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Northwest  \]atter?

* Must be ‘cold’/slow enough to
seed galaxy structure formation

Bullet Cluster — NASA JWST Chandra Composite

* Pretty sure it can’t be baryonic...

e deuterium and lithium
abundance

 backlighting and microlensing Dark Matter 227

« Interacts with photons feebly Feebly-interacting with photons
enough to evade detection so far!

Gravitationally interacting

Non-baryonic

Other

nonluminous Verv stable
Dark Energy Dark Matter ﬁ?eﬂglg?tﬁ%ﬁ 3.6% y
~ 7395 ~ 2300 neutrinos 0.1%

supermassive BHs 0.04% COId (non-relat|V|St|C)
\ Generated in abundance in early universe

Luminous matter
stars and luminous gas 0.4%
radiation 0.005%



https://science.nasa.gov/asset/webb/bullet-cluster-webb-and-chandra-image/
https://science.nasa.gov/asset/webb/bullet-cluster-webb-and-chandra-image/
https://science.nasa.gov/asset/webb/bullet-cluster-webb-and-chandra-image/
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Pacific Another Problem: Strong CP

Northwest
» Strong force Lagrangian contains 1 9> o) - o
: . : = —— Ho f p ivhD — 10y
a CP-violating term in Standard Loeo = =gl (F Oy s B Wiy Dy —me ™ )Y
model

L
* Implies measurable neutron T
electric dipole moment (EDM). _
dp sy = (5.2 x 10716¢ - cm)@ \+j
» Experiments constrain the neutron dﬂ“ P d¢
EDM close to zero implla/ing CP l "
conservation (6 < 107'°)? (e dT
Ay exp = (0.0 + 1154, +0.25,5) X 107%%e - cm 3
* Fine Tuning Problem T =2

* "Everything not mandatory, is

compulsory” —Murray Gell-Mann %l
(19567)

[1] C. Abel et al. Phys. Rev. Lett. 124, 081803 — Published 28 February 2020
[2]Helge, Kragh. https://arxiv.org/ftp/arxiv/papers/1907/1907.04623.pdf

November 14, 2026


https://arxiv.org/ftp/arxiv/papers/1907/1907.04623.pdf
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Pacific

Nortwest Peccei-Quinn Symmetry

» CP Conservation - New Symmetry

* New global U(1) chiral symmetry
spontaneously broken in the early
universe

* 9 is a dynamical variable which relaxes Roberto Helen Quinn
to zero when symmetry is broken

2
2
V() = 2 (112 - 7e/,)
* Implies the existence of a pseudo scalar
boson dubbed the axion!

1012 Gev Jdy
m, = 5.691 uelV/ , =«
“ K fpo Jayy nfpQ
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Nortwest  AXion Dark Matter

» Axions give great dark matter characteristics
atlowm/, !

* Vacuum Realignment mechanism creates
abundant cold axion production in early

universe!
m

 Low mass makes it ‘wave-like’ matter -
eebly-interacting with
« Can we detect a faint radio signature? photons

Gravitationally interacting

NANANSTY Non-baryonic
Very stable
Cold (non-relativistic)

D N N NN

LAVV o _gAVVE . B('bA Generate in abundance in
NN, Y early universe




7 Where have we looked for axions?
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7 Where have we looked for axions?
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\"'7/ Axion Cavity Haloscopes

Pacific
Northwest
Externa_l | o sy o
Magnetic Field 2 > Digitize
acts as a o " __
virtual photon N Power Spectrum - This a;:ionblineshape
: . as been
to stimulate A \\ exaggerated. A real
74, y . < ignal Id hide
photon Ve . AXio b signal would hide
: 8th . " Svar h beneath the noise in
production Mis- O \ . asingle digitization.
from axion DM O, loy, o An axion detection
& g \ requires a very cold
halo a \ . experiment and an
Axion to photon e e P e i o S \\\WJ"W'*"‘ ultra. low nOI.Se
production A receiver-chain.
o. E*B
Scanning experiment Frequency
1. Calibrate to freq_uency 2 e
2. Look for axion S|gnal f = —mg requires a tunable resonator
3. Move rod to next frequency h

B- Field




Pacific
Northwest

NATIONAL LABORATORY

oedgwiem

E Field [¥/ml

JloESuUDINgE+ JI0AIBSDY

dedgp|od

e r TopPlate

Frequency

Scanning Frequencies with Tuning Rod

Mode Map

Tuning Rod Angle
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Northwest ~ AXion photon power in a haloscope

_ Po f
Poxion = 2.2+ 10 W {(

11

2, .
0. 36) 0.45 GeV cm=3 740 MHz

v .<Bo >2. Q% Cinn,

136 L \7.6T) 30000 0.4

(f Elmn (9_6: t) ’ Eext (f) dv)z

C — g -
m [ Boy 2dV [, E2,_dV
P axion t
SNR =
kTsys \ Af

Model- Dependent Parameters
* g, — Coupling Constant

* f — Axion frequency
* po — Dark matter halo density

Experimental Parameters

* By — External magnetic Field

* I/ — Cavity volume

* (J; — Cavity quality factor

* C;mn — Cavity form factor

* SNR — Signal-to-noise

. Tsys _
System noise temperature

 t — Integration time of FFT

- Af — Bandwidth of FFT
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Pacific

Northwest ~ AXion photon power in a haloscope

NATIONAL LABORATORY

) Po f V. (B \ Q& Cimn

Paxion = 2.2 1075W | {35 36)2 045 GeV em=3 740 MHZ)|| 136 L <7.6 T> 30000 0.4
Excllusion limits | (f Epn (%,6)  Boye () dV)Z Experimental Parameters
Set in g4y, assuming a Cimn = [Boo2dV [e, B2V * B, — External magnetic Field
value of p,. ext ot e VV — Cavity volume
Nominal: pg = p Paxion | t L * Q,, — Cavity quality factor
Sub-norﬁingl: ; 121‘//10 SNR = T Y; * Cimn — C.aV1ty form factor

@ = PbM VSN * SNR — Signal-to-noise

° Tsys
System noise temperature
 t — Integration time of FFT

* Af — Bandwidth of FFT

Model- Dependent Parameters
* g, — Coupling Constant

* f — Axion frequency
* po — Dark matter halo density
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Pacific

Northwest ~ Axjon Scanning Rate

2
df~198GHz(gy)4( f ) Pa 2.(L)2(30 )4( v )2( 0 )(Clmn)z 035K\ 2,
dt " year|\0.36 1GHz/ \ 0.45%¢% SNR 7.6T 1361 30,000 0.4 Tsys
cc

Combining signal power with SNR we can Experimental Parameters
arrive at the instantaneous scan rate for a + B, — External magnetic Field

haloscope .
e I/ — Cavity volume

*Does not include deadtime (Calibration, Candidate rescans, engineering studies, etc.) . QL L Cavity quality factor
* Cimn — Cavity form factor
 SNR — Signal-to-noise
° Tsys — System noise temperature
* t — Integration time of FFT
* Af — Bandwidth of FFT

Model- Dependent Parameters
* gy — Coupling Constant

* f — Axion frequency
* po — Dark matter halo density




‘??/ The Axion Dark Matter eXperlment (ADMX)
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* One of the first ‘discovery’-
sensitive axion haloscopes

Started in 1995 at LLNL

Sited at University of
Washington CENPA in Seattle
since 2010

First to exclude DFSZ axions
in 2018

On-going upgrades enable us [l || S5 L WM - 0% SpH
to scan more frequencies |G L L BRE Y\ (i
ey | aRE SR A WY —

Insert extraction at end of science run
(2018).

Currently operating our 4t
science run! (Run 1D)

ADMX Insert in Clean Room during upgrades
Photo Credit: Scientific American

November 14, 2026


https://www.scientificamerican.com/article/searching-for-the-dark-the-hunt-for-axions/
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Northwest ~ ADMX Insert

NATIONAL LABORATORY

ADMX insert has many systems to
optimize scan rate

Parameter Equipment ________

Maximize B?V 8T magnet with 0.5 M bore

Minimize Thermal Noise Helium Dilution Refrigerator
Max low-noise amplification Quantum Amplifiers
Maximize resonator Q in field Copper cavity resonator
Maximize frequency range Tuning rod system

* These systems are then supported by
more systems

* ‘Bucking’ field-cancellation Coll
* More RF electronics

* Helium Liquefaction plant

» Great Science Operators!

Field Cancellation
Coil

122eds wuepn

I
|

SQUID Amplifier
Package

Dilution Refrigerator

10AJI3S3Y WinijaH pinbi

'l

Antennas

8 Tesla Magnet

aseds pjo)

Microwave Cavity

Tuning Rods S— i
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Data-taking Loop:

1. The cavity is
characterized by
Network Analyzer
(VNA) reflection and
transmission
measurements

(fO' QLJ :8)

2. The receiver gain and
noise is measured and
possibly re-biased for
the given f,

3. 100 second power
digitization is taken
(Axion data)

4. Tuning rod is stepped
to the next f,
accordingly

Operations Cadence

runld part2 - nibbleO

Time periods (Pacific time): December 23, 2025 - January 20, 2026; May 30, 2026 - August 19, 2026

Frequency range: 1,250.0 - 1,270.0 MHz
Elapsed time: 109.0 days | Digitizing fraction: 55.7%

...

Digitizing / elapsed time

9.7%

s Transmission (5.7%)
mmm  Other tasks (4.3%)
JPA rebias (3.4%)
Excluded periods (1.5%)

mmm Digitizing (55.7%)

mmm Measure SNRI (10.0%)
Unaccounted time (9.7%)

mmm Reflection (9.6%)

Category

Digitizing

Measure SNRI
Unaccounted time
Reflection
Transmission

JPA rebias

Monitor |PA

Excluded periods
Transmission gain
Widescan

Wide reflection
Reflection (JPA off)
Move rods

Check for fill
Recalculate rod speed
Reload digitizer driver

Wide power

Duration
60.8d
10.9d
10.6 d
10.4d

6.2d
3.7d
2.2d
1.7d
22.7h
12.8 h
12.3 h
4.6 h
3.9h
2.4 h
49.4 min
26.6 min

7.6 min

DAQ paused outside excluded periods: 6.0 d
Pause-state coverage: complete
Paused time can overlap tasks; it is not an extra slice.

% elapsed
55.7%
10.0%

9.7%
9.6%
5.7%
3.4%
2.1%
1.5%
0.9%
0.5%
0.5%
0.2%
0.1%
0.1%
0.0%
0.0%
0.0%

Records
49766
52357

132865
75305
3102
48679

11694
6054
6043
6385

32556

42026

29130

26
2



Pacific

Northwest  Search Procedure

1. Each 100 s time-series is split into
10* 100 ms segments and FFT
performed

2. Spectra are normalized by fits and
associated with run parameters

3. Prepared spectra are co-added
together in weighted sum based on run
parameters making a grand spectrum

4. Power excesses > 3¢ are axion
candidates and are subject to
additional scans/tests

5. Once all candidates are eliminated, an
exclusion limit is set.

Combined SNR

Single Spectrum SNR (offset)

AN Ao AN |
v Background-Subtracted

!
Synthetic DFSZ Synthetic KSVZ
, Signal , Signal |

: :

Optimally Filtered
Combined Spectra

e SIMULATED SIGNALS -
NOT A REAL AXION

647.99 648 648.01
Frequency (MHz)



o

Pacific

Northwest  Run Overview

1350
 Data runs are PN : ;n'jjt;auL Scalr-1
I eveling
Pr(t))ié?n EprlntO 1300 ‘N\/ ~ P Candidate Rescan
nibbles’ o
frequency space 1250 1

* Nibbles are N
C ey L
initially scanned s
slow at fixed rate o

* SNR leveling fills

in areas of lower e
sensitivity 1050 A
* Remaining
candidates are 1000
SN b;a"‘ bﬁ’ b‘,o*’ S PP D
rescanned A A A O A A A

individually




Pacific Data Taking Decision Tree

Northwest

NATIONAL LABORATORY

( First pass through

ez—  nibble at fixed -
o ;
= tuning rate. ~
A J
¥ Y 5 Make RF1 checks. =
[ Continue to 1“ " Rescan at variable r =
1 1 e )
next nibble. J f tuning rate. ~2-5x )
" Conti Turn off secondary
i ontnue o - synthetic axion
Conti Y \. next nibble. % injections ;g
ontinue to o [ Persistence check. - '
next nibble. o
h Z ~ ¥
¢
Cnnti:ue -~ Check for signal )
. & suppression in = ——
e 17 " Turn off primary h [ next nibble. J B Tf,fﬂm mode. P:g
[ -:'mtm_l;:;ltfm ] &~ synthetic axion }‘xﬂ “
next nibble. ,'L: injections. Resean./ ~
Y v
' r
Y v Cuntm_un: 1o ed— Check signal o Bz.jf =
Continge t - p —= next nibble. ; \ -
OTHBTeE 10 ~—— Persistence check. J— ~ '
next nibble.  j o\ '
z.
¥
p
- Continue to | Axion
RR- Rescans Remaining ( —_— next nibble. found.
.. “ontinue to
NRR- No Rescans Remaining L oo J Bartram et al. Phys. Rev. D 103, 032002 (2021)




\z?/ Previous ADMX Limits

Pacific  Increasing tuning size increasing
Northwest
NATIONAL LABORATORY frequency range
« Gaps are due to mode crossings
« Exclusion set by two different

axion thermal models

Run 1A+1B Run 1C

Axion Mass (}UO\) 640-800 MHz 800-1020 MHz
2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 Axion Mass (ueV)
- e T -~ 3250 32 3300 :3.325
[ 10—15
TN —-15 - —
107 -
- 2
& &
S S5
| L ADMX (2010,
\L)\l\ (l“\ wor 1\) 2019, 2021) RFI
. = MB
B N-body . e m Ny
A ¢ = : ==
. . . . . . - [axw lh N 10 720 700 300 310
650 700 750 800 850 900 9)0 1000 Frequency (MHZ)

Frequency (MHz)

(2021) httpsy/dol.org/10.1063/5.0122296 (2025) https://doi.org/10.1103/PhysRevLett.134.111002
ps://doi.org/10. :



https://doi.org/10.1063/5.0122296
https://doi.org/10.1103/PhysRevLett.134.111002

o

Pacific Most Recent Published Limits
NngNrAiL:IJXVW?TﬁE Axion Mass (ueV)
10 100
 Currently using maximum 92_ e e e e R
: : : : 1079 ¢ CAPP ORGAN mam TASEH  mmm ADMX 2010-2024 ¢
sized tunlng _rqd to malr)taln L B
DFSZ sensitivity for a single | "
cavity -
. . 10713 ¢ e n 1 | KSVZ
* Aimed at reaching KSVZ at _ S |
sub-nominal DM Density, and % 10| SSSEEs :
nominal DFSZ limits <
§ 10717 KSVZ
10—19 B
DFSZ
10—21 B
- This Work
10723 ¢ 1100 1150 1200 1250 1300
— . —

Frequency (MHz)

Run 1D
1020-1390 MHz (2025) https://doi.org/10.1103/d7mg-6sqq



https://doi.org/10.1103/d7mg-6sqq
https://doi.org/10.1103/d7mg-6sqq
https://doi.org/10.1103/d7mg-6sqq

8ayy (GeV)
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Pacific
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10-7°

2026 Run Status

« Extend Sensitivity beyond DFSZ limit to sub-nominal Dark Matter density
« Accomplish this with better amplifier performance

« 1-1.3 GHz
Axion mass (ueV)
5.16 5.18 5.20 5.22 5.24 5.26
| v B | h ’ | 4 E K (et : , | 8 \ [
Part 1 Limit (2025)
KSVZ
- DFSZ
| 1 1 | L ‘ ] | ‘
1250 1255 1260 1265 1270
Frequency (MHz)

Axion mass (ueV)

5.16 5.18 5.20 5.22 5.24 5.26
— T T T 3 —
1t 1 +2 S Itvi (2026)
KSVZ
PRELIMINARY

DFSZ ,

ju il _vq L I - |

1250 1255 1260 1265 1270

Frequency (MHz)



%/ Where are we headed?
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—11 ==
~ 10 . | i, 22
™ Sy g g
D 10—12 g & O BN
O W < A
—— —-13 = = %
].0 0 ’1 a §
<1014 g} %
& |
16 We want to look
E here next!
10—17 .
—18 : XMM-Newt
1018 o NuSTAR— Wi
19 ] INTEGRAL
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“?/ Challenges at higher frequencies!
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Haloscope frequency scan rate:

C Ilmn

Ji GHz ( 9y \* (_f po \2 . (5 \*(Bo \|(_V )\ (_
ae~ 1985, (5e) () (retm) - () (o) |50 (oom)|(
dt year \0.36 1 GHz ()_457 SNR 7.6T 136l 30,000

. - . ' o f72 ‘jQ  f2/3

scan fast enough!

——

ADMX Run 2 uses a 4-cavity array to
maintain volume
(1.3-2 GHz)

Superconducting Tuning Rod
arXiv:2408.03444

Need innovation to

0.4

2
)2 (0.351() .
Tsys

Tsys X f

Novel TWPAs, Quantum
Squeezing, Qubit Photon
Counting circumvent noise
limits


https://arxiv.org/abs/2408.03444

o

Pacific ADMX Near Future

Northwest

NATIONAL LABORATORY

 Run 2 uses 4-cavity to
maintain volume

Total Volume: 85 L (62.5%
of current)

Compatible with existing
magnet and cryostat

Cavity Array Testing at LLNL
and Fermilab

RFSoC (ZCU208) RF transceiver
development at PNNL

* Minimal site renovation ) 3
. — 1010 of CAST
* 1.3-2.2 GHz cavity el
coverage (Two rod sizes) £
;10~12
* 4 separate RF readouts =
- Digital Cavity Power £ 101
Combining g 10-1
% 10—-16

| | U |

10
Axion Mass m, [peV]



10—10

%/ CAST Limit
(. ADMX Further Future 1
Pacific i
NNMEEAifb,xvm?T?pE 10-12 . ADMX ORGAN
« ADMX Extended Frequency Range 3 01 e
(EFR) : : J | e
" : 104, / SR A DNV IX H Zon COU22
« 18-Cavity Array covering 2-4 GHz 1077 AP i i
Y 15 " ia i i
Uses 9.4T, 0.8 by 3.1 m, MRI Magnet ool L T — .
« Stay Tuned for paper outlining . — . .
conceptual design and sensitivity 107 107" .
Axion Mass (eV)
Electronics Dilution Resonator Dilution

Resonator Array

Refrigerator Refrigerator

Tuning Rod Arc Slot Counterweight

0.01 Gauss

Low Noise Magnetic Photon MRI Magnet
Amplifiers Shield Transporter

Piezoelectric Spur Gear Pivot Bearing
Rotary Actuator




xg/ Further R&D: Superconductlng Cavities
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3 » -.pf

Anomalous skin
depth of copper:

Q o f2/3

SRF might
circumvent this

Nb3Sn Tunlnq Rod Sidecar 2024:

arxiv 2408.03444

Requires TV Mo TTEns TEvm  Ths —agneie FildSingth
overcoming fluxon 6
dissipation in s 2
magnetic field N %
Hybrid material ¢ | 2
construction may % | &
minimize loss i 13
-0

150 200 250 300 350 400
Cooldown Time (hrs)

Characterization of AI-Nb3Sn cavity (2026):

Frequency [MHz]

5508 5513 5518 5523 5528

Sidecar 2024

§ E/N=44/3
] — -3
1014 o po = 0.45 GeV ecm
T T T T | 1 T T T 1 T T 1 T 1 T T T 1
22.780 22.800 22.820 22.840 22.860
mg [neV]
. @ NDhTi TMyys mode,
D Cun Thgyg rroed e
L ] & NBTi TMyy, mods
u L Cu TH;. e,
-Id 1 1 Cu T'H.-..-__' % [
1=
b
I [
= N\
= TR § 7 g |
— LA ' - -3 r-3 3
S k * . '
1ﬂ ' . - [ ] ™ -
u LA
" .
" =
| ™ -
0 2 4 6 8 10
Field (T)

NbTi Cavity Multi-Mode Analysis (2023):

arXiv:2611.00087

doi.org/10.1063/5.0122296



https://arxiv.org/abs/2408.03444
https://arxiv.org/abs/2408.03444
https://arxiv.org/abs/2408.03444
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://doi.org/10.1063/5.0122296
https://arxiv.org/abs/2611.00087
https://arxiv.org/abs/2611.00087
https://arxiv.org/abs/2611.00087
https://arxiv.org/abs/2611.00087

‘??/ Further R&D: Field Resistant Quantum Amplifiers
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Northw?gni\;

NATIONAL LABOR

« Space becomes more limited
for other components in Multi-
cavity searches

= Example: Current field-free
regions have limited space for
sensitive electronics

* Field Resistant Amplifiers
remove this constraint

 PNNL testing of NbTiN Kinetic
Inductance Travelling-Wave
Parametric Amplifiers
(KTWPAs) from National
Institute of Standards and
Technology (NIST)

= Positive gain up to 1.5T!!

Average Gain (dB)

20

=
(9]

=
o

U

TWPA 2 (Parallel Orientation)

6 7 8 9
Frequency (GHz)

ADMX SIDETRAC
Field Resistant
KITWPA

10




Z?ic/ Further R&D: Al Monitoring and Control

Northwest
NATIONAL LABORATORY Rewa rd VS Step

* Multi-cavity systems o
become increasingly
complex

* Operational
monitoring untenable

1.0

RMSE=0.02
Bias=-0.001

0.8 1 0.8 0.2

e
o

o 1000 2004 3000 4000 5004 8000 700 00
Global step

* Coherent cavity
combining introduces
new sources of dead
time 00 02 04 06 08 10

Actual Magnet Position

* Space is limited for RF circulator S-parameters as
more diag nostic a magnetic field and
equipment Temperature sensor! y
(thermometers, hall §u8
probes, etc)

=)
S
Antenna Position

Predicted Magnet Position
=)
-+

o
9

Reinforcement
Learning for
Auto-tuning
amplifiers!

0.0

Bias Current

Rev. Sci. Instrum. 96, 123102
(2025)




PNNL Work: ADMX-SIDETRAC

Frequency [GHZ] g
Pacific 5.5 5.75 6 6.25 B
Northwest 1074 g
NATIONAL LABORATORY g
Neutron)stars
. -11
« R&D 2-Cavity 10
» Lol
Axion search at S
> 10—12
PNNL! 3 L
! S ¢
_ o
. . 10718 4 /N =44/3
° PI - Chr|St|an < E —— SIDETRAC, all Cu e
i«o ] === SIDETRAC, all Al
B O u t a n 114 : ------ SIDETRAGC, Al cav, Cu rod i
E DFSZ
-~ - _ -3 E/N=5/3
Reqy = 18.8mm  a-oscwen | | .
7 R - N= 23 x107° 2.4 % 107> 25x 107 2.6 x107°
m, [eV]
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Array Squeezed Measurement
u Q Q Q
\zf/ PNNL work: messroments . ,

Al'y + AQ'y = h/2

NATIONAL LABORATORY

P f APl AQ'1 = Rf2
Nowest VEBAX

Very Entangle Bose
Array eXperiment

 Pl: Erik Lentz

Heisenberg Limited Measurement
(Non-sque%zed Example)

Q N measurements 0
(correlated)

AT - AQT = h/2

Al - AQ, = h/2 pter-measure a;n. AQN = h/2
rrelation
i LI
Consistent Signa Consistent Signa
S 5

* Heisenberg-
Limited haloscope
at PNNL

« Stage 1 uses
SIDETRAC cavity
system
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% Thank you!

Northwest

NATIONAL LABORATORY

This work is supported by U.S. Department of Energy through Awards No DE-SC0009800, No. DE-SC0009723, No. DE-SC0010296, No. DE-
SC0010280, No. DE-SC0011665, No. DEFG02-97ER41029, No. DE-FG02-96ER40956, No. DE-AC52-07NA27344, No. DE-C03-76SF00098, No. DE-
SC-0022148 and No. DE-SC0017987. Fermilab is a U.S. Department of Energy, Office of Science, HEP User Facility managed by Fermi Research
Alliance, LLC (FRA), under Contract No. DE-AC02-07CH11359. Additional support was provided by the Heising-Simons Foundation and by the
Lawrence Livermore National Laboratory LDRD office. PNNL is a multi-program national laboratory operated for the U.S. DOE by Battelle Memorial
Institute under Contract No. DE-AC05-76RL01830. UWA and Swinburne participation is funded by the ARC Centre of Excellence for Engineered
Quantum Systems and CE170100009, Dark Matter Particle Physics, CE200100008. The Sheffield group acknowledges support from the UK Science
and Technology Facilities Council (STFC) under grants ST/ T006811/1 and ST/X005879/1. CRB is supported by DOE Office of Science, High Energy
Physics, Early Career Award (FWP 77794 at PNNL). Chelsea Bartram acknowledges support from the Panofsky Fellowship at SLAC. John Clarke
acknowledges support from the U.S. Department of Energy, Office of Science, National Quantum Information Science Research Centers.




7

Pacific

Northwest  Why Scan Upward?

« Axions 1 ueV — 1 meV test both pre and post inflationary models
* More constrained region to eliminate theoretical models

* Lower mass searches require very different hardware (lumped circuit element
experiments e.g. DMRadio)

1018 eV
F—

104 Hz 104 Hz

Pre-Inflation PQ Phase Transition

Post-Inflation PQ Phase Transition

S E—
Adapted From: PDG Axion Review 2018




Pacific

Northwest PNNL Work: Run 2 RFSoC

* Four separate RF receivers for each cavity

« combine digitally in analysis 5
ZCU208 Board

« Common injection port

20mK 150mK 1K 4K 40K 290K
< RF Signal Distribution Rack RF SoC Rack
W Wy WA WP : TXPCB (x1]
20dB 10dB 10dB 13dB 0dB Port In [ j % /_\ ZCU208
W\ A~ M\ DAC
s 10dB 10dB 13dB odgg | e
Divider Rx PCB (X4}
c4 C3 C2C1

h

Cable Length:50-75ft
Part #: TBD { A I>M

10dB hl . ]—|_[
Hot loa HEMT
LNF LNC0.2_3B ADCI

+30dB, 6K RF Outl
¥ s ) d_@m M M- Wﬂ_% JPA TX PCB (x4)
“— 0dB 0dB 0dB 0dBl /ve0 s3n12+ q v
Ezzda : ' /_\ DAC,

BE(F

-40dBm
e DA g =
ID.5—1-I\;1H2IB'¢.|'\T jﬁ 1 and DC bias 0dB 40dB 0dB Anggic
- _ SWy @ JPA bias Sync
Processes 2048 ok || e
VNA Transmission
VNA Reflection

RF out
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Pacific

Northwest ~ ADMX Sidecar

o Established R&D testbed

 Sits on top of main cavity making
use of fridge and B-field

« 3.58 T fringe field during operations

 Emerging Tech used:
* Piezoelectric Motors (2019)

= Josephson Travelling Wave
Parametric Amplifiers (JTWPA)
(2023)

= Hybrid-Superconducting Cavity
(2024)

= Kinetic Inductance TWPAs (Ongoing)

 Low Turnover: Bound by main
experiments schedule!

45%

I
~
W
xR

v
S

v
i
<
o=

wn
%)
R

Percentage of main magnet strength

operates at 4-7 GHz
volume of 0.6 L



https://doi.org/10.1103/PhysRevLett.121.261302
https://doi.org/10.1063/5.0122907
https://arxiv.org/abs/2408.03444
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Pacific

Northwest  Problem: Increasing Thermal Noise

NATIONAL LABORATORY

Qubit readout: number of photons in a storage cavity
Qubit spectroscopy (LO = 4.6 GHz)

0.0045 1

S 0.0044 4

* Noise temperature at SQL
grows with frequency:

o d—focT‘Zocf‘2

dt SysS
= Standard Quantum limit: Ts,,¢ =
W

k
= Currently not operating at SQL

* Qubit photon counting (ADMX
SIDETRAC)

* Quantum Squeezing can
mitigate this (VEBAX- Erik
Lentz)
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