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AKION AS EFFECTIVE MAGNETIC FIELD

Ferromagnetic crystal
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Increase in YIG volume = Increased signal
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MAGNON READOUT WITH CAVITY-KITTEL CRUMGATEEIED 12
MODE HYBRID

E Copper Cavity with ¢ | mmYIG
YIG (¢ rr‘."
on P'(I'(IeE " o 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 AKION SEARCH £

(WITH CAVITY-KITTEL MODE HYBRID)

Coupled Harmonic Resonator Model for cavity — Kittel mode hybrid

Kittel Ca.Vit)’
M mode Coupling Readout
C through
Axion waw amplified
Dm g He RF line
2T 2T

Detection scheme
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GONVENTIONAL AKION SEARCH £,

(WITH CAVITY-KITTEL MODE HYBRID)

Coupled Harmonic Resonator Model for cavity — Kittel mode hybrid

Kittel Cavity
M mode Coupling Readout
C through
Axion waw amplified
Dm g He RF line
2T 2T

Detection scheme
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OVERCOMING STANDARD QUANTUM LIMIT (SQL)

Phase space of Kittel mode (Harmonic oscillator)

N‘”>
& Coherent axion

XCItatIOn
A @Zere point fluctuation
____________________ l>
Anm e A¢m Ground
state

Heisenberg uncertainty principle
An,,: Uncertainty in magnon no.
Anm : A¢m 2 1 Agy,: Uncertainty in phase
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OVERCOMING STANDARD QUANTUM LIMIT (30L)

A Collapse into Fock

& W
i > - O (magnon no.)
l\ j state

Q&“

Heisenberg uncertainty principle

An,, - Ad,,, = 1

Fig. Phase space of Kittel mode



OVERCOMING STANDARD QUANTUM LIMIT (30L)

) Measurement at Fock state )ollapse into Fock

of Kittel mode (magnon no.)

l state

No phase information
(Maximum uncertainty)

fock 1
ATL < senberg uncertainty principle

L Avoid SQL on magnon no. meausurement An,, - Ap,, =1




SUPERCONDUCTING QUBIT AS MAGNON COUNTER

Qubit-Kittel mode hybrid Experimental setup
= Lachance-Quirion et al. (2019) - —n

Kittel mode-

g %ﬁ/é Qubit hybrid

N% 7‘}?’ ;4 implemented
T N Two Ferromagnet Qubit with 0.5 mmYIG
W | level ' ‘ ol mode @ Nakamura lab

system Lachance-Quirion et al. (2017)

Strong dispersive regime

\_ (lwm e wa > 9q-m > Ym » Vq) Y, |g> or |e> Xq-m: Qubit - Kittel mode dispersive shift
9q-m: Qubit - Kittel mode coupling strength

Magnon no. dependent Qubit frequency: a)gm = (a)q + ZXq_mnm)
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SUPERCONDUCTING QUBIT AS MAGNON COUNTER

Measurement of magnon
number with qubit

) 4
Unconstrained by SQL

Magnon no. dependent Qubit frequency: a)gm = (wq + ZXq_mnm)




IMPROVING
AKION
SENSITIVITY

INCREASE YIG VOLUME
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RaD @
KUSAKA LAB




OUR R&D
GOALS

We are working with
Nakamura group to
optimize their Kittel mode
— superconducting qubit
hybrid system for BSM
particle (axions, hidden
photons, gravitons) search.
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 Two peaks of cavity VAR
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1. BUILD KITTEL MODE -CAVITY
HYBRID s

measured with VNA

2. INCREASE VOLUME OF YIG

* Appearance of
undesirable higher
modes due to non-
uniform magnetic field
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R A (FOR LARGER YIG

Setup with 20 mm yoke

Setup with 10 mm yoke g

SR

Elimination of
undesirable higher mode

YIG diameter

2 mm
(20 mm Yoke)

YIG diameter

2mm
(10 mm Yoke)

|Reflectance|
(arb. units)

@ Room temperature

@ Room temperature
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NEXT STEPS

—> Cavity — Superconducting
Qubit hybrid with 2 mm YIG

* cf. current design @ Nakamura

lab has 0.5 mm YIG

Future improvement in volume

YIG cylinder
Diameter:5.6 mm
Height: 67 mm.

Increase in ¥ o mm
volume = e 6
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SUMMARY

Current instrument
Improved DAQ

 Axion search is possible through //"
magnons 10°g keda 202D 7 T
10° Mz @
 Current search constrained by 107) sl |2
S 10°° 1218 IS
Standard Quantum Limit ok < I
: : o 1) casT._ [ S
Q Superconducting Qubit offers way to 101y
overcome Standard Quantum Limit 0 Fggisiii st
10 3 Toward further
- o 10" imp. t
O R & D on-going to optimize the e[ oFszadet
superconducting qubit — Kittel mode 107 | 30;#?3(;] ———

a

(magnon) system for particle searches.
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WHAT ARE MAGNONS? — SPIN WAVE QUANTA

Ground state Excited state
Uniformly oscillating
ﬁ 0 magnetic field (Eg. Axion) 0 ﬁ
W
R, == yuH
Ferromagnetic T Kittel mode
crystal (YIG) (Uniformly precessing spins)
Spins are aligned in presence Quantum Harmonic Oscillator

of external magnetic field (Single Quantum is a Magnon)
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MAGNON COUNTING PROTOCOL USING
SUPERGONDUCTING QUBIT

YY;\V/\V 0 lg) orle)

Masnhon Magnon counting B Superconducting State
& Qubit Measurement

|

Magnon Counting protocol

|. Qubit spectroscopy : Number splitting of qubit spectrum
(D. Lachance-Quirion et al. (2017)) = Axion search by lkeda et al. (2022)

2. Entanglement based protocol : Entanglement of qubit and magnon no. state
(D. Lachance-Quirion et al. (2020))

3. Dissipation based protocol : Magnon no. dependent qubit dephasing
(S. PWolski et al.(2020))
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MAGNON READOUT WITH CAVITY-KITTEL  Typical RF readout line
MODE HYBRID in Dilution Refrigerator

Input Line - Readout Line

@ maximum of L_ Simulation of RF Magnetic field Q@ Kusaka:|lab DR 112 gg e opemiiangiss T
magnetic field S — W I 7 S @S N 0 e | ||
Cavity (photon) and ' © I Re :
Kittel mode (magnon) . . =" || Hagbetc
i+ field
coupled through - HE
magnetic dipole L o = =& 4
—10 mm
Circulator
Cavity

ryogenic readout of magnon
» Kittel mode (magnon) readout via microwave cavity (photon)
* DR-cooled below 100 mK — reduce thermal noise

Microwave amplification by HEMT amplifier (noise: ~4 K)

YIG

Cu Cavity with Imm YIG

) B
¢ YIG (Imm)=
on PTFE °

4
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