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Resonant Axion Haloscopes S S

Axion Haloscope for my Intro Physics Class

Rybka -Berkeley Axion Workshop - 2025

Axion Dark 
Matter

Electromagnetic Cavity 
Resonance

Axion-Photon 
Coupling • Power boosted by a factor of Q for axions resonating in 

a cavity TM mode. 
• Require axions to be dark matter, and present locally. 
• Tuned experiment, slowing the search. 
• Only method so far to achieve sensitivity to QCD axions.



ADMX S SThe Axion Dark Matter Experiment (ADMX)

Gray Rybka – University of Washington 
Enabling the discovery of QCD Axion Dark Matter at the GUT scale

Berkeley, CA 5/8/2025

ADMX Design

Rybka -Berkeley Axion Workshop - 2025



ADMX Design

Rybka -Berkeley Axion Workshop - 2025

ADMX design
Minimizing Noise

M. Guzzetti, APS April 2023 Rybka -Berkeley Axion Workshop - 2025

Noise is minimized by cooling to millikelvin 
temperatures and using superconducting amplifiers 
operating at or near the standard quantum limit

JPA provided by 
Siddiq Group at UC Berkeley (previous run)

Wash. U. St. Louis (upcoming run)

TWPAs Under Test from Lincoln labs, JPL
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QCD AXION / ALP landscapeAxion Target Region
GitHub - cajohare/AxionLimits: Data, plots and code for constraints on axions, axion-like 

particles, and dark photons   - includes zoom-in later on, updated Oct 2024

Note the significant 

astrophysical constraints on 

ALP parameters.

ADMX Targets a region where 

the QCD axion could make up 

some or all of the dark matter 

in our universe

The yellow band is the QCD 

axion, white space is Axion-

Like Particle (ALP) space

Rybka -Berkeley Axion Workshop - 2025
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Recent ADMX results

2024 Results
Over the range explored:

KSVZ Axion Model at 

nominal dark matter 

density excluded at 90% 

confidence between 1 GHz 

and 1.3 GHz

DFSZ Axion Model at slightly 

higher densities excluded 

Rybka -Berkeley Axion Workshop - 2025

https://arxiv.org/abs/2504.07279

The probability that the background passes the persist-
ence cut 95% of the time is given by the binomial
distribution
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where F is the probability that the chosen order Erlang
distribution has a power greater than WB, N is the total
number of scans andm ¼ ⌈ϒN⌉ is the number of successes
needed. Equation (10) was solved forWB at each frequency
resolution in each frequency bin throughout the scan range.
An axion signal with power greater than or equal to WE
would have passed persistence 95% of the time and thus
detected, corresponding to a confidence level of 95%. The
value of WE is simply a function of the N times that a
frequency bin was scanned, which varied over the search
range. Limits were not computed for frequency ranges
scanned zero or once.
We now move to setting limits on the local density of

narrow flows, assuming KSVZ and DFSZ axion-photon
coupling for each of the resolutions analyzed. This is
different from other axion dark matter searches that instead
set limits on the axion-photon coupling assuming a value
for the dark matter density. As mentioned, this is done on
the basis of the expected axion power given by Eq. (4).
However, the detected power is reduced by several factors,
including antenna coupling β, Lorentzian line shape of the
cavity mode, and power loss due to the discrete nature of
FFTs. This loss occurs when the signal is not precisely
centered within a bin, spreading signal power across
neighboring bins. The mean power loss due to the
Lorentzian line shape and bin misalignment is calculated
as π=4 and 0.774, respectively [29,31]. Finally, the limits

on ρa are calculated at a 95% confidence interval assuming
KSVZ and DFSZ axion-photon coupling. Following
Hoskins et al. [31], we calculate a variance-weighted mean
of the contributing spectra. This weighting ensures that the
spectra with low QL or high Tsys contribute less to the
density limits.
Based on the ADXM Run 1C dataset, we exclude non-

virialized DFSZ (KSVZ) axion flows with densities greater
than ∼0.03 GeV=cm3 (∼0.004 GeV=cm3) over the fre-
quency range 800–1020 MHz at the finest 10 mHz bin
width. For comparison, a previous study excluded non-
virialized DFSZ (KSVZ) axion flows, with a bin width of
10mHz, in the frequency range 680–800MHzwith densities
greater than ∼0.05 GeV=cm3 (∼0.006 GeV=cm3) [32]. As
shown in Fig. 3, the limits at the finer resolving power are
more sensitive to ρa. However, this relies on the frequency
dispersion of the expected axion signal matching the bin
width. For example, the caustic ring model predicts a narrow
flow with a frequency dispersion of Oð250 mHzÞ and a
density of 12 GeV=cm3, which passes through the Earth
[16]. The 50-bin search ismaximally sensitive to this feature;
thus, this analysis rules out the caustic ring model in its
current form over the searched mass range.
More generally, high-resolution analyses provide mean-

ingful sensitivity to cold axion flows, which are well
motivated by several theoretical scenarios, including tidal
streams, miniclusters, and caustics. When the cavity is
tuned to the axion mass, such approaches significantly
enhance discovery potential without the need for additional
data acquisition, requiring only further computational
effort. These results demonstrate that high-resolution
searches complement the main ADMX analysis and will
continue to play a crucial role in probing well-motivated
nonvirialized axion models in future runs.

Acknowledgments. This work was supported by the U.S.
Department of Energy through Grants No. DE-SC0009800,
No. DESC0009723, No. DE-SC0010296,
No. DESC0010280, No. DE-SC0011665, No. DEFG02-
97ER41029, No. DEFG02-96ER40956, No. DEAC52-
07NA27344, No. DEC03-76SF00098, No. DE-
SC0022148, and No. DESC0017987. Fermilab is a U.S.
Department of Energy, Office of Science, HEP User
Facility. Fermilab is managed by Fermi Research
Alliance, LLC (FRA), acting under Contract No. DE-
AC02-07CH11359. Additional support was provided by
the Heising-Simons Foundation and by the Lawrence
Livermore National Laboratory and Pacific Northwest
National Laboratory LDRD offices. UWA participation
is funded by the ARC Centre of Excellence for Engineered
Quantum Systems, Grant No. CE170100009, Dark Matter
Particle Physics, Grant No. CE200100008, and Forrest
Research Foundation. JSPS Overseas Research
Fellowships No. 202060305. LLNL Release No. LLNL-
JRNL-853502.

FIG. 3. Exclusion limits on the local axion dark matter density
assuming KSVZ (right axis) and DFSZ (left axis) axion-photon
coupling for cold flows of varying velocity (frequency)
dispersion at 95% confidence interval. The horizontal line
indicates the commonly assumed local dark matter density ρa ¼
0.45 GeV=cm3 (at DFSZ coupling). Narrow gaps in the plot
represent mode crossings, RFI and regions that were not scanned
with sufficient statistical significance.
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Limits assuming 0.45GeV/cc halo density, thermalised halo Limits assuming non-thermalised axions 
assuming three different signal bandwidths
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ADMX sidecar S S

WP3 - UK ADMX
• M&J engineering cavity 

running on ADMX 
looking for axions. Q 
degraded by stuck 
antenna - to be fixed.

• Daw continues to 
collaborate with C. 
Bertram on feedback 
and digital control. Daw, 
Perry (Sheffield) making 
progress on linux control 
of digital feedback filters.

• Gianpaolo Carosi to 
send high critical field 
superconductor coated 
tuning rod for testing in 
the Sheffield test stand.

• A smaller cavity mounted on top of the 
main ADMX 1 cavity

• Large tuning rod, potentially tunable 
from 4 to 8GHz (17 to 34 micro eV)

• Small volume, but useful for testing RF 
electronics due to tuning range.

• QSHS manufactured and delivered the 
current operational ADMX sidecar 
cavity, alongside a copper and an 
aluminium copy for use by QSHS.

• Some ongoing issues with sidecar 
tuning and coupling to antennas need 
investigating. One job for QSHS.



ADMX 4-cavity array

Next Year  4 cavity system

Power from 4 cavities are 
combined coherently to 
maintain detector 
volume at higher 
frequencies

Rybka -Berkeley Axion Workshop - 2025

•Four cavities power 
combined in phase. 
•Mode frequencies must 
match. 
•Stepper motor drives for 
sufficient torque, 
cryogenic gear reduction 
for control. 
• Installation and 
commissioning to start in 
2026.



Quantum Sensors for the Hidden Sector
UK collaboration funded by STFC in 2021 to develop low noise quantum 
electronics for application to axion searches. Works with ADMX.

S S



QSHS design S S
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MC plate

cold plate

still plate

2nd PT stage

2nd pulse tube (PT) stage

Empty cavity (no tuning rod) cooled to 18.5mK

• Oxford Instruments 
Proteox MX 

• Dry closed cycle 
system. 

• 8T shielded 19cm bore 
magnet. 

• 40cm diameter low 
field (<20 gauss) bay 
above magnet bore. 

• Two stage pulse tube 
precooler for magnet, 
motor drives, HFET 
amplifiers, dilution 
fridge. 

• Copper sidecar 
resonant cavity hung 
from mixing chamber 
plate by a three leg 
stainless steel support 
structure. 

• Insulation breaks in 
large metal loops for 
some quench 
protection.

2 m

0.6 m

Upper pulse tube
cooler plate (70K)

Lower pulse tube
cooler plate (4K)

Still plate (700 mK)

Cold plate (100 mK)

Mixing chamber
plate (8.6 mK)
Magnetic field
shield

Resonant
cavity mounted
with retaining bands
on copper support 
structure (18mK)

Lower vertical
support rods

Upper support
structure
Support ring with 
electrical breaks

Magnet winding
volume

RF cable feeds and
G10 axles for
mechanical coupling

A Alsulami et al 2025 New J. Phys. 27 105002; arXiv: 2504.12257



Magnetic field shield
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Figure 8. The QSHS field shield. (a) Rendered cross section of the shield, with layers
marked. Indicated dimensions are in mm. Inset shows a partly disassembled view. (b)
Shield in position beneath the mixing chamber, with superimposed stray field contours
(simulated without the shield). Labels indicate field magnitude in mT.

should also be close to the cavity, which is in the high-field region. To reconcile these

requirements, we locate the superconducting electronics inside a passive magnetic field

just below the mixing chamber plate.

The shield is a multi-layer cylinder (Figure 8(a)) inspired by that used in the

HAYSTAC experiment [46]. From the outside, the layers are:

• An outer ferromagnetic layer consisting of 1.5mm of magnetically soft FeNiMo

alloy (Cryophy [47]), welded from sheet metal and annealed in hydrogen by the

manufacturer [48].

• An outer superconducting layer consisting of a 1.5mm seamless Nb tube [49] with

Al end caps [50]. The Type II superconductor Nb was chosen for the tube because

of its high critical field [51] Bc1 ⇡ 199mT. The Type I superconductor Al was

chosen for the end caps for ease of machining, despite its lower [52] Bc = 10.5mT.

• An inner ferromagnetic layer, made in the same way as the outer.

• An inner superconducting layer consisting of an open cylinder with a longitudinal

slit, made from 0.125mm Nb foil [50].

Copper mounting supports anchor a mounting plate inside the shield. The clear

cylindrical volume below this plate has 50mm diameter and 76mm length.

The shield is cooled with the primary magnet unenergized and therefore experiences

the Earth’s magnetic field Bearth ⇡ 50µT. Most of this field is routed through the

outer ferromagnetic layer, ensuring that when the outer superconducting layer is cooled

through its transition, the field it encloses is much smaller than Bearth. To suppress

vortex trapping in the superconductor, its cooling path runs through a piece of brass,

whose comparatively low thermal conductance should slow down the superconducting

transition. After the cryostat reaches base temperature, the primary coil is ramped up.
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Joint tests with ADMX at QSHS of an aluminium cavity containing a

NbSn coated Niobium tuning rod.

PRELIM
INARY
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Cavity tuning
•Direct drive of tuning rod rotation from attocube piezo drives at 4K. 

• Initially had problems with jamming, found to be caused by residual water ice in the insulation 
vacuum. Solved by flushing with dry nitrogen gas to half room pressure, then pump out, twice. 

•Further jamming problems with antenna mechanism caused by nitrogen ice. Will try a helium 
backfill next run.

S S
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mode [28], as it results in the largest overlap between the cavity mode’s electric field and

the external magnetic field, and hence the largest axion signal strength. In the presence

of a tuning rod the modes of the cavity hybridize and no longer correspond precisely

to the modes of an empty cavity, but in this paper we follow the usual convention of

referring to the mode which maximises the form factor as the TM010 mode.

Figure 5. Diagram of one half of the copper cavity and the inner tuning and
coupling mechanisms (left), a zoomed view of the rotational-to-linear antenna coupling
mechanism is shown on the right.

Cavity simulations herein were conducted using ANSYS electromagnetic finite

element analysis simulations, primarily ANSYS HFSS [32]. The QSHS cavity has a

tuneable range 4.1 to 7.5GHz, corresponding to an axion search range approximately

17 to 31µeV/c2. This range was chosen to optimise the operating frequencies to match

with devices being developed by the wider QSHS group. The copper cavity mount also

has space for three static frequency cavities for further device testing and development.

Simulation results and overlaid room temperature measurements of the cavity TM010

mode frequency obtained in transmission using a network analyser are shown in Figure

6.

6.2. Cavity and Tuning Mechanism Realisation

Three cavities were manufactured, one of aluminium (grade 6061 T6) and two of oxygen-

free grade C101 copper. The copper cavities and tuning rod were fabricated by M&J

Engineering [33]. The aluminium cavity was fabricated by Eroda [34]. A labelled

schematic of the cavity and tuning mechanisms is shown in Figure 5. One of our two

copper cavities was installed as the ADMX sidecar cavity, with the other one installed

in QSHS.

The tuning rod is constructed from three pieces: a cylindrical central hollow barrel

and two end caps. The end caps are transition-fitted into the cylindrical barrel, resulting

in a single hollow cylinder. Small holes in the end caps allow evacuation of the interior.



QSHS electronics
•Two Low Noise Factory LNF-LNC4 8G 
cryogenic HFET amplifiers in series.


•The lower of these is connected via a long 
superconducting coax that runs between the 
4K plate and below the mixing chamber plate.


•Room temperature amplifier was not installed 
for this test.

Oscillations will probably go away when we re-install the room temperature HFET amplifier



Tuning the cavity TM010 mode frequency
Using the attocube rotary drives to move the tuning rod. 



Conclusions
• ADMX continues to exclude QCD axions at the DFSZ phenomenological 
model level. 
• Narrow-bin search results published two days ago. 
• Four cavity array system commissioning in the ADMX cryostat to 
commence in 2026. 
• QSHS is a new apparatus in the UK, funded by STFC. 
• Initially it is functioning as a test stand for advanced quantum electronics, 
but has axion sensitivity as well due to the 8T magnet. 
• Early QSHS applications have been to test field-tolerant superconductor 
coated tuning rods, to work out the bugs with direct drive piezo tuning, and 
to feed into ADMX's four cavity design. 
• Last 'jamming' bugs probably caused by nitrogen ice; about to re-cool and 
test this hypothesis. 
• First axion search run will start in late 2025.
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