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Key technology: cavity haloscopes

￼Psignal ≃ 𝒪(10−22 W)

Noise floor from cavity 
blackbody radiation, plus 

added Johnson noise from 
the receiver chain 
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Why does this enhance detection?  

￼Γa→γ ≃ 2π | < f |Hint | i > |2 ( dn
dE )
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Figure courtesy of C. Boutan



The Purcell effect

• This enhancement can be understood as a specific example of a general effect 

• Purcell found that for atoms inside a resonant cavity, spontaneous emission rates are enhanced by 

                    ￼     

  

• Axions can decay too. Is this also enhanced? Can we use this to search for DM? 

 

FPurcell =
τfree

τcavity
=

3λ3

4π2 ( Q
V )

￼ℒ = gaγa ⃗E ⋅ ⃗B



• Axion DM must have a lifetime >> the age of the Universe. Can we really enhance decay to observable levels? 

                            ￼                     

                                           ￼   

                                           ￼  

• For stimulated decay though, ￼  

•
For high ￼  cavities, we can have ￼

decays/s ≃ Γa→γγ × Na × FPurcell

≃
g2

aγm3
a

64π
×

ρDMV
ma

×
3λ3

4π2 ( Q
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≃
10−24

s ( gaγ

10−16/GeV )
2

( GHz
ma ) ( Q

1011 ) ( ρDM

0.4 GeV/cm3 )
·na ≃ − Γa→γγ × na × FPurcell × (1 + nγ)

Q nγ =
U
Eγ

≃ 1028 ( U
kJ ) ( GHz

Eγ )

Feasibility

￼ ￼  photons/s, looks good10−24 × 1028 = 104

(FPurcell =
τfree

τcavity )



• Axion DM must have a lifetime >> the age of the Universe. Can we really enhance decay to observable levels? 
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                                           ￼   

                                           ￼  

• For stimulated decay though, ￼  
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For ultrahigh ￼  cavities, we can have ￼
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• A high ￼  cavity with two resonant modes (pump and signal), satisfying ￼   

• Spontaneous and stimulated decay both possible: in the latter case we pump one mode, and so need to be 
able to reject pump output, and cool the cavity effectively 

Q E ⋅ B ≠ 0

What would we require?

￼ℒ = gaγa ⃗E ⋅ ⃗B

“Microwave cavity searches for low-frequency axion dark matter”, R. Lasenby, 1912.11056 

TE012, and pick up in TM013, which are degenerate at
d=R ≃ 2.35. This mode pair has C01 ¼ 0.19, and max-
imizes U0C01=V (for example, driving TM013 and picking
up in TM012 gives the same C01, but the stored energy in the
TM mode is smaller, if we restrict the magnetic field at the
walls to be <0.2 T). The field profiles for these modes are
illustrated in Fig. 2. In addition to giving high signal power,
this mode pair also has attractive noise-rejection properties,
as discussed in Sec. III. Consequently, we will use it as our
nominal experimental setup for most of this paper. Some
features of this mode are summarized in Table I, where its
properties for R ¼ 20 cm and R ¼ 50 cm are given (at the
degenerate d=R ratio). Properties for other sizes can be
obtained by scaling.

1. General constraints

We can also consider more general cavity geometries.
Both the cooling power and Hsh limitations are based on
the magnetic fields of the drive mode at the cavity walls. It
is not immediately obvious that these cannot be made small
by a clever choice of cavity geometry. For example, the
wall electric fields for the cylindrical TE012 mode are
everywhere zero (with the consequence that field emission
can be highly suppressed; see Sec. III D). However, as

shown in Appendix A, the wall fields can be related to the
energy stored in the cavity via

U ¼ 1

2

!I

∂V
dAðB2 − E2Þðx · nÞ

"
ð12Þ

where x is the vector from some origin to the wall location,
n is the outward-pointing normal to the wall, and the angle
brackets denote time averaging. Since

H
dAx · n ¼ 3V,

if we can choose an origin for which x · n ≥ 0 everywhere,
then

U ≤
3

2
Vmax

∂V
hB2 − E2i ≤ 3

4
Vmax

∂V
B2 ð13Þ

for a harmonic oscillation, so the magnetic field
energy inside the cavity can be bounded by the maximum
magnetic field at the walls. Similarly, the power dissi-
pated is

Pdiss ¼ Rs

!I
dAB2

"
ð14Þ

Since, if x · n ≥ 0 everywhere,

FIG. 2. Illustration of the optimum drive and signal modes for a cylindrical cavity, as discussed in Sec. II B. The B0 · E1 panel shows
the dot product of the drive mode’s magnetic field with the signal mode’s electric field, with green indicating a positive value, and red a
negative value—the integrated value over the volume gives C01 ≃ 0.19, as defined in Sec. II.

TABLE I. Parameters for the nominal SRF cavity experiments referred to in Fig. 5. In each case, the maximum magnetic field at the
cavity walls is taken to be 0.2 T, and the surface resistance of the cavity walls is taken to be Rs ¼ 5nΩ. The various quantities are defined
in Sec. II. Note that the quality factors given are in the sense of dissipation, i.e., Pdiss ¼ ωU=Q, rather than frequency stability. The latter
will depend on how well vibrations can be controlled, as per Sec. III B 1. The Brms column shows the RMS magnetic field, averaged over
time and space.

V f Umax C01Umax Pmax Q0 Q1 Brms

‘60 L cylinder’ 60 L 1.1 GHz 690 J 132 J 27 W 1.8 × 1011 9.5 × 1010 0.12 T
‘900 L cylinder’ 920 L 440 MHz 11 kJ 2 kJ 170 W 1.8 × 1011 9.5 × 1010 0.12 T
‘8m toroid’ ∼2700 L 2.8 GHz ∼210 kJ ∼210 kJ ∼650W ∼6 × 1012 ∼6 × 1012 ∼0.3 T

ROBERT LASENBY PHYS. REV. D 102, 015008 (2020)
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Is this experimentally feasible?

• Dual-mode cavity Primakoff experiments have actually already been explored (‘axion heterodyne detection), 
where instead of a static B field, we use the B field of the pump mode

“Microwave cavity searches for low-frequency axion dark matter”, R. Lasenby, 1912.11056 , “Axion Dark Matter Detection by 
Superconducting Resonant Frequency Conversion”, A. Berlin et al, 1912.11048

temperature of the cavity is T0 ¼ 1.4 K, and the amplifier
system is quantum-limited, so Tn ¼ ω1. Near-quantum-
limited amplifiers have been demonstrated at microwave
frequencies, and incorporated in the ADMX [5,6] and
HAYSTAC [42] axion DM experiments. The loaded quality
factor, for the optimal overcoupling level, is Ql ≃ 2 × 109,
so it takes ∼2 s to resolve the signal mode bandwidth, and a

total integration time of ≳2 × 106 s ≃ 24 days to be in the
regime of Eq. (19). Since the coupling sensitivity scales like
gsens ∝ m1=2

a , but g ∝ ma for the QCD axion, lower-mass
QCD axions are still harder to detect. As the figure shows,
an experiment with these parameters could not attain QCD
axion sensitivity over an Oð1Þ axion mass range, even at
higher masses (without violating our assumptions, e.g., by
injecting a highly nonclassical state into the target mode).
Moreover, though we extend the sensitivity projection up to
νa ∼ 100 MHz, tuning a cavity over an Oð1Þ range of
frequency splittings would be difficult at such high masses,
as discussed in Sec. II A.
The simplest way to obtain higher sensitivities would be

to use larger cavities. Figure 5 shows the thermal-noise-
limited sensitivities for two such examples. The first is a
simple scaling-up of the TE012=TM013 configuration, using
a cylinder of radius 50 cm (giving a volume of ∼900 L). Its
properties are summarized in Table I—compared a smaller
cylinder, the signal power scales with the volume. Even an
experiment of this size could not reach KSVZ axion
sensitivity over an Oð1Þ axion mass range, at reasonable
axion masses. At this size, the mode frequency is
∼440 MHz, which is at the lower end of the frequency
range generally used in SRF cavities.
To illustrate the kind of parameters that would be

required for significant DFSZ axion sensitivity, Fig. 5
also shows the approximate thermally-limited sensitivity
for a corrugated toroidal cavity, as introduced in Sec. II B 2.
This is taken to have waveguide radius a ¼ 13 cm, and
R ¼ 8 m; the resulting properties are summarized in
Table I. The naive estimate of the signal mode quality
factor is high enough to put us in the regime of Eq. (20),
even for a total integration time of a year.
As emphasized in Sec. II B 2, this kind of projection

should not be taken as a concrete experimental proposal—
for that, one would need to understand the control issues,
noise problems etc. associated with these cavity designs.
Instead, it illustrates what would be necessary, in principle,
to probe very small couplings.

B. Vibrations

While thermal noise must be taken into account in all
axion detection experiments, up-conversion experiments
have the additional challenge of a very large-amplitude
background EM oscillation. If there are any environmental
oscillations at the axion frequency, and any nonlinear
processes which couple these to the drive and signal
modes, then power can be delivered to the signal mode,
representing an additional noise source.
The most obvious such process is mechanical vibrations

of the cavity walls. If we write δxðt; xÞ as the displacement
of the cavity wall from initial position x, and n as the
outward pointing normal to the initial wall position, then to
linear order in δx, the interaction Hamiltonian of the wall
displacement with the EM fields is

FIG. 4. Sensitivity projection for an up-conversion experiment
using a 60 litre (20 cm radius) cylindrical cavity, where the TE012

mode is driven, and signals are picked up in the TM013 mode. We
assume that the maximummagnetic field for the drive mode at the
cavity wall is Hsh ¼ 0.2 T, and an integration time of one year
per e-fold in axion mass range. The sensitivity threshold is set at
an expected SNR value of 3. The “thermal EM” line shows
the sensitivity limit in the presence of thermal EM noise, at the
assumed physical temperature of 1.4 K (see Sec. III A). The
“thermal vibrations” line is an estimate of the effect of thermal
vibrations of the cavity walls, which up-convert power from the
signal mode to the drive mode (Sec. III B). The “acoustic
vibrations” line also incorporates extra acoustic noise from
external sources. The dashed line between them is an estimate
of the effects of time-varying drive signal leakage (Sec. III C).
Taking all of these noise sources into account, the estimated
sensitivity reach of the experiment is given by the blue shaded
region. It should be noted that, while the “thermal EM” limit is set
by basic physical parameters, the vibrational limits depend on
guesses about the properties of the cavity system, and could be
very different in a real experiment. Also, while we have extended
the projected reach to axion frequencies ∼100 MHz, scanning an
order one axion mass range at these frequencies would be
difficult (see Sec. II A). In Fig. 5, this reach is compared to
other proposed experiments. The gray shaded regions correspond
to the parameter space ruled out by observations of horizontal
branch stars [43–45], SN1987A [46], existing cavity haloscope
experiments [5,47–51], and the ABRACADABRA-10 cm experi-
ment [52]. The green diagonal band corresponds to the “natural”
range of gaγγ values at each QCD axion mass—if we write gaγγ ¼
αEM
2πfa

ðEN − 1.92Þ [2], then the upper edge of the band is at E=N ¼ 5

[3], and the lower edge at E=N ¼ 2 [2]. The gray diagonal lines
indicate the Kim-Shifman-Vainshtein-Zakharov (KSVZ) (upper,
E=N ¼ 0) and Dine-Fischler-Srednicki-Zhitnitsky (DFSZ)
(lower, E=N ¼ 8=3) models.
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The only difference here is actually kinematic: heterodyne experiments are sensitive to ￼ , axion 
decay is sensitive to ￼ . With a single cavity we can simultaneously search for both!

ma = ws − wp
ma = ws + wp



• Use input/output formalism for signal/pump mode creation/annihilation operators (￼ )  

￼  

    

cs , cp

⟨Ns⟩ ≡
1
T ∫

T

0
dt ⟨c†

s (t)cs(t)⟩ ≃
g2

aγ |ξ |2 QωpρDM

4m2
a

FDM(ws + wp)(1 + ⟨Np⟩)

Let’s calculate

Number of pump mode 

photons, giving stimulated decay

spontaneous decayaxion energy distribution

ωa = ωs + ωp

number of 

signal photons

No ￼  field required - can use ultrahigh ￼  superconducting cavities B Q

• ￼  dependence? Naively: ￼ , however max(￼ )￼V ⟨Ns⟩ ∝ NaxionsFPurcell ∝ ρDMV × Q/V Np ∼ V
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“A Prototype Hybrid Mode Cavity 
for Heterodyne Axion Detection”, 

Z. Li et al, 2507.07173 
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Figure 11: Our prototype cavity is non-superconducting and operated warm; the resulting low Q and high thermal noise render

its sensitivity to axion dark matter negligible. Here we show the projected sensitivity for a hypothetical superconducting cavity

with an identical geometry. All parameter values are either already present in the prototype, or would automatically result in a

superconducting version made with standard fabrication methods and tested in a standard cryogenic environment; see the text

for further discussion. The “test run” curve assumes driving with the cavity with a very low input power, while the “prototype”

curve assumes driving to a moderate magnetic field. The “double scale” curve assumes every dimension of the cavity is doubled,

with no further changes. We also show existing constraints and theoretical benchmarks: a QCD axion in the KSVZ and DFSZ

models, and a (non-QCD) axion produced through standard misalignment with ✓ ⇠ 1.

results of our work, which focused on optimization of the cavity geometry for excellent signal e�ciency,

minimal mode overlap, and tunability. One plausible path forward for heterodyne detection is a consolidation

of current small-scale prototype e↵orts into a larger collaboration equipped to carry out an appropriately

ambitious experiment to reach high value milestones in sensitivity, informed by the results of the ongoing

prototype e↵orts. Key decisions required to push this e↵ort forward include the tradeo↵s of di↵erent cavity

designs and tuning mechanisms.

6.2. Outlook for a Superconducting Prototype

Our prototype has been designed from the ground up to be optimized for heterodyne axion detection. Its

high signal form factor Csig ' 0.9 compares favorably with the values Csig ' 0.5 and Csig ' 0.2 achievable in

more traditional cylindrical or accelerator cavity designs, respectively, and could yield a substantially higher

signal power due to the scaling Psig / C2
sig. Even more radical designs with toroidal cavity geometries have

been proposed [17, 50], though it is less clear how to fabricate and tune them.

For our design, the natural next step would be to fabricate a superconducting cavity out of solid niobium,

niobium-coated copper, or an appropriate mix of the two. The mechanical design, fabrication, and assembly

of our prototype have been developed so that many aspects could be carried over directly to superconducting

18

Repurposing heterodyne axion experiments

• Development underway at 
SLAC, Fermilab, CERN, Peking. 
UPLOAD (Australia) already 
has results (2301.06778)  

• Pro: ‘free’. Con: tuning range

• ‘Heterodyne’ experiments 
search for ￼  

• These experiments are also 
sensitive to ￼

ma = ws − wp

ma = ws + wp
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TE012, and pick up in TM013, which are degenerate at
d=R ≃ 2.35. This mode pair has C01 ¼ 0.19, and max-
imizes U0C01=V (for example, driving TM013 and picking
up in TM012 gives the same C01, but the stored energy in the
TM mode is smaller, if we restrict the magnetic field at the
walls to be <0.2 T). The field profiles for these modes are
illustrated in Fig. 2. In addition to giving high signal power,
this mode pair also has attractive noise-rejection properties,
as discussed in Sec. III. Consequently, we will use it as our
nominal experimental setup for most of this paper. Some
features of this mode are summarized in Table I, where its
properties for R ¼ 20 cm and R ¼ 50 cm are given (at the
degenerate d=R ratio). Properties for other sizes can be
obtained by scaling.

1. General constraints

We can also consider more general cavity geometries.
Both the cooling power and Hsh limitations are based on
the magnetic fields of the drive mode at the cavity walls. It
is not immediately obvious that these cannot be made small
by a clever choice of cavity geometry. For example, the
wall electric fields for the cylindrical TE012 mode are
everywhere zero (with the consequence that field emission
can be highly suppressed; see Sec. III D). However, as

shown in Appendix A, the wall fields can be related to the
energy stored in the cavity via

U ¼ 1

2

!I

∂V
dAðB2 − E2Þðx · nÞ

"
ð12Þ

where x is the vector from some origin to the wall location,
n is the outward-pointing normal to the wall, and the angle
brackets denote time averaging. Since

H
dAx · n ¼ 3V,

if we can choose an origin for which x · n ≥ 0 everywhere,
then

U ≤
3

2
Vmax

∂V
hB2 − E2i ≤ 3

4
Vmax

∂V
B2 ð13Þ

for a harmonic oscillation, so the magnetic field
energy inside the cavity can be bounded by the maximum
magnetic field at the walls. Similarly, the power dissi-
pated is

Pdiss ¼ Rs

!I
dAB2

"
ð14Þ

Since, if x · n ≥ 0 everywhere,

FIG. 2. Illustration of the optimum drive and signal modes for a cylindrical cavity, as discussed in Sec. II B. The B0 · E1 panel shows
the dot product of the drive mode’s magnetic field with the signal mode’s electric field, with green indicating a positive value, and red a
negative value—the integrated value over the volume gives C01 ≃ 0.19, as defined in Sec. II.

TABLE I. Parameters for the nominal SRF cavity experiments referred to in Fig. 5. In each case, the maximum magnetic field at the
cavity walls is taken to be 0.2 T, and the surface resistance of the cavity walls is taken to be Rs ¼ 5nΩ. The various quantities are defined
in Sec. II. Note that the quality factors given are in the sense of dissipation, i.e., Pdiss ¼ ωU=Q, rather than frequency stability. The latter
will depend on how well vibrations can be controlled, as per Sec. III B 1. The Brms column shows the RMS magnetic field, averaged over
time and space.

V f Umax C01Umax Pmax Q0 Q1 Brms

‘60 L cylinder’ 60 L 1.1 GHz 690 J 132 J 27 W 1.8 × 1011 9.5 × 1010 0.12 T
‘900 L cylinder’ 920 L 440 MHz 11 kJ 2 kJ 170 W 1.8 × 1011 9.5 × 1010 0.12 T
‘8m toroid’ ∼2700 L 2.8 GHz ∼210 kJ ∼210 kJ ∼650W ∼6 × 1012 ∼6 × 1012 ∼0.3 T
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• ￼  ~ ￼ ,  similar to existing Primakoff haloscopes. Where is the advantage? 

￼   

￼   

ma = ws + wp 𝒪(GHz)

df
dt

CAPP

≃ 0.1GHz/yr ( QL

105 ) ( B0

7.2 T )
4

( 11μeV
ma )

2

( V
1.12 L )

2

( 1.2K
Tsys )

2

df
dt

Purcell

≃ GHz/yr ( Qint

2 × 1011 ) (
< Np >
2 × 1026 )

2

( 2K
Tsys )

2

What about a dedicated experiment?

Any other benefits?10 11 12 13 14
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             Assuming ￼ , SNR = 2, optimal ￼ , standard ￼  and ￼  gaγ = gKSVZ β Qa ρDM

  This method also produces pairs of entangled photons.  
- quantum sensing enhancement?



• Primakoff haloscopes typically scale poorly with increasing frequency: 

￼  

• Typically necessitates multi-cavity setups, higher order modes, dielectric/plasma haloscopes 

However, the Purcell/heterodyne approach separates ￼  and ￼

• We can work at a frequency which is experimentally more convenient  

• For ￼  a 1 GHz experiment probes ￼  GHz axions. Scan rate benefit can be ￼  !  

• Analysis required here to determine optimal approach

df
dt

= g4
aγ

ρ2
a

m2
a

1
SNR2

B4
0V2ξ2

T2
sys

β2

(1 + β)2
Qamin(QL, Qa) ∼ f −10.66

ma f

ωs ≃ n × ωp n + 1 𝒪(n7)

 

Frequency scaling

 ￼  
 ￼  
 ￼  
 ￼

ma ∼ f
V ∼ f −3

Q ∼ f −2/3

Tsys ∼ f



Cons

1. Must work with two cavity modes - additional cavity 
design constraints and tuning complexity 

2. Must pump one mode for good sensitivity: require good 
pump mode rejection and cavity cooling

We propose a novel dark matter search strategy: cavity enhanced axion decay

Discussion and conclusions

Pros

1. No ￼  field, allowing ultrahigh ￼  superconducting 
cavities 

2. Can simultaneously search for ￼  and 
￼  , using heterodyne experiments ‘for free’ 

3. With plausible parameters, can probe a classic region 
for QCD axion DM, with enhanced high frequency 
performance

B Q

ma = ws + wp
ma = ws − wp

More details available in arXiv: 2507.18508 Thanks for listening!

Questions 

How much tuning is possible? What would an optimal cavity enhanced axion decay experiment look like?


