity
below 100 mK.

In the middle panel of Fig. 10, squeezing is enabled with
VERA-2 with the standard parameters G, = 20,5 = 7. It
produces the expected results of shifting the contours
toward high frequencies. The DFSZ limit is reachable in
this case up to 4 GHz, while the KSVZ benchmark can be
reached < 10 GHz.

TABLE I. The parameters used in Figs. 8—11. The scan rates
have been normalized by achieved g,,, limits in [13]. Therefore,
these contour plots have built in realistic integration and scanning
inefficiencies—including calibration, tuning, thermal settling,
etc.

Parameter Description Value Unit
Qo Quality factor [13] 4.7 x 10*(v/4.14 GHz)™*/* ---
Vy Cavity volume [13] 3.94(v/4.14 GHz)™3 l
Voral Vol. VERA-1 36(v/4.14 GHz)™! l
Voyorar Vol. VERA-2 27(v/4.14 GHz)™05 !
By Magnetic field 8 T
T, If T>003K T/3

T, If T <0.03K 0.01 K
n Efficiency V0.7 o
Av, Detector bandwidth 7 x 103 Hz
Ay, Ibid., for Fig. 11 v/5 -
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FIG. 10. Combining the VERA approach and quantum techniques, it is possible to cover most of the postinflationary axion mass range
(>30 GHz) to DFSZ. Left: VERA-2 cavity with SQL readout. The contours correspond to scan rates to reach DFSZ at 3¢ (blue dashed),
DFSZ at 90% confidence level (blue), KSVZ at 3¢ (red dashed), KSVZ at 90% (red), 2 x KSVZ at 90% (red dotted), and completing a
5% search bandwidth in 100 days of operation around that given frequency. Center: VERA-2 cavity with the squeezed state readout
(G, =20, = 7). Right: VERA-2 cavity with the SMPD, DCR = 100 s~!. Other experimental parameters are listed in Table I.

2. Using SMPD in axion searches

Above 4 GHz, the DFSZ limit is stubbornly out of reach
even for VERA-2 with vacuum state squeezing. The real
game changer at these high frequencies must be the
introduction of the SMPD in axion searches. In the right
panel of Fig. 10 we show the combination of VERA and the
SMPD, which shows the DFSZ limit becoming accessible
for the entire < 30 GHz range. Impressively, this is
achieved even with a 100 s~! DCR in the detector and
the cavity running at 2100 mK.

In Sec. IIC, we observe three noise regimes for the
SMPD. In the off-resonance background-dominated regime
(such as in Fig. 7, right panel), the scan rate is optimized
with high Q, f =2, and the SMPD bandwidth Ay, just
large enough to cover v./Q;. In the on-resonance cavity
emission-dominated regime (Fig. 7, left panel), the scan
rate increases with S but reaches a diminishing return when
p ~10. In both cases, the SMPD band must be tuned
together with the haloscope resonator, which usually has
a frequency range =20%. In a science integration, the
operating efficiency would severely suffer if the tuning
range of the detectors is too small compared to the
haloscope. We consider a 20% frequency tunability a
necessary requirement for adopting SMPDs in axion
searching programs aiming at reaching the theoretical
benchmark over significant mass ranges. As Fig. 4 depicts,
the input band is determined by the tunable resonator on the
left, dubbed the buffer resonator in [15—17]. In the current
implementation, the tuning range is still limited to < 3%.

The third regime corresponds to the background-free
limit, where Eq. (8) applies. In this case, the scan rate of the
haloscope is independent of Q in the search mode.
Therefore, the SMPD band just needs to cover the cavity
haloscope’s frequency range, e.g., 20%, and does not need
to be tunable. This is also the limit in which the BREAD
experiment aims to operate, using ultralow-background

Cooper pair-breaking detectors of single infrared photons
[50]. Note that a higher Q offers a measurement of the
axion mass (to a precision of 1/Q) in the event that a
positive detection is made.

In Fig. 11, we see the SMPD-based axion experiment
enters the background-free regime when 7 is less than
about 30 mK, depending on the frequency. The SMPD
band is fixed, with a bandwidth of 20%. The haloscope
cavity is tunable within this band, with g = 10. After
completing each 20% range, a new set of cavity and SMPD
are swapped in. The three panels represent DCR at 100, 10,
and 1 s~'. The DFSZ limit is reachable up to 12 GHz at
dupcr = 1 s~1. This set of forecasts assumes the haloscope
volume scales as v~ from [13], i.e., without using any of
the volume enhancement resonators discussed in the
previous section. This device-heavy approach carries its
own set of risks and benefits compared to VERA and
should be viewed as highly complementary.

C. Achieving strong coupling in high-volume
axion haloscopes

In the first experimental demonstration of VERA, the
coupling parameter  with a single antenna was measured
to be ~0.1 [46], substantially lower than the optimal value
of 2. In earlier sections of this paper, we discuss many
scenarios in which overcoupling beyond f = 2 is desired.
It is worth investigating how one can achieve sufficient
coupling in a large-volume cavity.

In this section, we argue that achieving the same f is
inherently harder in a cavity with V > A3 than in a cavity
with V ~ A3. With the same loaded Q (determined by 5 and
Qy), the steady-state electromagnetic energy density Ugy
on resonance is the same for the typical-volume cavity and
the high-volume cavity. For the large-volume cavity, the
Ohmic power dissipation rate on the cavity walls k; is larger
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FIG. 11. It is possible to significantly improve the scan rate to reach DFSZ up to 12.5 GHz even if V « v=3. This can be done by
(1) reducing the haloscope photon temperature to <30 mK to be in the background-free regime and (2) progressively reducing the
dark count rate of the SMPD. From left to right shows the experimental reach using a series of cavities directly scaled up in frequency
from [13], with DCR from 102, 10, to 1 s~!. In these plots, broadband operation of the SMPD is assumed (Av,/v = 0.2). In each line,
the turning point from horizontal to vertical branches marks the g,,,, reach in the background-free regime. These points collectively trace
out the T = hv/k curve.

due to the larger surface area [Eq. (19.150) in [51]]. The
strength of the port x,, must then be proportionally larger to
maintain the same coupling/Ohmic-loss ratio prescribed
by f = Kkp/Ki.

Another way to understand this is to consider
the ringdown time Q/w., which is the same for both
V > A3 and V ~ A* cavities [Eq. (19.153) in [51] ]. To drain
the much higher total energy Ugy X V stored in the V >> A3
cavity within the same ringdown time, the physical size of
the port must be proportionally larger than the port on the
typically sized cavity. This also explains the proportionally
larger signal strength from axion-converted photons in a
high-volume haloscope at a fixed wavelength.

In Fig. 12, we illustrate these two cavities (~A3 vs > 13)
using the simplest rectangular geometry. The top panel
represents a ~A3 cavity with a coupling at the desired f3
parameter. The middle and bottom panels represent the
> A3 cavity with proportionally larger coupling ports to
maintain the same target f (and the ringdown time). In the
middle panel, it is apparent that the larger port implemented
locally would severely distort the field distribution.

In Fig. 13 (left) we demonstrate this behavior using finite
element analysis performed in COMSOL-RE. We start with
a simple rectangular cavity dimensioned to resonate at
10 GHz. Its volume, 6L. = 2213, was chosen to emulate a
system with V > °. When coupling to the cavity with a

FIG. 12. Top: a rectangular cavity coupled to a readout port (or a slot antenna) with V ~ 13. We are interested in reading out the
fundamental mode that is polarized in the x direction whose frequency is set mostly by the smallest dimension (1/2). We assume the port
here provides the optimal 3 parameter. Middle: the volume of the cavity is grown (V > %) by increasing the its dimension in x [43]. The
fundamental mode with uniform polarization in x still exists; however, to maintain the same f, one must increase the coupling strength of
the port proportionally. Doing so with a single large port would drive the mode away from the port instead of achieving the goal
(Fig. 13). Bottom: instead, one must implement an array of ports distributed throughout the volume of the cavity and coherently add up
the signal in a phase-matching summing network. See text for more discussions.
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FIG. 13.

1 2 3 4 5 6
Waveguide Scale

Left: electric field contour plots simulated in COMSOL-RF for a V > 13 rectangular cavity with two different readout port

sizes. When a small readout port is added (top contour plot), coupling is low because energy losses at the cavity walls are proportionally
larger than the energy extracted by the port. The cavity mode also begins to localize away from the port location. When the port is grown
in an attempt to increase the extracted energy (bottom contour plot), this mode localization increases, leading to further degradation of
the coupling. For both plots, the cavity dimensions were 1000 x 400 x 15 mm, and the resonant frequency of the mode was 10 GHz.
The readout ports were simulated using rectangular waveguides. Right: receiver chain coupling # achieved with different sized readout
ports for the same V >> 13 cavity. The scale 1 waveguide had a broad wall length of 30 mm for a cutoff frequency of 5 GHz. As expected,
increasing the port size leads to a decrease in f as the degree of mode localization increases.

small rectangular waveguide (upper contour plot) the
energy lost at the cavity walls is much higher than the
energy extracted via the waveguide, leading to a low f.
The mode also begins to localize on the opposite end of the
cavity. When the size of the port increases in an attempt to
extract more energy (lower contour plot), the degree of
mode localization increases, further decreasing /.

In Fig. 13 (right) we show simulated 3 values for a variety
of waveguide sizes. In each case, we computed f by taking

U
//] o Preadout _ D 0, Q()
= = 7=
Pcavity walls @ 0o Qr
_ fport output dAS - i

=, 11
dAS - an

)

fcavity walls

where P,qoue 1S the power lost through the waveguide
output, Pegity waits 18 the power lost at the cavity walls, @,
is the resonant frequency of the cavity, U is the stored energy,

Q, quantifies coupling to the receiver, S is the Poynting
vector, and 7 is a unit vector normal to the surface of
integration. Instead of extracting more power from the cavity,
p falls off rapidly for larger port sizes.

We also ran a series of similar simulations where several
identically sized waveguides (scale = 1) were distributed
symmetrically across the cavity volume. In these configu-
rations, the mode remained centralized, and, by summing
the port outputs, more energy could be extracted from the
cavity relative to the losses at the cavity walls, increasing
the coupling. The specific coupling achieved depended
upon the number and geometric distribution of the wave-
guides. Our example cases demonstrated couplings

between 0.4 and 5, representing undercoupling, critical
coupling, and overcoupling to the cavity system.

In the bottom panel of Fig. 12, we imagine a readout
scheme that could permit such a geometric distribution of
readout ports. An array of ports similar to the one in the top
panel is distributed throughout the volume of the cavity.
The signal from each port is summed coherently in a low-
loss, impedance-matched tree of transmission lines. This
scheme provides a synthesized “port” that is proportional to
the volume of the cavity, in phase for the axion signal as
long as the extent of the cavity is less than the spatial
coherence length of the cosmological axion (a few 100 m).

The large volume of a beehive cavity is achieved by
having a large number of cells. It is easy to conclude that,
when the coupling of a single port required to reach a
certain f (for the entire beehive) exceeds the coupling
between cells, the port will draw power only from the cell at
which it is located. After reaching that point, multiple
ports + signal summing will be needed to utilize the entire
volume of the beehive for the axion searches.

Such a summing tree was proposed for an axion experi-
ment in [43] in the context of mode selection. Here we
argue that even to maintain f one must implement such
structures. It is becoming clear that summing tree imple-
mentation should become a focus of R/D in the VERA
program.

IV. CONCLUSION

In this paper, we provide a comprehensive comparison of
linear amplifiers and microwave photon counters in axion
dark matter experiments. We derive expressions for the
scan rate of either sensing techniques, assuming a range of
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realistic operating conditions and detector parameters, over
the frequency range of 1-30 GHz.

As expected, photon-counting detectors such as the
SMPD can be overwhelmingly advantageous under low
background, at high frequencies (v > 5 GHz), if they can
be implemented with appropriate parameters. We also note
an expanded applicability of off-resonance photon back-
ground reduction, including the single-quadrature state
squeezing, for scan rate enhancements and a much broader
appeal for operating the haloscope resonators in the over-
coupling regime, up to f ~ 10.

In Sec. Il B we investigate the experimental reach for a
wide range of scenarios. With the goal of eventually
reaching the DFSZ limit up to 30 GHz, we identify several
R/D thrusts:

(1) Develop high-volume (3> 4%) haloscope resonators
such as VERA, the plasma haloscopes, and the
dielectric disk haloscopes. A good milestone is the
reduction in the steepness of frequency scaling from
V~v3to v 09,

(2) Develop SMPDs or similar microwave photon-
counting detectors to have either of the following
properties:

(a) bandwidth <0.1% and tunable range 220%; and
(b) bandwidth ~20% and very low DCR (<1 s71).

(3) Lower the photon temperature of the haloscope
resonators and various backgrounds to <30 mK.

Item (1) alone should represent a robust approach to
reach the KSVZ benchmark up to 10 GHz using existing
sensor technology in a large—B%V magnet. The combination
(2b) + (3) will reach the DFSZ benchmark up to 12 GHz

and the KSVZ benchmark to 23 GHz (Fig. 11). The
combinations (1) + (2a) or (1) + (2b) + (3) will cover
the entire < 30 GHz range to the DFSZ limit (Fig. 10).
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