Sikivie and Ferrimagnetic
Haloscopes

Search for dark matter axion or axion like particles
with resonant cavities

Search for dark matter with hybrid YIG — cavity
systems

Giuseppe Ruoso — Lab. Naz. Legnaro



Haloscopes — Galactic axions
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The “standard” axion

 The axion is a light pseudoscalar boson, its properties can be derived using
current algebra techniques

* The axion is the light cousin of the nt° :

m, = 135 MeV — pion mass
mafa ~ mﬂfﬂ fpo = 93 MeV - pion decay constant

e The most recent calculation using lattice QCD

1012GeV)
T

G.Grilli di Cortona et al J. High Energy Phys. 01 (2016) 034

me = 5.70(6)(4) peV (

e Axion couplings with ordinary matter depends on the model implementing the PQ simmetry

e Extensions of the standard model including the PQ symmetry need extra degrees of freedom:
1. new scalars or fermions
2. new quarks



Axion Models

1. PQWW (Peccei, Quinn, Weinberg, Wilczeck)

. Introduces in the SM 2 extra Higgs doublets
. f. is at the electroweak scale v, (250 GeV)

-

m, =100 keV  m—)

R.Peccei,H.R.Quinn, PRL38(1977)1440
R.Peccei,H.R.Quinn, PRD16(1977)1791
S.Weinberg, PRL40(1978)223
F.Wilczek, PRL40(1978)279

RULED OUT BY ACCELERATOR
EXPERIMENTS

“Invisible” axion models (classes)

Dine-Fischler-Srednicki-Zhitnitskii (DFSZ)
M.Dine,W.Fischler,M.Srednicki,Phys.Lett.104B(1981)199
A.R.Zhitnitsky,Sov.J.Nucl.Phys.31(1980)260

e 2 extra Higgs doublets
* New complex scalar

Kim-Shifman-Vainstein-Zakharov(KSVZ2)

J.E.Kim,PRL43(1979)103
M.A.Shifman,A.l.Vainshtein,V.l.Zakharov,NPB166(1980)493

* New extra heavy quark
* New complex scalar

* For this models no prescription for f,, hence

* low mass (m, < eV) and very weak couplings for f, >> v,,..«
* The strength of the axion interaction depends on the assignment of the Upq(1) charge to

quarks and leptons (model dependent)

 Models list not exhaustive, axions can be embedded in SUSY or GUT




Axion interactions

e Several interactions are possible

Quark Quark
A q B q
1 1 1
FoQ----- cy,vs - Cc3iYs 70
q q
Photon Lepton
D q E
1 Cary 1 .
F—aa ----- Fa—a ----- Col7Y5

G



Axion interactions 2

e Axion interactions are model dependent, normally small
differences between models

y Axion photon photon

\ {2 ey i
R Layy=— £, AL -D="8qy,AL"
......... ° a m g, = 0.36 (DFSZ)
axil gayy _ gy a
Tm_f. g,=- 0.97 (KSVZ)

Axion electron electron

e — m,m ~11
—_ ~—<2 <<=407x10 DFSZ
S -<e Laee _ geel)/Sea Se m_f. g R i

g. ~ 0 (Strongly suppressed) (KSVZ)

All couplings are extremely weak!



Can we detect axions?

» Searching for axion extremely challenging
» Exploit coherence effect over macroscopic distance/long times

* Most promising approach: use

Primakoff effect: Y jf/
- : ANNV\@--- 1% - - S
scattering from an electromagnetic S R_\L
field (virtual photon) :
Y
®

In the presence of an external field (magnetic or electric) the axion and the photon mix and
give rise to oscillation/conversion

Higher magnetic field are
easily obtainable than
electric fields

Classical EM field Sea of virtual photons Primakoff Effect

(800¢) T8Z ‘6% 'sAyd "dwajuo) ‘|e 33 IsoJe) ‘9



Axion Like Particles (ALPs)

An ALP is a particle having interactions similar to the axion, whose origin is
expected to be similar, but with different relation, respect to the axion, between
coupling constants and mass = in general UNRELATED

For example, string theory predicts a large spectrum of ALPs, pseudo Nambu
Goldstone boson of a symmetry spontaneously broken at very high energy

For example, in the case of the photon coupling

1 1 ,
LALP = Eaua aua - EmALPa — gayy

E-Ba With g, a.free pararr.leter to
be determined experimentally

Experimental searches are mainly directed to ALPs, in order to relax the coupling
parameter. Experiments looking for the ALPs are, in principle, sensitive also to the
axions.

We will often be using the word axion in a generic way including ALPs, explicitly
saying QCD axion for that ALPs that solves the strong CP problem



Standard Halo Model for py,, and f(v,)

Standard Halo Model: Isothermal, isotropic Maxwell-Boltzmann Distribution of DM
assuming ppy =0.3 — 0.45 Gev/cm3

3.5¢ Maxwellian velocity distributions:
* Galaxy frames ]

Earth frame

Dark matter halo 3.0t
25}
k2

o 2.0f
1.5}

1.0¢
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v (Km/s)

Milky Way model

Observed axion velocity v =v-v,
where the Earth velocity vg= vtV

f(v) = 4n (@)3/2 o exp(—Bv?)

70
B\ Y2 4 '
f(va) =2 (—) — exp(—pv2 — Bvz) sinh(2BvEv,)
™ VE
M. S. Turner, Periodic signatures for the B\'% y
o a 2
detection of cosmic axions, Phys. Rev. D e VE exp(—B(va — vg)°)

42,3572 (1990).



Axions in the galactic halo

* In order to explain galaxy rotation
curves, a halo of dark matter is
hypothesized

* Accepted value for local dark
matter density

ppuy = 0.3 —0.45 GeV/cm3

e Cold dark matter component is
thermalized and has a
Maxwellian velocity distribution,
with a dispersion o, = 270 km/s

* There might be a non-
thermalized component with
sharper velocity distribution

N 1400(

Axion can be a dominant component
of the galactic DM halo

Its occupation number is large

107% eV
ma

no & 3><1014< > axions/cm3

It can be treated as a classical
oscillating field with frequency given
by the axion mass

Wg 107 eV
SNy GHz

Mg

It has coherence length and time
10~° eV)

Mmgq




Haloscopes — Galactic axions — Sikivie Type

e Search for axions as cold dark matter constituent
* Original proposal by P. Sikivie (1983)

DM particles converted into photons inside a magnetic field (Primakoff effect),
sensitivity to g,

* The mass of the DM particle determines the >
frequency of the photons to be detected. For
axions we are in the microwave range.

neV<->GHz | pmolifier

) | "
hv = Ey = mac'“<1 +3/f;> = mac?(1 + 0(107%))  Magnet

B,~103 axion velocity

* Use a microwave cavity to enhance signal. Cavity
must be tuned to axion mass. Being this
unknown, tuning is necessary: very time
consuming experiment!




Haloscopes — Galactic axions

e Search for axions as cold dark matter constituent
* Original proposal by P. Sikivie (1983)
* DM particles converted into photons inside a magnetic field (Primakoff)

* Expected signal a nearly monochromatic line.
Broadened by the thermal distribution of DM in

-11

the Milky Way ANEp

AE -6 AE/E~10_6

? = 10 = l/QG

* Possible very sharp component due to non- 4_\1
thermalised axion falling in and out of the Milky ) 1 ; Sy >
il AE o Moton  (omeray)
E

* Power proportional to the number density and

the square of the axion-photon coupling
21/ 2 Pa W
Pgy (36 4 Q) : ‘

o
Sy

Ky 17121

e Typical powers to be measured below 1023 W



Sensitivity

When the frequency of the axion induced photon matches the frequency of the cavity eigenmode,
the conversion power is resonantly enhanced via cavity Q. (Q. << Q,) Q,;=Q./(1+p)

P 1 23W< )2 Pa ( Vg ) BO 2 V mnl QL B
axion = 1.92/ \0.45GeV/cm®/ \1GHz/ \10T ) \1liter) \ 0.69 / \10°/ (1+ B)

The power is picked up by an antenna with coupling B and read by an amplifier. Extremely low power levels
are detected by sensitive amplifiers

In the absence of a signal, the output of a receiver is noise measured on a bandwidth B, corresponding to
the axion linewidth

Tampl = amplifier noise temperature

Proise = GkB(Teav + Tampl) Ba = GkpTsysBa G — gain ; kg — Boltzmann constant
Cavity noise + amplifier noise T,,s = total system noise temperature
The SNR can be calculated with Dicke’s radiometer equation for a SNR — Paxion [tm
measurement time t,, kTsys V Ba

Since all the frequencies within a cavity bandwidth can be
scanned simultaneously, we can calculate a scanning rate as

df 1 ax1on Qa

Major R&D efforts are made to increase B,2 V C dt SNR2 k2 Tszys QL
Q. and minimizing T,




Haloscopes — Galactic axions

* Resonant detection of DM axions in a magnetic field. One
measurement explores only sharp cavity linewidth.
Scanning is necessary.

Figure of merit for scanning (mass or frequency)

Af <
s VEBEGET S0

 High Q microwave cavity operating inside a strong magnetic field B
e Large volume V cavity at high rf frequency f

* Low noise T, radio frequency receiver

e Use cavity modes with large form factor C
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PRL 59, 840 (1987)

TUNING ROD

< ~COAX
CABLE

LHe ~— -~

l—8" —f |

e 2775 4
Schematic diagram of the RBF apparatus (1987)

81.5"

* Scanning to high mass — high frequency very difficult due to reduced cavity volumes
Scanning to low mass — low frequency implies large cavities and thus very big magnets

I All current limits assumes axion/ALPs saturate the local DM density



Main components of cavity haloscopes

Refrigeration system Microwave cavity

Magnetic source

Resonance frequency f
Tuning

Low noise recei

Base temperature T Noise temperature T,

15



Haloscope detectors - precursors

* Pilot experiments in Brookhaven (RBF) (1988) and University of Florida (UF) (1990)

* Provided basic structure for even today’s most sensitive experiments

RBF

HELIUM VESSEL TO NOISE
SOURCE
PREAMPLIFIER "
20-DB
ATTENUATOR
CIRCULATOR MAGNET
CURRENT
TUNING ROD ~_ | LEADS
N L
TUNING ROD S
BEARING —|
MINOR PORT | L"g;?“
-
|
SOLENOID
—_
CAVITY
| 1

7 cavities, Brms 7.5 T phi 20 cm, L 40 cm
Copper cavity TM010 with Q; up to 70000

PRD 40, 3153 (1989)

Cavity tuning with sapphire rods
7 GaAs FET amplifier, T,, 10-20 K

=

for diagnostics

image reject
mixer

Post Amp IF Amps bandpass filter
N {>_(>
| [ vV 10MHZz j—l
UF L |[f
|
|
|lHe T=2K !HEMT hep D Mixer
i LO f-10MHz LO 10MHz
! Atten
' Atten [] () Circulator LF Amp :
i "
|
? Py
I |
. [ OFHC Cu | ADC ‘
| cavity |- F; C
| e | |
LFFET]
low-loss superconducting magnet L—— ——J
' ceramic rods < By =78 T

TM;10(2.55 GHz)

HEMT amplifier, T,, 3-6 K

PRD 42, 1297 (1990)
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Haloscope detectors — 15t gen - ADMX

ADMX — Axion Dark Matter Collaboration started in 1990 to explore new ways forward:
eXperiment — phase | * SC quantum interference device (SQUID) receiver

e Large size copper cavity inside 8.5 T magnet

* Running temperatures around 1.5 K

e System noise temperature at few K

e Cavity tuning with rods

Stepping motors

Superconducting
coils

Input

microstrip
Liquid helium
SQUID amplifier 1 0.2‘
lnsulatln’
layer 2
Tuner
1 0-25

=+ Tuning rods

Josephson

junctions ID “washer”
Superconducting SRONGwne

magnet

50 um

SQUID
2007-09

!'

Ge'
a
5

Microwave cavity

&

Josephson
junctions 1030

e Reached QCD axion model (KSVZ) 1032




Haloscope detectors — precursors - CARRACK

Different ideas already from the beginning:

Rydberg atoms

Exploit the axion-
electron coupling
to excite Rydberg
transitions

f ~ GHz Range

cavity regime

axion
-.‘\."os\‘ .'.b‘>

a
¥

Rydberg atom

1. Rydberg atoms as direct axion DM detectors

n2S+1LJ‘1

Use alkaline atomic beam in an inhibited

cooled, non-
resonant cavity electron
. muttiplier
-axion
| atomic beam | e
oven| | | Rydberg f_ield
beam atom neld
ionization
souree electrode
laser

PLB 263, 523 (1991)

2. Rydberg atoms
as photon
detectorsin a
Sikivie’s type
scheme

-24

10 o
N
\
= ol R
o 10 N
: N
5 N
S all N
— 10 \
2N
= 10 R .522’-3’:"':'?' -
“*g0al of CARRACK II search
1632 IR L

dilution
refrigerator conversion cavity
I metal post :
_ a
main o
magnet | f
Y
. i field ionization
cancellau - electrodes
coil Pac vt
metal post
atomic f—= SFI
housin
beam | }L) g
] ele¢tron

detection cavity _K_

laser excitation
point

2 3 5 10
m, [ LeV]

20 30 S0

electron detector

Stark electrodes

NPB (PS) 72, 164 (1999)




Haloscope detectors — current situation

e Within the last 10 years ADMX has evolved and a large number
of new apparata based on Sikivie’s scheme came into play




Current limits — Sikivie’s haloscopes

CAST

SN1987A
10~ IV N[ STAR
Pulsars

103

Frequency [MHZz]

Neutron Stars

ADMX

[FHVID  NVOUO

104

ORGAN
MADMAX
ORGAN

clusters

~12 _ 2 2
- L
10 E ; 2 § E/INZ sl
- b4 >
i 0 J ! g
10_13 = & > é ol «SVZ
: ot
10—14 - o= -3
E £/N =5
10_15 =
- po = 0.45 GeV cm 3
i | | L | | | | | L | |
10° 107 104
m, [eV]

AxionLimits
by cajohare.
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https://github.com/cajohare/AxionLimits
https://github.com/cajohare

ADMX — Axion Dark Matter EXperiment

ADMX has evolved in time with the
implementation of several improvements:
- Dilution refrigerator with lower base
il temperature : cavity @ 150 mK

hexagonal structure  0UPer - SQUID, JPA and TWPA amplifiers
i - Multimode searches

amplifiers

22 Ca N WA Electronics circulators

. package
\ coaxial feedthrough
= AXION DARK MATTER EXPERIMENT

University of
Washington

Field Cancellation
Coil

190eds waep

SQUID Amplifier g_:
Package First haloscope to reach DFSZ
i axion model sensitivity
Dilution Refrigerator g Axion Mass (peV)
g. 2.6 2.8 3.0 3;2 34 3.6 3.8 4.0 4.2

i

Antennas

8 Tesla Magnet

Microwave Cavity

ADMX (this work)

N-body
B Maxwellian
650 700 750 800 850 900 950 1000
Frequency (MHz)

Phys. Rev. Lett. 127, 261803 (2021) %!

Tuning Rods




HAYSTAC — Haloscope at Yale Sensitive To Axion CDM

above 10 peV

(SSR)

PSD/vacuum

Scan rate enhancement 1.9 over quantum limit

1.0

0.8

0.6

0.4

0.2

Designed to search for dark matter axions with masses

{ bdadefoiaddoh b ¥
B
2
l’oﬂ
2
L ot

T TG i T

N, B =2, SQ off
------ N, B =2, SQ off

—— N, pf=7.1,8Qon 1
—— N,f=7.1,8Qon

B ADMX
B CAPP-CAST

I HAY.P1 mmm HAY. P2a

. CAPP I TASEH
Emm HAY. P2b

First haloscope to use a Josephson Parametric Amplifier
First haloscope to employ a Squeezed-state receiver

5

m,c? [ueV]

20

25

Room Temp

4K

p S
GS200| [GS200

DC Block

1Q Mixer

Attenuator

1
T
Bias Tee @ Circulator

Amplifier

N Analog/
Low-Pass Filter 2 Digital
Converter
i Directional
'y [Switeh Coupler
JPA Bias m JPA

VW

MM

v power Splitter O ?gﬂgmtor
"'

-

L%

o
g

Jewell et al. PRD 107, 072007 (2023)

Coil j



IBS-CAPP Institute of Basic Science

IBS — CAPP was established in Korea with the aim of building a laboratory equipped with top infrastructure for
cavity haloscope searches with enhanced sensitivities over a broader range in the mlcrowave reglon.

B i L

T R TA trea

CAPP

Center for
Axion and Precision
Physics Research

High Temperature Magnets based on
ReBCo tape

High field and large volume Low
Temperature magnet

Powerful dilution refrigerators to
achieve ultralow temperature

Design and construction of large-
effective-volume high-frequency high-
Q microwave resonator

Use of very low noise Josephson
Parametric Amplifiers working at
different frequencies

Several running experiments

7 ’i' j{g
111155 S|

—— e

Cryogenucs (<40mK)

Dllu‘rlon Refr‘ugera‘rors
. I

High Q Tunable Cavity

Super‘conducrmg Tapes

High Field &

Big bore Magnet
12T LTS Big Bore SC Magnet

Quantum Amplifier
SQUID and/or JPA (T ~ SQL)




Axion experiments at CAPP

CAPP-
PACE
-JPA-6¢ell

CAPP-
8TB

-JPA-8cell

Am,

Sensitivity

(K]

phy

sys [K

CAPP-HF

2020

30

2*KSVZ

~0.05

~200 mK
First run

with
JPA

Published in

2021

8

~5.6

80

3*KSVZ

~0.05

<300 mK
First run

with
JPA+6-cell

2021

~5.8

>100

KSvz

~0.03
<300 mK
First run

with
JPA+8-cell

Will
publish

2021

~2.3

30

KSvz

~0.04
<200 mK
First run

with
JPA+SC

Will
publish

2021

12

1.0~2.0

20 ~ 300

DFSZ

~30 mK

<300 mK

CAPP’s
main
axion

detector
with JPA

Published
in PRL

2023

DFSZ

60 mK

~200 mK

Axion
Quark
Nugget +
SC cavity
(Q~1.6M)

2023

~5.4

> 50

KSvZ

30 mK

~400 mK

First run
with He
tuning +
SC cavity
(Q~10M)

2023
12
~5.3

~30

KSvz

30 mK

~400 mK

3-cell with
12T mag +
JPA
SC cavity
(future)
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QUAX — QUaerere AXion — QUest for AXion

Experiment designed to look for dark matter axion in the
8 - 11 GHz region

First apparatus to use a superconducting cavity in a
strong magnetic field Q0=4510°@ 2T
Operation of a quantum limited JPA at high frequency
Operation of a near quantum limited TWPA at high
frequency

Use of hybrid cavity design (copper-sapphire) to get
high Q and large volume

First haloscope employing a cavity with Qc > Qa

ol TR sl B

x - “u "_ g >
Rl /= -

| One of the two halves of the SC cavity

Achieved Tsys = 1.1 K @ 10.5 GHz
Reached QCD axion models sensitivity

Layout with novel calibration scheme

(a) Radio Frequency Cryogenic layout
Line 1 - L1 L3 L4
Cavity input AUX line ouT
o o o
Inc
%Kmo %KIMO %KF%
Liquid Helium Bat!
3 o
Kl K2 |2 : :
= ] i HEMT
CF16 CF16 cri6 4K
100 mK
C3 @ 50 Q
e
K35 "

Rettaroli et al. PRD110, 022008 (2024)
Di Vora et al. PRD 108, 062005 (2023)
Alesini et al. PRD 106,052007 (2022)
Alesini et al. PRD 103, 102004 (2021)
Alesini et al. PRD 99, 101101 (2019)
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QUAX — LNF and LNL
LNF

8-9.5 GHz Band

10 — 11 GHz band
| TWPA

-3 LNL
!

8 T field

JPA Dielectrically loaded copper cavity
Wet dilution unit

9T field |

Copper cavity

Rod tuning

Dilution unit

Clamshell tuning

==+ KSWZ limit

* Rettaroli et al. PRD110, 022008 (2024)

4 10-]3
Tr_1 10 ”—El -
> ] >
O (]
O 10y g
3 >
—_— >
g 5 KSVZ U'm
> 10714 . .
Preliminary
1071-‘ T T T T T T T T T T
N S o VT e\ | DA A 10.16 10.17 10,18 1019 1020 1021
2B~ 2097 2B 269 209 259" o g g g , 2
fy[GHz]
myg [eV]
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Others running

aiwan !xion Search

Experiment with Haloscope

* OFHC copper, split
cavity

* Volume V: ~0.234 L
* Q0: ~ 62000

* C010 ~ 0.62

*B=8T
*Tsys2.1-24K

* Reach ~ 10 times KSVZ
sensitivity over a 100
MHz window

Next steps:

PRD 106, 052002 (2022)
TASEH PRL 129, 111802 (2022)

Range (4.70750 — 4.79815) GHz

50K flange

4K flange
HEMT

Still flange

Mixing flange

B Radiation shield
‘ anchored at still

Magnet
anchored at 4K

Cavity —
anchored at mixing
68 mm

- New dilution unit for lower temperature
- Magnet upgrade 9 T and larger volume

- Use of aJPA

- New conical tunable cavity (see next)

CAPP18T

PRL 128, 241805 (2022)
PRD 106, 092007 (2022)
PRL 131, 081801 (2023)

Range (4.7789 — 4.8094) GHz

Strongest
magnet for

haloscope 18 T
JPC amplifier

Tsys 0.62 K

Reach KSVZ
sensitivity over
a 40 MHz
window
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Others running Il

Use of the LHC — CAST magnet as an haloscope

4 1dentical stainless steel tunable cavities

Increase the sensitivity via coherent combination
of the power outputs of 4 frequency-matched
cavities after individual signal amplification.

’ Magnet ‘
I_ ____________________________
C S s
______________________ o !
! - g - ¥
+-{ Cavity 3 | > sz T > Power
L LR Er-—-a1y bi
Cowiye R R e
s ] [ et S
LNA 1
y Magnet \ RF Switch RF Switch
9K .
T0K ! 1
300K Signal VNA Spectrum
Generator Analyzer

* No phase-matching: SNRy = VN - SNRgngie
* With phase-matching: SNRy = N - SNRingie

e Frequency range: ¥4.8 — 5.4 GHz (660 MHz)
* Axion mass range: ~19.7 — 22.4 peV

CAST — CAPP NatComm 13, 6180(2022)

CAST — RADES JHEP10(2021)075
Use of the LHC — CAST magnet as an haloscope

A radio frequency cavity consisting of 5 sub-cavities
coupled by inductive irises took physics data inside
the CAST dipole magnet for the first time using this
filter-like haloscope geometry.
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Others running Il

The Grenoble Axion Haloscope project (GrAHal)
aims at developing a haloscope platform in
Grenoble (France), able to run detectors of
different sizes and designs for the search of
galactic axions and ALPs at the best sensitivity in
the 0.3 - 30 GHz frequency range

Pilot experiment with a 14 T magnet
And 6.4 GHz cavity

. ’Q/ B ___1,-///(/ '
)
=
ol
<
T QW
Microwave
—  Signal Source
& / First Stage Amplifiers

The ORGAN experiment (situated in Perth,
Australia) is a microwave cavity axion

haloscope that aims to search the mass range
of 50—200 xeV using a multi-cavity design.

Pathfinder meas
@ 26.5 GHz

@ 15.3-16.2 GHz




Current limits — Sikivie’s haloscopes
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AxionLimits
by cajohare.
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https://github.com/cajohare/AxionLimits
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Cavity Haloscopes: what next?

* Haloscopes seems to be CURRENTLY the most promising detectors to search for
QCD axion dark matter — bandwidth limited — scanning required
 BEWARE: limits always assume axion as the dominant (100%) DM component

e How fast can we scan with a resonant detector?

df 1 gaypa By B*CauV? Q.03
dt SNR? mZ kjiTEs (1+£)? (Qc+ Qq)

SNR - target signal to noise ratio
Dark matter axion parameters — independent of detector
Magnetic field B, and system noise temperature Tor (related to apparatus environment)

Resonant cavity volume V, mode form factor C,,,,, coupling 3 and Q factor

Optimization of values of technical parameters will be strongly dependent on the frequency range

where the detector is operated
31



The road to the future: detectors

* Frequency scan inversely proportional to square of detection noise level
* Linear amplifiers limited to the Standard Quantum Limit (SQL)

1 1

kgI=hv (e Wik T_1" E) +kgT)y ﬁe d o @ w
l l Acir

Total System Noise Level = cavity temperature + detector noise temperature

* Irreducible noise kBTSQL =hv , dominant noise above 2 GHz @ 100 mK

Low frequency
800
Microstrip SQUID amplifier (ADMX) C 2 100 -
700 - E - @ 900 MHz
almost reached SQL o -
X 600 — g 60 . §+
Nb coil isolated é = E P | ¢ ‘ p
from washer\ P‘Jﬁwasher g 500 : ; = - .
E : g [ A . A
g 400 0 50 100 150 200
Nb coummees E . Physical Temperature (mK)
electrode\‘\ é ,‘3 300 :_
out ? - .
S 200 f
.Jose[_.)hson z . .
juncm:::istive shunt 100 :_ .
e —————————
Nucl. Instrum. Methods Phys. Res. A 656, 39 (2011). 0 200 400 600 800 1000
Physical Temperature (mK)
Performances drops for frequencies above a few GHz https://doi.org/10.1016/j.nima.2011.07.019
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The road to the future: detectors (high frequency)

* For frequencies above a few GHz, it is much difficult to reach the limit of a linear amplifier

HEMT - high electron mobility
transistor

Gain (dB)

»n N
= o
N
=3

Noise (K)

0
01 2 3 456 7 8 9 1011 12 13 14 15 16
Frequency (GHz)

Cannot be used in ultra cryogenic
environment due to power
dissipation

JPA — Josephson Parametric
Amplifier

Input/Output

55555

* Non linear drive of combination of
Josephson Junctions

* Nominally noiseless parametric
amplifiers > @ 1-2 SQL

* Very Limited bandwidth (10 MHz)

Flux Bias

v

7.56 7.58 7.6 7.62 7.64

Frequency (GHz)

JTWPA — Josephson Travelling
Wave Parametric Amplifier

Transmission lines comprised of series

connected junctions

Can operate over a wide bandwidth (GHz)

Still @ a development level

—— system noise with TWPA

2 *sys SQL
3 * sys SQL

system noise without TWPA
10 k
8

sys SQL

Noise [K]

S

6 7 8 9 10
Frequency [GHZz]

6 | |

W{\fu

11

Other options :

Squeezing = Increase the measurement bandwidth

Single photon counter - Lots of R&D on the way



The road to the future: microwave cavities

Fisure of merit 2 QUAX dielectric cavit
Fg“cf"vzz C Jy B B &'x| '
= mnl — ) .
mnl 0 Jy |B|2d3x Jy 8|Emn1|2d3x « Two nested sapphire
+ Tuning cylinders
Snowmass 2021 White Paper Axion Dark Matter confi gu ration
Situation on 2021 Specific R&D
° YA
- LZ?&G Coherent Signal Combination Q >9x10%6 ina 8T
 Multicavity H - field @ 10.4 GHz
L Mun:;&i od Structural Sensitivity
— Pizza Cavities . .
| Detoction ] Waean H e | Modecroming.fctu  CAPP biaxially textured
Jonme | cavites YBa2Cu307-x cavity
|| Space Filling _H S Mode gfowding, Structural
——= [ e cavey S » Q~500000 @ 8T field @
. Rot. .
Photonic | | ST Better Form Factor, M 2 3 GHZ
0 Cavities i Rot i
2 ||[[Tighera e (Patras workshop 2021)
> F Cavities ~ NbTI
5 SRF Cavities [ s ¢
Reentrant | ] Fermilab (SQMS) - QUAX arXiv 2201.10733
Cavities .
| e SC cavity with optimized geometry and choice
e it Dielectric Better Form Fac - c c
S Loaded of fabrication technique
Quantum ~
Suppress S Photon Transport, Resolve the ¢ Q 500 000 @
|1 Noise SRR Problem of Hot Tuning Rod 6T fleld @ 3 9
Counting )

GHz




Cavities developments — larger Q

QUAX double shell dielectric cavity

* dielectric materials properly
placed inside traditional

Ry 2352 cylindrical resonant cavities,
§$I§ iﬁ:ﬁ operated in TM modes of
tys | 235 higher order

ty . |1.94

hepne | 6.00

h., | 420

PHYS. REV. APPLIED 17, 054013 (2022)

e Exploit TM030 mode

e High Q-factor due to field confinement by dielectric
shells

* QO0=9.3 millionin a 8 T magnetic field

* Small cavity tuning (few MHz) with sapphire rods
Qvalue @ 4 K

CaVity Vcav V Cnmi Ver=C-V Qo

QUAX 2020 | 10.4 GHz 80 cm? 0.69 | 55.6 cm® | 76000
QUAX 2022 | 10.35 GHz | 1056 cm® | 0.033 | 34.7 cm® | 9.1.10°




Cavities developments — larger Q

CAPP High Temperature Superconductor cavities

A polygon-shaped First Gen. (6.9 GHz)
cavity design with
biaxially textured
ReBCO
superconducting tapes
covering the entire

Third Gen. (2.2 GHz & 5.4 GHz)

inner wall. o &1 0evos §rroe. [FAGH  pagrecn
E“‘: Q,~ 330,000 at8 T ; : ;'f‘:’ O ‘5 : giﬁ: Qo ~ ‘13,000,000 @8T
et e 2 1.00e07 :
Using a 12-sided Tieeo 2208405 § oo
B0 S 0.0E400 S 0.00£+00
: Y R ) 2 3 4 56 7 8 9 0 1 2 3 4 5 6 7 8
pOlygon cavity, Magneti Fiid (T) * " Magnetic Field (1 Magnetic Field (T)
SubStantlaHy 1mp roved Generation Material ‘ Substrate Volume [liters] Frequency [GHz] Q-factor
Q factors ' 150,000 @ 8 T
15t Gen YBCO NiW 0.3 6.9
, 330,000 @ 8T
No considerable 27 Gen GdBCO Hastelloy 1.5 2.3 500,000 @ 8 T
degradation in the EUBCO + APC  Hastelloy 0.2 5.4 13,000,000 @ 8 T
presence of magnetic 3rd Gen EuBCO + APC Hastelloy 1.5 2.3 4,500,000 @ 7T
fieldsupto 8 T EUBCO+APC  Hastelloy 36 ~1 ?

From Woohyun Chung talk @ Patras 2023

HTS cavity can reach 10 times larger than axion
quality factor (~ 10°)
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Cavities developments - new geometries

Find ways to increase volume at high frequency while keeping tuning

For right cylindrical cavity, main mode volume

L A L 0

ADMX Extended frequency
range (2-4GHz): cavity array

< '.»'

8-Cavity Array

80 liters

Multiple cell cavity at CAPP

» Resonant frequency increases with the cell
multiplicity.

« Same frequency tuning mechanism as
multiple cavity system can be employed.

* A single RF antenna extracts the signal out

Qo
9|O,

OV/oYNA
VN0

Frequency up to 8 GHz

Soohyung Lee (IBS-CAPP)

Avg C~ 0.4
Q ~ 90 000
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Cavities developments — new geometries

Decouple volume from resonant frequency: .
y . - , E field pattern
Width sets e T —
frequency of\ : I ’
fundamental (TM,, )
compatible with N Volume-filling, A/4 Choke ——
solenoid B field tunable L ; Gapdfor —
f tuning §
Cavity space —— (
Volume can be scaled
arbitrarily (in principle) in TM,,,-like mode still supported!
other dimensions Outercone ———
foro ~c/2w |
ADMX VE RA Outer cone l Tuning_‘
half-angle ¢ | vertically
‘ f > 4 GHZ Inner cone
half-angle 6
TASEH
Conical
cavity
QUAX Polygonal cavity
Tuning by moving the “wedge’
f~ 10 GHz

Major issues for all:

- Surface quality

- Alignment

- Spurious modes

- All degrade Cmnl
- Qfactor?




Cavities developments — tuning

CAPP Superfluid Helium Tuning

*  Fill SC cavities with He
* He Level set the
frequency change

Superfluid Helium (¢, =1.057) tuning

1 2405

fTMOlO - 2m e R

I = +€ELHe — 1= 0028,
LHe
~3 7% freguency shift

fempty _fLHe

S.A
300K
760mL, Tatm
He gas
Helium gas

@ Heat exchanger
@ Cavity, 2L, 2 GHz

b
4K ”f‘%ﬁ
Still 5@
Cold § fcclHe
MXC o
JPA
Af ~28kHz

arxXiv:1804.03443v1
QUAX

Liquid Metal Tuning of a

resonator

n

Liquid metal I

QUAX Clamshell cavity

Simple way to tune right
circular cavities

Effective radius can be
modified by separating the
two halves of a clamshell

®
o ° i &
1025 S
N @
jan)
S 102
2 g x10*
510.15
= 6
g v
& 101},
1005+ *
”() 0.5 1 1.5
10 ‘ “Apcrlurc angle (dcg;’-)
0 0.5

* Lack of mode
crossings

* Tuning linear
with aperture

° TMOIO meas.

TMOll meas.

° TM012 meas.

° TMOlosim.
@ TM011 sim.
° o, o TM, sim.

1 1.5 2

Aperture angle (deg)

(<]
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The road to the future: magnets

* For haloscope a dedicated magnet R&D program for higher strength (up to 45+ Tesla) and optimized magnet

designs is needed to maximize BA2 V
* Up to now standard superconducting magnets provided field up to about 12-14 T
* Hybrid magnets are foreseen to be used in next generation haloscopes

45

40

35

30

Field (T)

25

20

15

0.05

In the US the National High Magnetic Field
Laboratory (MaglLab) has been developing
higher field REBCO (Rare Earth barium copper
oxide) inserts with current designs reaching a
maximum field of 45 T

%

&,

X N
Axion Goal N\

0.1 0.15 0.2

Bore diameter (m)

From Snowmass 2021 Axion Dark Matter White Paper

In Grenoble a combination of resistive polyhelix and Bitter
coils inserted within a large bore superconducting one, a
maximum field of at least 43 T will be produced in a 34 mm
diameter aperture with 24 MW of electrical power

Several lower
field option will
also be available

GraHal Project

arXiv:2110.14406
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Dark matter haloscopes — what’s going on

* Several other activities are starting or being proposed in the very recent time

* |tis a field which is expanding very rapidly CULTASK T@%&E;

CAPP “"'\*"JJ’ Jﬁ
CASPER wind — NMR | | QUAX — EPR g
- Axion - nucleon Axion - electron | g';l
BRASS - dish antenna Lot

Probe beam

o Pump beam
Polarization Probe beam
-Maintaining Fiber
> o O

HTE RADES / CAPP — cavities
inside CAST

ORPHEUS

MADMAX - Dielectric haloscope

~2m
~80 dielectric | spacing ~cm
discs €=24 |for 10-100GHz boost

Superconducting
Magnet

metal disc

ABRACADABRA WISPDMX
. @DESY
10T magnet O
ONLY A SELECTION!!!!! LC circuit
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Photon coupling — what next

10-°
10,7 CROWS ALPS-I QN‘
i~
= ABRA OSQAR @
10 8 10'em 5
10=9 ’ CAET Solar v
L 1010 Globular clusters\w
| 10—11 2 ?' HST e %
S [N e —— 4 E = 2
:5 10-12 1 : 7 sl e <
s . +RE.
S, 100 P | Jnkess ‘ 1077
_ i a i 'EQC
swoed T onean L
< | _d ’
00 1015 { wisPLC ] DALT |
— L L%y 1010
10716 4 . BabyIAXO-RADES >
\ " FLASH
1017 9 gl 0)
‘\&/l’p r U
10-18 s, gg& x 101
10-19 o >~
2 oy A0 9 % 1 6 5 & % 2 A O .
40740407 40T 40 40T 407 40T 407 10740700 W0y - 10-12
ma [eV] ~
s:: 10—13
o=
Q.
a Cuy ~16 Mg -1 = 1014
9oy = — = 2.0 x 107 C,y GeV
2w fa peV o
Q
q 10—15
-
O 10—16
10—17

https://cajohare.github.io/AxionLimits/docs/ap.html

SN1987A

()

Diffuse-y

FLASH — Italian based proposal
to use FINUDA 1.1 T magnet

GHz

CAST

MWD,

MWD

Sun

Rulsars

Ll

GC Magnetar
(SKA, 100 hrs)
L—=—

Ll

Ll

Neutron
stars

N

Globular:
clusters

RBEF+UFE

1 ,

iR

E A

. ’,/ Q’) i _3

1 » PDM, local = 0.3 GeV cm
[ | | LA | | L | | [ | | LA | | UL |

10 10-° 104 103 102 101
Axion mass, m, [eV]
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Interaction of DFSZ axion and electron spin

* The interaction of the axion with a spin %2 particle

Lo frs m, | m
La,matter = g Gay V'Y Yj0ua g, = 3f cos’f g, =3x10" 15/)
* DFSZ axion model coupling with non relativistic (v/c << 1) electron equation of motion
reduces to
Oy h? g,h
ih— = |——V?’ - -0 .Va ig5Ys - = = = — -
ot [ 2m 2m % “

The interaction term has the form of a spin - magnetic field interaction with ﬁa,
playing the role of an oscillating effective magnetic field

H  =-2u,o- 52 Va B =2V
2e 2e

-- Frequency of the effective magnetic field proportional to axion energy
-- Amplitude of the effective magnetic field proportional to axion density




The QUAX proposal: sensing the axion wind

* Due to the motion of the solar system in the galaxy, the axion DM cloud acts as an
effective RF magnetic field on electron spin

 This field excites magnetic transition in a magnetized sample (Larmor frequency)
and produces a detectable signal

* The interaction with axion field produces a variation of magnetization which is in
principle measurable

m=-%
Axion Microwave
---- > Detector
----- >
----- >
_____ > |
~ Microwave cavity | m = +%
\ . ! l -
Magnetized sample B, B, B,

Idea comes from several old works:

* L.M. Krauss, J. Moody, F. Wilczeck, D.E. Morris, ”Spin coupled axion detections”, HUTP-85/A006 (1985)

R. Barbieri, M. Cerdonio, G. Fiorentini, S. Vitale, Phys. Lett. B 226, 357 (1989)

* F. Caspers, Y. Semertzidis, “Ferri-magnetic resonance, magnetostatic waves and open resonators for axion detection”,
Workshop on Cosmic Axions, World Scientific Pub. Co., Singapore, p. 173 (1990)

A.l. Kakhizde, I. V. Kolokolov, Sov. Phys. JETP 72 598 (1991)



The axion effective magnetic field

* R. Barbieri et al., Searching for galactic axions through magnetized media: The QUAX proposal
Phys. Dark Univ. 15, 135 - 141 (2017)

1/2 n, — axion density
The effective magnetic field g nh ve — Earth velocity
associated with the axion B =22 d m v
a a E
wind 28 m c
a
w m
B,=20-1072( T, — =48 ( : ) GHz,
200 peV 21 200 peV
200 peV Qq :
~ 0681 = 17 : Coherence time
s “ ( me ) (1.9 x 106) -

kg = 0742, = 5.1 (200 }LCV) m, Correlation length
Mg




Detection strategy: Electron Spin Resonance

Electron spin resonance (ESR) arises when energy levels of a quantized system of electronic
moments are Zeeman split (the magnetic system is placed in a uniform magnetic field B,) and the
system absorbs (emits) EM radiation (in the microwave range) at the Larmor frequency v, of the

ferromagnetic resonance.
Bo A
High Field Magnet - s A
TEM102 B, cos(wt —
Cavity 1 ( ) VL - ’Y BO (\
B=| B sin(wt) e,
0
\
Q 1.7T ->v, =48 GHz gl
Loop )
Antenna /té/ <
Sample

A . tal At d field i Shd TEM102 Resonant Cavity
n experimental geometry with crossed field is needed: B lony ot o Fe hea o)

 Bgalong the z direction, defines the Larmor resonance
* RFfield B, in the x-y plane to excite the EPR transition

This system is described by a set of coupled non-linear equations due

to Bloch.
They describe the evolution of the magnetization vector M




The Bloch equations

The evolution of the electron spin (spin precession) under the influence of external
fields 1s described by a set of coupled non-linear equations due to Bloch, modified to
take into account radiation damping (Magnetizing field B, along z-axis, driving rf
field B, 1n the x-y plane)

dM, M, MM, « Spin-lattice relaxation time 7;:
dt = y(M x B)y — ‘L’_ - Mot establish energetic equilibrium of ..
- g * Spin-spin relaxation time 7, < 7;:
am, My _ MyM; H, fi M, M, to rotate and t
—=}/(MXB)y——— ; forces M, M, to rotate and 1, sets
dt 15 Moz, equilibrium
dM, My — M, M}? + M}? « Radiation damping t_:
7 = y(M x B), — Y describes interaction with environment
71 0lr
At low temperature T<1 K
M is the magnetization density (M < n;) T, ~10° to 10 s
T, ~ 10 to 0.1 s
For example, in a paramagnet depends on spin density

Ny — spin density

M = NoUpg tanh [H’B BO/kB T] Lig — Bohr magneton

T —sample temperature



Axion mediated rf emission

The axion wind can mimic the transverse rf magnetic field B, inducing a variable
magnetization component in the magnetic sample in the x-y plane

Mq(t) = ¥ upBans Tmin COS(wqt),

On resonance Axion

Microwave
T, IS the shortest coherence timeamong: @  ===== ; Detector
e axion wind coherencety, @@= @zlme=== > ’

»

* magnetic material relaxation time 1, \\ \\ Microwave cavity

* radiation damping T,
n, — material spin density
Lz — Bohr magneton

" Magnetized sample

A volume V, of magnetized material will absorb energy from the axion wind at a rate

dM dM,
Pro =i i H e == B
L T T

Vs = yupnswy Bg Tmin Vs

that will be re-emitted as electromagnetic radiation and possibly detected



Radiation damping

Radiation damping describes two additional loss mechanisms in magnetized sample
at the Larmor frequency v,:

1) the interaction of the magnetized sample

with the driving circuit TR ~ (271-& Q/M()Q)_1
2) the emission of radiation (magnetic dipole) ﬂz
T, =
R
Y UM,V

¢ -> filling factor: geometrical coupling between driving circuit and magnetized sample
Q -> quality factor: accounting for dissipations of rf coils of driving circuit (or rf cavity)
A, -> rf wavelength (c/v,)

V -> sample volume

M, -> static magnetization (proportional to the spin density n)

For frequencies above 10 GHz and large magnetization M,, the only relevant radiation
damping is the emission of em radiation.

In free space T, << (7T, TVa) thus limiting the expected signal!




Coupling to microwave cavity

* To avoid radiation damping we place * When the spin resonance (Kittel
the magnetized material inside a mode) equals cavity resonance the
microwave cavity system hybridizes

YIG sphere

Resonant cavity
D¢, Ty Ve

(Ferrimagnet)
O] ::'Y B0 » T2 \/s

410

1-20

1-30

-40

-50

-60

frequency (GHz)

<70

-80

-90

X -100
162 164 166 168 170 172 174 176 178
B_. (mT)

ext



Strong coupling regime

Strong coupling regime: two separate resonances o, Radiation damping effects
eliminated
1/2
®, + o+ lhapd + (L + 1 Width is the average between
T 21, ) T.\T, T, T. T, cavity and material relaxation
time

Line width €2
relaxation time € -2

. Q factor

A

// \\.
1
Aw = 2ntAv = —
T

S
/1
0 Aw Av
Coupling depend = — =
oupling depends on 7 >

Vc number of spins




Expected signal

Expected signal with relevant experimental parameters

Working @ m_ = 200 peV

With magnetizing field
B,=17T => 48 GHz

B
P, = Fia 3.8 x 10726 (

mg

200 peV

) (

Ve ng Tmin
100 cm3 ) \2-10%®/m3 /] \ 2 us

) w

Such low power level out of
reach of linear amplifiers

The corresponding
signal photon rate

=)

Single photon microwave

detection

R,

P out
hw g

—1.2 x 1073 Hz




A plus: directionality

)
)
)
1
1
1
1
)
1
1
)
1
)
)
)
‘
)
)
|
)
)
)
|
|
|
A

Vega

north poie

celestial equator
4
r
’ ‘
5 s r

&h | 2/

dechination
v

- - ——

Strong modulation (up to 100%)!

Not due to seasonal or Earth rotation Doppler
effect (few %) but to relative direction change
of axion gradient and magnetic field

Due to Earth rotation, the direction of
the static magnetic field B,

changes with respect to the direction
of the axion wind (Vega in Cygnus)

e.g. QUAX located @Legnaro (PD)
B, in the local horizontal plane and oriented N-S (the local
meridian)

F)

QUAX Pattern

0 3 6 9 12 15 18 21 24
Time (h)



Backgrounds

* In the absence of technical noises, thermal photons are the only background with rate R,

I, t. =4 hours Working temperature
SNR = VNitm - SNR = 3 # T< 116 mK
\/Ra =+ Rt

t,, — measurement time

n — detector efficiency With a useful bandwidth of about 150 kHz

One has to demonstrate that this is the only relevant noise and that the idea is correct and scalable
to the requested size and parameters



Experimental challenges

Magnetic material

Spin density 2 x 10?8 / m3

Ferromagnetic linewidth (=1 / 2 & 1,) of about 150 kHz (t, ~ us)
Total volume about 100 cm3

VYV V VY

* Microwave cavity

Q factor of the order of 10°

To be operated in a static magnetic field

Must house a 100 cm3 magnetic sample (use replicas?)

V VY

* Magnetizing field
» Up to 2 T magnetic source
» High uniformity and high stability — at the ppm level

* Microwave receiver
» Single photon counter

 Complete apparatus

Working temperature around 100 mK

Noise budget limited to thermal background
Frequency tunability

V VY



Static Magnetic field: the source magnet

In our experiment we need an homogeneity at - 3220
the ppm level to avoid inhomogeneous line . i
broadening of the Larmor resonance over the

sample volume.

Our solution: increase ratio length / radius

Homogeneity depends on cost

20 ppm over 1 cm solution from private
company

J4420 Axial profile

T v, T % T

1/

o
T

A N
o o)

NbTi Superconducting coil

| '
(o2}
o
L BB 2 e i e e e e
1

@
o
2
1

The current magnet can workupto 4 T

Magnetic field relative units (ppm)

100 f .

o 0~ B B0 - Bas 50D Magnetic field 1 T for 25 A

Axial distance (mm)



Microwave cavity: geometry

Basic geometry: cylindrical cavity working in the TMyy, mode

e Simple design
™ e RF field uniform along the longitudinal coordinate
XX0 * Resonance frequency fixed by the radius of the cell

— A
i g e RF Bcav
{ ..

yA
Bext K/
)| |2
Y

~

DC Bext

L

To increase the volume of the cavity (for YIG
or other material insertion) we have to
increase the cavity length. This does not
change the resonance frequency.

This increases the number of nearest modes
(hybridization can couple different modes?)

Cylindrical geometry produces mode

Solved by employing structure cuts
degeneracy for the chosen mode



Magnetic material

* We have tested several materials:

* BDPA, K;CrOgz and other paramagnets
* Lithium ferrite (Ferrimagnet, spin density 4 10%8 /m3)

OUR CHOICE

Spin density 2 x 10?2 / m3
Ferromagnetic linewidth (=1/2xr7,)
of about 150 kHz (t, ~ us)

Total volume about 100 cm3

YIG - Yttrium Iron Garnet is a ferrimagnetic synthetic garnet with chemical composition Y;Fe;0,,
It was developed for rf applications (rf filters, synthesizers) for its sharp FMR resonance

Its ferromagnetic linewidth depends on temperature, sample purity and geometry (highly polished

spheres to avoid demagnetization effects)

YIG (room Temperature parameters)

Spin density 2.1x10% [1/m?3]
MO 1.410° A/m
T1=T) 0.15 us
Linewidth ~ 1 MHz
Commercial Sizes Spheres

< 3 mm diameter

1 mm .
mm
A ¢

}
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Magnetic material: volume issue

A possible idea to have
enough volume is to have
several YIG spheres Y &

Test with 3 identical spheres

in a cavity A -l
T A
8 9 10 11 12
-6
O Hybriization of 8 microwave cavity with The wavelength for this frequency is 21.4 mm,
- Larmor "esmh::l“-n"g?lf ;'mf ;’:’mztse*:he’e“f“‘; b g the YIG spheres are placed in the middle and 8
s mm from the end faces, so the separation
] between the outermost spheres is 34 mm.
= 0 The cavity is placed inside a homogeneous
LY static magnetic field parallel to the cavity main
£ L ! e o axis.
% . 2 sphére$ -> v2A -
< el L 3 sphieres -> v3A o
: * No effect on the linewidth
- e All the spins behaves coherently
T N S Y A & ]\
1.388 10'° 1,392 1010 1 ’#96 1010 14 10“’ 1.404 1010

Frequency (Hz)



YIG Spheres Production In House

Grinding Polishing
* Linewidth temperature dependence removed . - - -
when using high purity samples — o : .
T e
= 6
* rare earth content below 1 ppm i’ A
5 51
2 :
« Extremely long delivery time w/out guaranteed % 4 .
results 5 . * P4000
o L : :
E 2F s o & @
W [ [ | (%E ‘
‘ > 1[| @& s -
0! |
1000 10000

2 Inverted grit size (a.u.
We have successfully developed a production = , )

procedure for high quality YIG sphere:

. ;' |
Grinding machine
for 6 spheres

* High purity YIG single crystals of cm3 size from
several manufacturers

e Large crystal cut into cubes of 2.5 mm sides

e @Grinding into 2 mm diameter spheres using SiC
abrasive paper of different grit size

* Polishing with Alumina based suspension
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Microwave receiver

 The request for the final apparatus is to use a microwave quantum counter. Worldwide researches are
under way in this direction outside our collaboration. We hope we can profit of this, in the meantime we
are investigating the various possibilities.

HEMT a o Josephson
High Electron ‘ | Parametric
Mobility . Converter
Transistor .
Quantum
Limited
T,=0.5K
Wide bandwidth Resonant system
Measured data, Tamb=5 K
P T ——Gain [d8] Performance with G =20dB
e N OISE [K]
= o e e e =
- I e i — ol der ..
p e e 2 E 07 .
38 38 © ° [ ]
. @ 14 GHz - 2 01
32 32 D.‘ -
E;g @ 5 K ;g g 1607 T T T T T /a T T T T
E;i gi % 7.45 7.55 7.65 10.3 10.4 10.5 10.6
s - . R T m—
" Tn 4K ‘ 1 % T Idler .
12 ‘ { } 12 = 87 ®
10 t ‘ ‘ 10 e ] [ ] .
; [ 1 . 2 44 o
| | = °
4 — T 4 o] -
; | | ] ; c§ 0 T T T T T Illl T T T T
2; i85 41 i5: 6n @ 8 G0 40017420 A3GHANAS 18] 174018 7.45 7.55 7.65 10.3 10.4 10.5 10.6

Frequency [GHz]



Electron Paramagnetic Resonance: the QUAX proposal

* A new proposal tries to exploit the axion electron coupling g,

e Due to the motion of the solar system in the galaxy, the axion DM cloud acts as an
effective magnetic field on electron spin g_..

* The ferromagnetic transition in a magnetized sample can be excited and thus
emits microwave photons

Effective magnetic field

Axion Microwave

----- > D B,=20-102(—"¢ ) T
_____ ; etector a . 200 eV p
----- >

™ Microwave cavity

Wind — \ B — g_pVa irectionali
n " Magnetized sample - Sltectionality

Expected P. m ; V. ns Tmi
Pou —_ = — 38 X 10_26 - ; = W
RF power T 0 (200 ,ueV) (100 cm3) (2 : 1028/m3) (2 MS>

Large volume V material; high spin density n.; long coherence time t,;,



&, 8, &
O Jcr By B 3

QUAX 1st prototype set-up 5

* Cylindrical copper cavity v, = 14 GHz (26 '
mm diameter, 50 mm length)

* 5 commercial spheres of GaYIG—1 mm
diameter — spin density 2.1 X 1028 1/m3
(measured from coupling/mode
separation)

« HEMT amplifier — system noise
temperature 9K

* LHe operation (4 K)

e High-precision and stability current
generator (upto 20 A £ 0.3 mA)

* Highly uniform magnetic field (tens of
ppm) with superconducting magnet (0.5 T

field with 12.5 A)

* Fast ADC for data taking (2 Ms/s) — 16 bit

Center 13.9861 GHz ) ' ' ' 3 “Span 200.0 MHz
Res BW 1.8 MHz Sweep 20.73 s (2001 pts



First prototype of QUAX - 2018

. SC magnet

Vacuum vessel
Electronics

HTE — high temp electronics
LTE — low temp electronics
SO — source generator

Resonant cavity with 5 GaYIG
spheres inside

GaYIG holders

*
. {u sphere

Spheres are free to rotate for correct
alignment (easy axis | | B)

Detection chain

Low frequency

ADC




First protype: measurements

: . Signal down conversion scheme
e Several 2-3 hours runs performed in ‘axion

search mode’ : Hybrid mode

Peak

Reference
input

e System noise temperature T, and gain G
measured for each run

Amplitude [a.u]

e Hybrid cavity transmission measured to :
obtain mode resonance frequency f,4 and - e i
. . . L Oscillator
characteristic time 7,4 |

* Reference signal input inserted @ about fj

Frequency [Hz]
* Down converted data (I and Q channel), with  stapility of the reference peak during single run
mixer frequency set to f;, — 0.5 MHz, 100
acquired with fast ADC

L 95
£ 90
* Data record 5 s long stored for off line B o5 3 mean
analysis % 80—5
- 3 10 stability=3.5%
75—IIII|IIII|IIII|IIII|IIII|

-

0.5 1 1.5 2 2.5
Time [hours]



Ferrimagnetic QUAX 2020

* Increase signal
10 YIG sphere 2.1 mm diameter

* Reduce noise
Quantum limited amplifier (JPC)
Dilution refrigerator (100 mK)

* Scan axion mass range
Magnetic field tuning

Delfridge Network analyzer| &G ‘I

e

1
"

SC Magnet




Multi sphere system

A new cavity with resonance frequency of 10.7 GHz was realize to match the JPC amplifier working frequency

YIG spheres were produced with diameter ~ 2.1 mm, maximum value to avoid non linear effects with rf coupling

Ten good spheres were selected
out of about 20

Silica tube filled with
1 bar of Helium

- Best linewidth

10 YIG spheres of 2.1 mm | N

separated by 3 mm
7 O T

- Same Larmor frequency for a
given external static field

55
a O. . ‘
1 ¥
A
u %

20
Batch 1 Batch 2
10+
e
E, 0
m o
Lo -10} o
o
2010 Spheres o 1 S
—— Linear fit ° Tube holder and copper cap
_30 L L 1 1 1 1 - ’ . °
0 1 5 3 4 5 5 7 - |to thermalize the helium
¢* [mm?]

Magnetizing field for a given ;
& & : 8 All the sphere must couple coherently to the cavity resonance
frequency vs sphere diameter 67



Modelling the system - tuning

Resulting hybrid system (HS) has
been studied by collecting a
magnetic field Bg vs frequency
transmission plot

Normal two oscillators description
unsuitable due to large coupling,
different spheres and nearby cavity
modes

A model employing two cavity
modes and two magnetic modes

appropriately describes the system

Linewidths, frequencies, and
couplings of the modes from fit.

-

Measured number of spin = 1.0 102!

10 x single sphere -> coherence

Material relax time = 84 ns

!

Experiment
11
‘N
T
C 10.8
>
|
= e
¢ 10.6
T . Hybrid
= 104 ' 4= Mode 1
: W
10.2 :
5 10 15 6 8 10 12 14 16
Magnet current [A] Larmor frequency [GHZ]
Tuning

* Hybrid mode w; is not altered by other modes = use it to search for

axion-induced signals
* For a fixed By the linewidth of the hybrid mode is the haloscope

sensitive band
e By changing Bg, we can perform a frequency scan along the dashed

line, compatible with first stage amplifier specs 68



Detection chain SO

©

» four rf lines used to characterize, calibrate, and operate

Pump Readout

©

Zﬁfﬁ

Aux

?

the haloscope

* One variable coupling antenna collects signal from HS

* Josephson Parametric Converter as First stage amplifier
e Aux line for calibration purposes

e Transmissivity of all lines is measured

* Direct measurement of system noise temperature T, and
gain G

o
X
10711 \

' 5
3»
- (&
= I = > .
z : G=70dB » e Noise budget
=15¢
g
dl JPA 0.5 K
03 Thermal 0.1K
1500 1000 -500 0 500 1000 HEMT 0.25K
Temperature [mK] ? 0.15 K

g

..%......

HEMT
HEMT 4K
5 N B
90 mK




Josephson Parametric Converter

Commercial device

Parametric amplfication is obtained in the so called
non degenerate 3 wave mixing

A pump tone at about 18 GHz amplifies signal at
about 10.5 GHz and 7.5 GHz

Gain 20 dB over a 10 MHz band

Tuning is done using a bias current on a coil to select
correct phase lobe

Magnetic shielding necessary

2

Tested linearity and saturation

Due to low level saturation not very easy to measure
noise temperature ->> added AUX line in set-up

] ' JPC Phase current characteristic

11

Frequency [GHz]
—
o

4 d

PO A LA AT RN A e P N W el B k‘w‘&m‘*ﬂ--ﬁﬁ*ﬂ W&‘w‘mf'kﬂ*-mwmrmkj

9

0 100 200 300 400 500 600 700 800 900 1000
Bias current [pA]
«1071° . 5 107
%1 -
/// o
6 s 6 P
sl 2
//Ql ////
4 4 4 /
/Q(/ /)V‘
2 yd 2t f
e
/Q( ) g
0 {
0 0.5 1 1.5 0 0.5 1

Input power [W] x10°10 Input power [W] 108
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Axion search

* 56 runs at fixed By - about 1 h duration
e Total runtime 74 h

* For every run measure system transmission to:
* set wl by controlling By
e critically couple the antenna
* measure the mode linewidth

 The Readout (amplified) signal down converted
with a heterodyne

 ADC sampled over a 2 MHz band and stored
e Stability of the measurement tested by injecting
a signal with large SNR and monitoring its

amplitude

e Extremely good field stability due to home made
current generator

* Efficiency loss due to tuning is moderate and » 001

can be obtained by the model

Run number
w &
o o

N
o
T

= Run frequency

= coverage

0F - =

1.026 1.028 1.03 1.032 1.034 1.036 1.038 1.04 1.042

Measurement frequency [Hz] <1010
1.0
0.8}
0.6}
Kac | Scanned

0-4¢ band
0.2}

10.0 10.1 10.2 10.3 10.4 10.5 10.6 10.7

w-_/(277) [GHZ]




Results

* FFT the data with a 100 Hz
resolution bandwidth to identify

and remove biased bins and Gpoe <
: aee 2 N
disturbances imgyv, HBY eNalV 5T

(4 kac X20'P

e Rebin the FFTs with a resolution

. ~ i II I I | I I
bandwidth RBW = 5 kHz to look ' P Ay P
for axion signal o 1024 10.26 10.28 f§p0.3 1032 10.34 1036 10.38 10.4 10.42 e
K’) . 6 F T T T ™ 3 i
o — N
. 109} © e ] ] S -
e Look for fluctuations from F o B| ]
i o2t _
thermal spectrum i e
—§ 42.4 42.5 b 42.7 42.8 42.9 43 4—3.1
>

* The measured fluctuations op
compatible with the estimated T .
noise in every run g '

Axion mass [peV]

6102 XVNO

* Assuming DM is 100% made by - . | | | |
ALPs ->>  95% CL plot 35 40 a5 50 55

Axion mass [peV]

PRL 124, 171801 (2020)

For the longest run (9 h)

best power sensitivity op = 5.1 1024 W - Axion effective field B, =5.5101° T s



Axion electron coupling

10—10

QUAX best power sensitivity op =5.1 1024 W
9

10-H Axion effective field B, = 5.5 1020 T

9p)
=
lae)
()
=
Q

XENONNT (Solar axions)

é’,’
S
o{‘,
Q>

10_12 e
- L g Frequency [GHz] 5
DV o} 10.24 10.26 10.28 0.3 10.32 10.34 1036 10.38 104 1042 =
N . N 6 %
o%) Red giants (cwCen) ook B 4 3
10713 3
E 42.4 421.5 3 b 42l.7 421.8 421.9 413 43.1
: Axion mass [peV]
] @@ - fC:
10—14 E § g
= Ay L A ©
7 %) @7 &9 )
_ Q@ Y 1011 1 1 1 ! |
@ 35 40 .45 50 55
—15 Axion mass [peV]
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1072 108 10~7 10 1075 104 1073 102 10~! 10° 10' 102 103 10* 10° PRL 124, 171801 (2020)

AxionLimits by cajohare. mg [eV]

New prospects:
Increase number of spheres
Single photon counter detector

Probing a different coupling gives prospects for model discrimination in the event of discovery

73


https://github.com/cajohare/AxionLimits
https://github.com/cajohare

Perspectives

* Larger number of spheres
* Reach about 50 — 100 spheres in one cavity

* Quantum counter

e Started a collaboration with experimental group in Paris to implement a quantum

counter on QUAX setup

* Increase 1, or find other magnetic material

For YIG =

YIG 2 Y;Fes0q,

Possibility: effect due to the presence of Fe57 (1/2-),

Current limits on linewidth not known
Intrinsic linewidth well below 1 MHz

VOLUME 70, NUMBER 10 PHYSICAL REVIEW LETTERS

8 MARCH 1993

Dissipation by Nuclear Spins in Macroscopic Magnetization Tunneling

Anupam Garg
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208

about 2% of isotopic abundance

MIZIT TSOLOPIC puUrity 1S NotU TTCASTUIC, UISSIPpAtIOIT TITIZITT OC
kept small by having a small value of u. [This might be
achieved, e.g., if the magnetic ion was Fe. The natural
abundance of 3'Fe is 2.25%, effectively reducing N in Eq.
(17) by a factor of 50.]

Cure: produce a YIG sample containing enriched
isotopes (0+) of Fe




Thank you



