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AKION (DARK MATTER) AS EFFECTIVE MAGNETIC FIELD

Ferromagnetic crystal

(YIG) Axions ~ Effective magnetic field (B,)
(DFSZ axion etc.)
Kittel mode g aee
S B, = Va
R z
4 )
Our expected target: Increase in YIG volume =2 Increased signal
my: 5~10 GHz - 20~30 peV
sens
Magnon Ba X \/—
Elementary excitation of \ N y
uniform spin wave mode
i e “Kittel mode” YJaee : Axion-electron coupling

. ) N : Number of spins in YIG
(Harmonic oscillator) Va : Axion field gradient

w, :Axion frequency 3




MAGNON READOUT WITH CAVITY-KITTEL SO lyoie
MODE HYBRID

s Copper Cavity with ¢ mmYIG

YIG (¢ m
on PTFE |

Microwave
cavity
resonator

Cryogenic readout of magnon

 Kittel mode (magnon) readout through
microwave cavity (photon)

* DR-cooled below 100 mK

* Sensitivity limited by cryogenic amplifier noise




GONVENTIONAL AXION SEARCH

(WITH CAVITY-KITTEL MODE HYBRID)

Coupled Harmonic Resonator Model for cavity — Kittel mode hybrid

Kittel Cavity
J\/V\ mode Coupling Readout
C through
Axion J\/\F‘J\MM amplified
@m e We RF line
2T 2T

Detectionscheme

/ Axion /@@@‘ Photon ‘¢(Quar;{t::;cl)_;:mtecD




GONVENTIONAL AXION SEARCH £ _a.

(WITH CAVITY-KITTEL MODE HYBRID)

Coupled Harmonic Resonator Model for cavity — Kittel mode hybrid

Kittel Cavity

J\/V\ mode Coupling Readout
C through
Axion J\/\rc-/\/\/\‘/\/\f amplified
) 4 L RF line
2T 2T

Detectionscheme
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OVERCOMING STANDARD QUANTUM LIMIT (SQL)

Phase space of Kittel mode (Harmonic oscillator)

> o 5
Coherent axion

eXCItatIOI"I
A Zero-point fluctuation (I magnon)

.................... [>

Ground

state

Heisenberg uncertainty principle
An,,,: Uncertainty in magnon number
Anm A¢m 2 1 Ag,,: Uncertainty in phase
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OVERCOMING STANDARD QUANTUM LIMIT (S0QL)

'((\‘
C a Collapse into Fock
>(/ (magnon number)

‘ | state

Heisenberg uncertainty pr1nc1ple
An,, - Ap,,, =

Fig. Phase space of Kittel mode



OVERCOMING STANDARD QUANTUM LIMIT (S0QL)

agnon number)
state

of Kittel mode

l

No phase information
(Maximum uncertainty)

An,];OCk < l

Avoid SQL on magnon number
meausurement

) Measurement at Fock state }ollapse into Fock




SUPERCONDUCTING QUBIT AS MAGNON COUNTER

Qubit-Kittel mode hYbI"id Experimental setup
Lachance-Quirion et al. (2019) Microwave cavity
Kittel mode-
%, Qubsit hybrid
.%\c%% 7"?7 e implemented
- o\ Two Fe"rromag(‘\et Qubit with 0.5 mmYIG

level

Strong dispersive regime system 3,

\_ (|a)m ~ wq' > 9q-m > Ym :Vq) Y, |g> or |€> Xq-m: Qubit - Kittel mode dispersive shift
9q-m: Qubit - Kittel mode coupling strength

Kittel mode

Lachance-Quirion etal. (2017)

: : M _
Magnon number dependent Qubit frequency: W, = (a)q + ZXq_mnm)

|0



SUPERCONDUCTING QUBIT AS MAGNON COUNTER

Measurement of magnon
number with qubit

) 4
Unconstrained by SQL

: : M _
Magnon number dependent Qubit frequency: W, " = (a)q + qu_mnm)




IMPROVING
AKION
SENSITIVITY

INCREASE YIG VOLUME
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KUSAKA LAB




OUR R&D
GOALS

We are working to build
a Kittel mode —
superconducting qubit
hybrid system for BSM
particle (axions, hidden
photons, gravitons)
search.



1. BUILD KITTEL MODE -CAVITY
HYBRID —

measured with VNA

) 1.00 F-----< PP ——
* Iwo peaks of cavity Vi \
1 8 0957 l‘: ',: YIG diameter
— Kittel mode 5t ! L
hybrid system 28 ! i (10 mm Yoke)
y 23 1
* (single cavity peak in = 085 i I Double
abse.nc'e o.f 525 6m 6% oaw e Peakas
hybridization) frequency (GH2) expected
1.00 4 —~
* Appearance of B AV Sy
i J ORI :
undesirable higher S20%1 L VN 16 diameter
B I -
mOdeS due to non- %}% 0.90 - " @ Room temperature (19 i Yelez)
niform magnetic field |
unifo agnetic fie ol
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frequency (GHz)




R AR TR (FOR LARGER YIG

Setup with 20 mm yoke

Setup with 10 mm yoke ﬁ

Elimination of
undesirable higher mode

YIG diameter

2 mm
{20 mm Yoke)

YIG diameter

. 2mm
(10 mm Yoke)

=
o
=

@ Room temperature

o]
=

|Reflectance]
(arb. units)

@ Room temperature

6.25 6.30 6.35 6.40 6.45
frequency (GHz) I 6



NEKT STEPS

—> Kittel mode - cavity -
superconducting qubit hybrid
with 2 mm YIG

* cf. current design has 0.5 mmYIG

Future improvement in volume

YIG cylinder _
Diameter: 5.6 mm
Height: 67 =

Increase in
volume L0k , | 7



SUMMARY

Current instrument
Improved DAQ

O Axion search is possible through 7
/
magnons 10_55 Keda 20201 _ /] T
10°)F L ®
. 3 ¥ o
[ Current search constrained by 107k B
o c 108 =T
Standard Quantum Limit 3 x [°
. : o 1) oaST. T I
O Superconducting Qubit offers way to O I
overcome Standard Quantum Limit N S R S
10 3 Toward further
’ - 10 i t
O R & D on-going to optimize the oef  oFszaxet T

superconducting qubit — Kittel mode 10

. 30HEN; o
(magnon) system for particle searches.




THANK YOU!
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