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Axion dark matter

Originally proposed to solve the strong CP

problem Compelling dark

matter candidate
Produced athermally in early universe via

misalignment mechanism



Axion dark matter

Originally proposed to solve the strong CP

problem Compelling dark

matter candidate
Produced athermally in early universe via

misalignment mechanism

Axions couple to standard model photons via: =~ srereeeeeeeen. ANANNNN
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-> Look for axion-photon-photon interaction B



Axion dark matter
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Axion dark matter
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50L-Goals

Search for pre-inflationary
axions between 5KHz — 5MHz

First axion search using a
tunable LC resonator

CAL-Pathfinder for

10_19 DMRadio
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f [MH/]



50L-Goals
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50L-Goals

CAL-Pathfinder for
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DMRadio principle

wavelength >> size of the detector —— Lumped element regime



[wavelength >> size of the detector]

DMRadio principle

Jeor A’\ Start with a DC magnetic field ——
c
< <) axion effective current:
I J ~ Gayy\/ 2pD 0 cos (Mat)B
QC

Consider a toroidal magnet
geometry



[wavelength >> size of the detector]

DMRadio principle

Joq Start with a DC magnetic field ——
cil 4 \
€ A <> axion effective current:
I J ~ gavy /2P cos (Mm,t)B
Qc

B ind

Consider a toroidal magnet

eometr S .
J 4 Oscillating effective

current produces an

I AC magnetic field




DMRadio principle
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Pick-up the induced AC magnetic
field using a

Read out the induced current in the
circuit using a flux to voltage
amplifier



DMRadio principle )

1T Toroidal magnet

N f Superconducting solenoidal inductor
ind S J

OC Bing

1
Lp
: 1 1 |
Pick-up the induced AC magnetic il
field using a tunable, LC resonant '
circuit MH% B
Read out the induced current in the | |

circuit using a flux to voltage il
amplifier



DMRadio principle [tuname J

capacitor
v B ind
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Lp
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Pick-up the induced AC magnetic ik
ﬁeld using a tunable, LC resonant HHHHHHH tunable
creutt e transformer
Read out the induced current in the [ |

circuit using a flux to voltage ol
amplifier
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Cryog en |CS Superconducting "1 K" ghield

Resonator + M. e
SQUID chaln M ',
(~50mK) i

“cold finger”

(magnet + resonator inside)

Toroidal magnet (4K)

‘ / Dilution Refrigerator
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HHh,

™ stage here -
i.“f (~50mK) ﬂ;

> 4K Cryostat
BN Four 9 Design



Cold Finger Connection

Thermal link between i di:c“,tion

. . . 1 t
dilution fridge and 4K | -
cryostat __1}
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(other components
not in cryostat)



Cold Stages

"1K" stage
supports base
stage & shields
the resonator

Currently
operating
at 700mK

Houses inductor, tunable capacitor,
tunable transformer & SQUID

readout

Currently operating at 44 mK



M ag N et [Final tests at SSI Inc. ]

Magnet cooled to 4.5 K, hit 0.9T peak field—vendor
working on final validation

Magnet
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Toroidal design ->
low-field region in
the center of the
magnet
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Resonator

Currently being tested at Princeton
University

ﬂ&D LC resonator achieved: &% h

Q = (2.06 £ 0.02) x 10° %
5 ~ 250KHz felfes:
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Resor] ato r Currently being tested at Princeton

University

Wound inductor

R&D LC resonator achieved: w5556
Q = (2.06 + 0.02) x 10° %ﬁ
[m] s

fo =~ 250KHz

Reached base temp
during cryogenic test

Fixed capacitor Inductor coil




SQUID Readout Development

Using two
independent
SQUID chains to
cross correlate
noise

Calibrating a tunable
transformer that optimizes scan
= speed of experiment ->

- Modulates coupling between
~ resonator & readout chain



Sensitivity Bandwidth

Noise matched on resonance Optimal for sensitivity bandwidth
0 | . . . . . .
10 Backaction Noise Imprecision noise- white
Thermal 4 Zero Point Noise . .
Imprecision Noise Backaction — resonator line shape
107 / \
T 02 ] Relative strength dependent on

how strongly the amplifier couples
10-3] to the resonator




SQL Evading Readout

100 i

1071_

Power

10~3_

Power

Noise matched on resonance

Optimal for sensitivity bandwidth
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Backaction Noise
=== Thermal + Zero Point Noise

=== [mprecision Noise
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Vq,

Vq,

Backaction Evasion

<

Re-optimization

(measured quadrature)

Imprecision noise- white
Backaction — resonator line shape

Relative strength dependent on
how strongly the amplifier couples
to the resonator

ROUs enable phase-
sensitive amplification
that allows us to
perform SQL evading

techniques

Phys. Rev. Research 7, 013281



DAQ System

DAQ prepared to preform calibration and science
measurements required for a needle search

Amplitude [V]

Ringdown Measurement

Ringdown (f_peak = 4999384.183 Hz)

1500 A

1000 +

500 A

=500 A

—1000 A

—1500 +

raw data
raw segment (1 e-fold)
— filtered segment (1 e-fold)
= envelope
- = exp fit (Q = 65,927)
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Sideband Injection

Power Spectral Density
/home/pstark/dmr-software/runs/step_0-b01_FLL-noise-FLL/PSD_processor/b01_FLL-psd_2025-11-11-140423.142
Peak frequency (Hz) (detected): 4999999.70

10-¢

1077
s
=% 108

107°

10-10 !

PSD 1
4.997 x 10° 4.998 x 10° 4.999 x 10° 5x 108 5.001 x 10° 5.002 x 10°
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Next Steps

Resonator integration

[ First Science Data ]
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Magnet integration

Shipping in ~month

Preparing for final Princeton
cooldown before shipment



Future Directions

arXiv:2604.16602 [El3&x[E]
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(DMRadio-50L)

DMRadio-Core

CORE geometry



arXiv:2604.16602 [El3&x[E]
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Backup slides



YMRadio-GUT [ Core Geometry J

Soft iron
/ shielding
4.
. = B cked 18T magnets, sub-SQL
StacCKke .
e Sickups sensors, high Q LC resonators
2.
125 me meV/c?
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= 3 e -
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L6 2 — . ~§
. > DMRadio-GUT Dl\éRadlo 5
4] ‘ —0 1018} / |
\ — 100 kHz — 30 MHz range
r [m] ~~ Magnet 10° 10° 10* 10° 10°
coils f [kHz]

arXiv:2604.16602 arXiv:2203.11246
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Thermal
Braids
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1K thermal braid | —————
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1 K Spa ce Currently operating at 700mK

Superconducting 1K shield
surrounds the resonator to protect Q

Inside of the shield lined
with spotwelded Nb foil

Supported from 4K
by 4x G10 standoffs



Tunab‘e TranSfO rmer Imprecision noise- white

Backaction — resonator line shape

Noise sources are inversely
proportional

To SQUIDs

\/ Sll.hnp Z hLd/Z

tunable transformer



Integrated sensitivity over a wide range of axion masses

Optimizing sCAN rate s

Sensitivity bandwidth is the frequency range over which SNR is
approximately undegraded
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| pu-wave Input

|
) | (
Signal Input | \ A4 ( Readout
|
|

\Y

- Flux from the signal input tunes the inductance of the josephson junction
interferometer -> modulates the electrical length of microwave resonator

- Low frequency input signal is upconverted and rides as sidebands on
microwave tone

Cady van Assendelft




