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Introduction



Axion Haloscope

SikiviePRL(1983)1415 (Credit: ESO/ICalcada
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Axion Haloscope

SikiviePRL(1983)1415 (Credit: ESO/ICalcada
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Cavity Quality Factor in Axion Haloscope

(Credit: ESO/ICalcada
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Superconducting Cavity R&D



Cavity Quality Factor

U 1/Q is related to the total energy loss in a cavity.
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Superconducting Radiafrequency Cavity

u Material Choice?

A Most of superconductors are not working in a high magnetic field

A Biaxially-textured Rare-earth Barium Copper Oxide (ReBCQ

©
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U How are we going to make a cavity?
A HTS tapes + 3D Surface

A Tape alignment for minimizing radiation energy loss
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Vortex Pinning is Important for Low R

Three Phases of Type Il Superconductor
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Material Evaluation

R(B=0T) R, (B = 8 TNc) . . Depinning
(Ohm) (Ohm) Critical Field (&) Frequency
OFHC Cu (Metal) ~ 7TE3 ~ 7E3 None None
e e (Lo Lo TH T 0 )
: Small
NbTI(LTS) ~ 1E6 ~ 4e3 ~13T ~ 45 GHz
Gattiet al. PRD(2019)
Small
AINb3S|nS SI_T'I;(% ~ 1E6 ? ~25T ~ 6 GHz
o imentiet al.
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: S 7 eakRinning .
Br2212 (HTS) ~ 1E5 ? 100 T0ab) ?
Br2223 (HTS) Nature(2001)
S N
TF1223 (HTS) ~ 1E5 ~ le4 igilgfib) 12 ¢ 480 MHz
Calatroniet al. SUST(2017) Nature(2001) Calatroniet al. SUST(2017)

= StrongrRinning

ReBCQHTS) ~ 1E5 ~ le4 >100 Tlab) i 10¢ 100 GHz
Re =YX 9 dzz o000 Scientiic Reporis(2020) “Neture(2001) : Scientlic Repons(2020)




Biaxially-Textured Film is Necessary for High Q

a® Wo [|yOFradSNE atlaaidS YAONRsI @S RSOAOS LI AOFGA2YE 2F 1 ¢{¢X
Cambridge University Press (2006).

void BiaxiallyTextured
e | ——  strong link 0 Scientific Report$0 (202@ 12325
. S (low-angle grain boundary)
gral e o x 20K 8 GHz, Rutile Resonator
M_ % O 30K
= 2 8 40K
== @ o 50K
e weak link Q * 60K
= | ‘4 (large-angle grain boundary) % = 6l 70K
=] T -
% I *“ I "'g e *
aorb - = nqc
crystal axes twin boundary inclusion <
YBCO Superconductor ) Me_tal Stabilizeg _5
Cerium Oxide (Ce0,) 75 nm e > i Strlps s
Yttrium Stabilized Zirconia (YSZ) 7! : :‘;'" ho]
Yttrium Oxide (Y,0,) 75 nm 2

Solder

2§ Laminated Wire
IEEE Trans. Apfupercond23 (2013 6601205

U Biaxial texture is essential to avoid weak links.

A Weak link is a misalignment of crystal axes at grain boundaries
A Weak links at grain boundaries degrades surface resistance.

A Only biaxially-textured ReBCOfilms show low surface resistance at high magnetic field

U  For high Q cavity, biaxially-textured film should be fully covered on the cavity surfaces.
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Deposition on Curved Surface is Difficult

lon-beam? lon-Beam/Assisted Deposition (IBAD)
BiaxiallyTextured Substrate?
MgO deposition? s

e

Roll mgAss;stedaBanaxlal lyeTextured [SubstratR&BiTH

Metal Stabilizer Target .(e'beam1
Strips J sputtering target)

T Superconductors in the Power Grid, Elsevier (2015)
Solder

YBCO Superconductor
Cerium Oxide (Ce0,) 75 nm
Yttrium Stabilized Zirconia (YS2) 75 pm
Yttrium Oxide (Y,05) 75 nm s -

L. ] 2 Laminated Wire

IEEE Trans. Apflupercond23 (2013 6601205 U DireCtIy forming a biaXia”y'tEXtured

Inclinedt Sutivsteatetappsisisio (1903 D) ReBCOfilm on the deeply concaved

Solder

tape direction

Silver contact
layer (surround)

inner surface of the cavities is difficult.

HTS film GdBaCuO
MgO cap layer

-
ISD — MgO layer
=
Substrate i |

U Can wemakéa zaatyitvitvith ReBCO
fapes??
Hoser s’ THEVA Catalog (2017,
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Solution: Tape Attachement on 3D Surface

BiaxiallyTexturedReBCOapes
+ Cavity Body 3D HTS Cavity

THEVA Catalog (2017)

Cu laminated

Solder

Silver contact
layer (surround)

HTS film GdBaCuO
MgO cap layer

ISD — MgO layer

==
Substrate / _—

Hastelloy” C-276,
non magnetic TPL2000 series

2D Maderial 3D Suffaee
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Radio-Frequency Design Issues

Electric Field of a
Resonant Mode
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U TMO010 maximizes the form factor in the cavity haloscope

A Aligned directions of external magnetic field and the mode electric field makes high form factor.

U Tape alignment is necessary to prevent the electromagnetic wave propagation

through the gaps.
N paljigonahl sthuctiite-e wiibh N gaps
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Polygonal Cavity Simulation with Gaps
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15t Generation 6.9 GHz Polygon Cavity

1. Etching: Ammonia Water + Hydrogen Peroxide
2. Silver Sputtering
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15t Generation 6.9 GHz Polygon Cavity

U (2019) First Prototype YBCO Cavity

V (15t Cavity) Q ~1650(000at8&E T

1' m sputtering

V (2" Cavity) Q ~33D(000at:8 B T

2 m sputtering + better alignme

PHYSICAL REVIEW APPLIED 17, L061005 (2022)

Biaxially Textured YBa,Cu3;0;_, Microwave Cavity in a High Magnetic Field for
a Dark-Matter Axion Search
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A high-quality (Q)-factor microwave resonator in the presence of a strong magnetic field can have a
wide range of applications, such as in axion dark matter searches where the two aspects must coexist to
enhance the experimental sensitivity. We introduce a polygon-shaped cavity design with biaxially textured
YBa,Cu30;_, superconducting tapes covering the entire inner wall. Using a 12-sided polygon cavity, we
obtain substantially improved Q factors of the 6.9-GHz TM, mode at 4 K with respect to a copper cavity
and observe no considerable degradation in the presence of magnetic fields up to 8 T.
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NI-9W Still Generate Surface Loss

U The NI9W tape was attached on one copper cavity wedge.

U The Q factor behavior of the test cavity was similar to the

YBCO cauvity.
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Tape Delamination for Eliminating NI-9W

U Ni-9W layer can be removed by tape delamination.

Sour™)

. %
Removing Ag layer Jpstrate \aste\\o\h

{, 0.+ NHOH) e

ReBCO

Delaminating substratg
mechanically

Substrate (>58m)
(NiW, Hastelloy)
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2"d Generation Cavity Development
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2"d Generation Cavity for Axion Haloscope

with Epoxy

SUNAM THEVA

Buffer (300 nm)
I 'BCO (1~ 15y Hastelloy(100> Y
Silver (3> Y
Lead (5~ 6 Y — 2 &Cﬁ
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2"d Generation Cavity for Axion Haloscope

U 2.3 GHz HTS Cavity

V (December 8", 2019) Q ~ 340,000 at 8 T (SUNAMYBCO Tape, 1.5 L)
V  (January 18", 2020) Q ~ 500,000 att & T (THEVAGIBCOTape, 1.5 L)
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Finding Optimal ReBCOTape

U Various tapes showed different performances.

U Itis necessary to study surface resistance of different tapes.

A AMSC,SuNAM(YBCO)
A THEVA, Superpower GdBCQ
A Fujikura (EuBCO+ Additional Pinning Center).

HTSdape  Fabrication RFDesign
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Finding Optimal ReBCOTape

U Various tapes showed different performances.

U Itis necessary to study surface resistance of different tapes.

A AMSC,SuNAM(YBCO)
A THEVA, Superpower GdBCQ
A Fujikura (EuBCO+ Additional Pinning Center).
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Temperature Study

T Puig et al 2019 Supercond. Sci. Technol. 32 094006
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EuBCOHas the Lowest Surface Resistance

()
g T Puig et al 2019 Supercond. Sci. Technol. 32 094006
I T T T
© 1 ¢ SuperOx
= —~~
: «
n o Bruker -
.— 100 [ = 100k *— Sunam v
n - ~ : 4 Theva
o 8 = SuperPower
= = ' e Fujikura
o 0F 2 10
&) - D [
© Q i
DamagedTheva(GdBCQ) o
EtchedTheva(GdBCQ 8
EtchedSuperPowel(GdBCQ
Damaged Fujikura§uBC
Etched FujikuraEuBCQ

M 1 A O
40 60 100
Temer%%rature ff)()

Temperatur

202306-12 PPC 2023 26



las the Lowest R, in a Magnetic Field
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3'd Generation Cavity using EuBCOTapes (1)

Delaminated Tapes
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3'd Generation Cavity using EuBCOTapes (1)
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3'd Generation Cavity using EuBCOTapes (2)
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13 Million Quality Factor is Achieved

1.00E+08
A 3GEuBCG APC 5.4 GHz
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Summary of HTS Cavity Development

First Gen. (6.9 GHz) Second Gen. (2.3 GHz) Third Gen. (2.2 GHz & 5.4 GHz)

. 1.2E+06 ». 3.00E+07

40x10° S S 5.4 GH
- Copper] i z Unloaded Q Factor
_35a0° = S 10506 gatEay Loaded Q Factor
g a1 W 8. 0E+05 w. 2.00E+07
4 Q,~330,000at8 T I

§2V5x105 ] 0 (¢} 6.0E405 Q, ~500,000@8 T fe] 1 50E+07 Q, ;‘3,00?,000 @8T
Zo0x10°fy b 3
S : B 4.0E+05 - 1.00E+07
a 1.5x10°F © I ®

1.0c10°F % 2.0E+05 . ] % 5.00E+06

5.0x10* D 0.0E+00 = 0.00E+00

O3 T 5 6 7 & o 01 2 3 45 6 7 8 9 0 12 3 45 6 7 8
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

150,000 @ 8 T

1t Gen YBCO NiW 0.3 6.9
330,000 @ 8T
2nd Gen GdBCO Hastelloy 1.5 2.3 500,000 @ 8T
e EuBCO + APC Hastelloy 1.5 2.3 3,500,000 @ 8T
EuBCO + APC Hastelloy 0.2 54 13,000,000 @ 8 T
4th Gen EuBCO + APC Hastelloy 37 = ?
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Summary of HTS Cavity Development

First Gen. (6.9 GHz) Second Gen. (2.3 GHz) Third Gen. (2.2 GHz & 5.4 GHz)

ST wie o
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= Zoeor [B4GH  prommaarac
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s0x10* S 0.0E400 S 0.00E+00
00 01 2 3 45 6 7 8 9 01 2 3 4 5 6 7 8
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)
Gemeraion | Mateil | Sbsiste | Volme nar) | Fremancy(abl | Qfector
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i EuBCO + APC Hastelloy 1.5  AQN 23 3,500,000 @ 8 T
en .
EuBCO + APC  Hastelloy 0.2 LHEeTunings.4 13,000,000 @ 8 T
4th Gen EuBCO + APC Hastelloy 37 o] CARMMAX ?
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HTS Tuning Rod for CAPPMAX Experiment

e
S\Q“ 1
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Axion Search with High-Temperature

Superconducting Cavity



2"d Generation Cavity for Axion Haloscope

U 1.5 L large volume cavity was designed for the cavity haloscope

experiment.
U 2.3 GHz resonant frequency was targeted for Josephson parametric

amplifier with the same working frequency.
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Tuning Mechanism
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Axion Search with Superconducting Cavity

CARMFPACE PetectarsSetup
Dilution refrigerator
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_—EEEEI— i Pump
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U Total System Noise (Y Y Y )
A Cavity noise temperature ('Y  60mK)
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CAPPRPPACE Detector

HEMT Run JPA Run SC Run

Phys. Rev. Let1.26(2021) | Phys. Rev. Let1.30(2023 Anaysis in process

Frequency Range 2.457¢2.749 GHz 2.27¢ 2.30 GHz 2.273¢ 2.295 GHz

Magnetic Field (B) 72T 72T 6.95T
Volume (V) 1.12 L 1.12 L 151L
Quality Factor (§) 100,000 100,000 500,000
Geomet(r(':‘;a' Factor - 551¢0.66 0.45 0.51c 0.65
System Noisel{J ~1.1K ~ 200mK ~ 180mK
ScanrRai@Norm.) 1 18 310

N BVEC QT



CAPPPA(g

SC Run
Anaysis in process

Frequency Rang 2.273¢ 2.295 GHz

Magnetic Field (

) 6.95T
Volume (V) 151L
Quality Factor (g il 500,000
Geometrical Factor§ \ -
= 0.51¢0.65
(©) 5
System Noisel{,J) ~ 180mK
S@ﬂﬂﬁﬁﬂi@Norm) £ o 310
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JosephsonParametric Amplifier (JPA)

R T LS

0.6

,g.';‘/,, O |
O 0.5

< A4
c.
AN AS
- T 22 T
Kutluet al SUST (2022)

o
Gain (dB)

tundotaf gystem g
— 171® 15 h‘pl(, 1.56890QL

095865 2.2870 2.287
Frequency [Hz] 1e9

U  JPAis Josephson junction based quantumnoise-limited amplifier

u CAPP Fluxdriven JPAwas developed in collaboration with Nakamura group at Univ. of Tokyo and RIKEN
U  Operation range: 2.27 GHzi1 2.30 GHz

u  JPA was protected by two layer superconducting shield

U  Total system noise temperature

) NG@E@?]C@&MW ) ) 0 0 0
YTy Y o= z
Total syséemmonise -~ Q Q p G

Cingiinagideechoieise
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JosephsonParametric Ampllfler (JPA)

| £0.6; m 25
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Frequency [Hz] 1e9

U JPA is Josephson junction ua nms&ll ited amplifier
phson ] PatH RS sTe P
u CAPP Fluxdriven JPAwas developed in collaboration with Nakamura group at Univ. of Tokyo and RIKEN
U  Operation range: 2.27 GHzi1 2.30 GHz
u  JPA was protected by two layer superconducting shield

U  Total system noise temperature
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