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Introduction

: Axion Haloscope Detection Scheme

Antenna Coupling (B)

Coupling Constant Dark Matter Axion Density

Signal j /
Power IB Pq

,(/5: . 7 p _ 2 BZV C Qan
: ‘&/‘ \wvl sig — gayy 2 Wq
) 1+p Mmgq Qo +Q
A : L— ¥\ Axion Mass
Milky Way Kim et al. JCAP03(2020)066 Axion Quality Factor
Scan Rate > ~106
Magnetic 4772 2 Q1> Ca
lag df B*V%C
Field (B) Q0
Volume (V) B SyS\ _
Resonant Angular Frequency (w,) System Noise Temperature ~ 200 mK

Form Factor (C) Refer to Session 02, Thu, Dr. Jinsu Kim
System Temperature (T,)
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Coupling Constant Dark Matter Axion Density

Signal j /
[P;)Wer . :B gz pa BZVa) C Qan
sig — 1 4 pYayy . 2 0
1+ IB mg Qa + Ql
¥\ Axion Mass
Kim et al. JCAP03(2020)066 Axion Quality Factor

Scan Rate
Magnetic df BA/2(2
Field (B) — ® ——— 01l
Volume (V) B SyS\ .
Resonant Angular Frequency (wg) System Nois

Form Factor (C) Refer to Session 02, Thu, Dr. Jinsu Kim
System Temperature (T,)

Q; > Q,+10°

High Cavity
‘Quality Facto



Introduction

: Axion Haloscope Detection Scheme

Antenna Coupling (B)

Coupling Constant Dark Matter Axion Density

Signal j /
Power IB Pq

A{/’ , J P _ 2 BZV C Qan
sig = 7 1 pYa Wo
/ ? 1+p )/)/ma 0, + Qq
3 e "N Axion Mass
M'lky Way Kim et al. JCAP03(2020)066 Axion Quality Factor
Scan Rate > ~106
Magnetic df BAv 22 Q1> Qq
Field (B) % 777 Al
Volume (V) B SyS\ .
Resonant Angular Frequency (wq) System Noisi

Form Factor (C) Refer to Session 02, Thu, Dr. Jinsu Kim
System Temperature (T,)



Superconducting Cavity R&D at CAPP

=)0 () 18TH PATRAS WORKSHOP




Superconducting Cavity R&D at CAPP

: 13 Million Quality Factor High-Temperature Superconducting Cavity

2.50E+07

17th Patras Workshop

2.00E+07

TMOI0 Q~13e7@8T

.

TMO011

w/0 magnet ramping

5.00E+06

e Loaded ¢« Unloaded

0.00E+00
0 2 4 6 8

Magnetic Field (T)




Superconducting Cavity R&D at CAPP

: How to Make a High Quality Factor Cavities?

1 11 1
Q QHTS | Qdefect | anp

o B ag

Material Choice Fabrication RF Design
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 01 Material Choice

» Type II superconductors in a high magnetic field
-  Type II superconductors form magnetic vortices in a magnetic field.

« Additional surface resistance is introduced due to the vortices.

S 10 T T T T
Upper Critical Field o x 20K Scientific Reports 10 (2020) 12325
Rurs j H 3 o o
A Normal State g 87 & gg:
IYYYYY a #* 60K
HCZ % = 6 A TOK
C 8 € ° | 8GHz YBCO
S o
>«
2.4 a-
L3 - H g
Material Choice cl S
s e
a <
Meissner State o i
> T 0 2 4 6 8 10
Lower Critical Field T, roH (T)

Magnetic Field

i) 18™H PATRAS WORKSHOP 7




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 01 Material Choice

» Vortex pinning is important to reduce surface resistance

» The definition of ‘good” material for cavities in axion haloscopes
G « Large upper critical field: H., > 100 T (ReBCO)
HTS - High depinning frequency: 10 < w,, < 100 GHz (ReBCO)

Rurs R\ '™

/ f AD i flux-flow regime
epinning Frequency (high dissipati
magnetic ([)0 Flux Quanta = . P g freq Y (high dissipation)
field Fp=]X®,
C% Lorentz Axion Haloscope

% force Pinning R

» . . <<
Material Choice Drag Force4  Potential e Rey

inning regime .
_116 : e E Hm < Hc2
/ - <=
J

(low dissipation)
| / Surface
Current Pinning Forc

flux-creep

>

Melting field Hm Hext
X
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 01 Material Choice

» Biaxial texture prevent energy loss from grain boundaries.

> Deposition of biaxially-textured ReBCO on deeply concaved surfaces is

G technically difficult.
HTS
R veid Low Energy Loss lon-Beam Assisted Deposition (IBAD)
R strong_]ink
H TS grain > PR (low-angle grain boundary) Subsirate

» High Energy Loss
weak link
o | 11051 (large-angle grain boundary)

Material Choice

twin boundary

N Target (e-beam,
inclusion sputtering target)

M. J. Lancaster, “Passive microwave device applications of HTS”,

Cambridge University Press (2006). Superconductors in the Power Grid, Elsevier (2015)
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 01 Material Choice

> Biaxial texture prevent energy loss from grain boundaries.

» Deposition of biaxially-textured ReBCO on deeply concaved surfaces is

G technically difficult.
HTS

R veid Low Energy Loss lon-Beam Assisted Deposition (IBAD)
<X strong link
H TS N (low-angle grain boundary)

N = Substrate
—=— » High Energy Loss
g HENN weak link .
=l NN M| ! (large-angle grain boundary) Hard to Deposit
i i ~ N
Material Choice

‘ Target (e-beam,
twin boundary inclusion o

sputtering target)

M. J. Lancaster, “Passive microwave device applications of HTS”,

Cambridge University Press (2006). Superconductors in the Power Grid, Elsevier (2015)

Can we make a cavity with ReBCO tapes?
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 01 Material Choice

CAPP’s Solution:
Gyrs 2D ReBCO Tapes + Cavity Body: 3D HTS Cavity
Ryrs

RE- BASED HIGH- TEMPERATURE SUPERCONDUCTOR
CHARACTERISTIC FEATURE

Material Choice

3D Surface




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 02 Radio-frequency Design

» TM,;0 Mmaximizes the form factor C in the cavity haloscope.
» Tape alignment is necessary to prevent the electromagnetic wave

1 propagation through the gaps.

N polygonal structure with N gaps
I i o ~¢'-n_. ‘ il ekl -

Electric Field of a
Resonant Mode

anp
/ ‘2

‘\! EU‘IVC E, - By

: ¢ = 2 2
RF Design Jv. [Bol™dV [, €|E.|"aV

External
Magnetic Field

4
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 02 Radio-frequency Design

» Simulation study can estimate energy loss from gaps.

» Misalignments and defects are considered based on fabrication error.

1 > Only evanescent field enter into a gap. Q > 107
gap
Q Ahn et al. PRApplied(2022), 17, L0O61005 COMSOL Multiohvsics Result
gap . Gap I
&~ 040 ‘ - 040 . 014
| D s S——— . &
| 0351 & Z 5 035 b 0.12
0301 & B § 0.30 § 0.10
0.25 E ,\ i p.25 2 :
\ o0l & —;“;:’7 0.20 %, :
: 3 (. g 0.06
RF Design 015 i N 5 015 =
g B S 0.04
0.10 5 g 010 =
N 2 0.05 £ e 2 0.05 § 0.02
y'\i/" 0 = 0 0




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

4.5x10°
1
5L YBCO ~
aox10°t) Lol Qveco/Qcu = 6
1 3.5x10°% [}
- F ,M—WM
0 g 3.0x10° £ o[
© 5:|. 5x 5- : CC:DDET
defect b 2.5x107 . R ig.zz T.os
> E & 2.5x105F C
- Z20x10° 2200t . |
i qv) [ S 15x105F -
5‘ | S 15x10%0 Sot |
\ . O :I 0 22 T 5_[})(1[}4;— ....... : ..............................
5t 0. SRR AOSSSTSS
1.0x10 i P 00 0702 ;e; g:ti(isﬁzg (OTY) 08 09 1l
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Magnetic Field (T)
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

7 4.5x10° T
PHYSICAL REVIEW APPLIED 17, L061005 (2022)

.

Biaxially Textured YBa,;Cu307_, Microwave Cavity in a High Magnetic Field for
a Dark-Matter Axion Search
Qde fect -

Danho Ahn®,'? Ohjoon Kwon,? Woohyun Chung®,%" Wonjun Jang,>>" Doyu Lee,?! Jhinhwan Lee,*
Sung Woo Youn®,? HeeSu Byun,? Dojun Youm,' and Yannis K. Semertzidis'

lDeparrment of Physics, Korea Advanced Institute of Science and Technology (KAIST), Daejeon 34141, Republic
of Korea

*Center for Axion and Precision Physics Research, Institute for Basic Science, Daejeon 34051, Republic of Korea

&

* Center for Quantum Nanoscience, Institute for Basic Science, Seoul 33760, Republic of Korea

. . " Center for Artificial Low Dimensional Electronic Systems, Institute for Basic Science, Pohang 37673,
Fabrication - Republic of Korea

® (Received 10 March 2022; accepted 5 May 2022; published 28 June 2022)
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

4.5x10°
1
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

> Nickel-tungsten (Ni-OW) alloy tape is attached to a copper cavity to see the
energy loss behavior from Ni-9W.

1 > Low field magnetic behavior of quality factor comes from nickel alloy.
i i s 401
ool o 0 ® | a5l Ni-9W
Qde fect 'R |
S 3.0r!
5 25f & A oo
. (&} _:‘. u‘&?_ . Ni—SWE 12
(" Lo 207 5 s ' 5
2 15f & s 8
(_U J: E 2 —..-I-.“--_"z %\
Fabrication 5 1o E &
I 11
0.5 =
i to Magnetic Field (T)
0.0 T

0 1 2 3 4 5 6 7 8 9
: Magnetic Field (T)
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

> Nickel-alloy can be removed by delamination technique.

» Copper stabilizer can be used as a backplate.

Removing Ag layer

Qdefect l‘/ (H,0, + NH,OH)

ReBCO

Delaminating substrate
mechanically

Fabrication

Substrate (>50um)
(NiW, Hastelloy)

20
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

> Nickel-alloy can be removed by delamination technique.

» Copper stabilizer can be used as a backplate.

1
Qdefect

Fabrication

by Dr. Seongtae Park




Superconducting Cavity R&D at CAPP

: 2.3 GHz 2" Generation Cavity

/700000

600000

300000

Quality Factor

100000 r

0

500000 F

400000

200000 [

2.3 GHz, 1.5 L, GdBCO Tapes (THEVA)
Q, ~ 500,000 at8 T

TMO010

TMO011
o 2 4 6 8

Magnetic Field (T)



Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 03 Fabrication

> Nickel alloy substrates are successfully removed.
> Area defect from delamination is minimized.

1
Qdefect

Fabrication
s U9 (i) 18TH PATRAS WORKSHOP 23




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

> Various tapes showed different performances.

> It is necessary to study surface resistance of different tapes.
G v" AMSC, SUNAM (YBCO, wg, ~ 10 GHz @ < 30 K)
HTS v THEVA, Superpower (GdBCO, wg, ~ 10 GHz @ < 30 K)

RHTS v" Fujikura (EuBCO + Additional Pinning Center, w4, ~ 100 GHz @ < 30 K)

L __Rsi L+ tans
0 104SQ QCu an

Material Choice

18T™H PATRAS WORKSHOP S | 24
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

T Puig et al 2019 Supercond. Sci. Technol. 32 094006

+ SuperOx )
o -— Bruker
cé: 100 —* Sunam v i .‘
Gyrs EF aThevs &7
8 [ = SuperPower o/
R - —e— Fujikura - i
H TS g 10k . . o ® ". 01‘ =
= L]
® *e * 0 p *
o 1F _'__t___,__;i-:t:‘i__ ¥ ?
g =t — 3 ; s h .,é
Material Choice 0?) t - = * S
0,1 ; : . | |
20 40 60 80 100

Temperature (K)
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

w/ Mr. Jiwon Lee 1 pyig et al 2019 Supercond. Sci. Technol. 32 094006

I T
i ¢ SuperOx
’C'T - —e— Bruker
100 | = 100 —*— Sunam
G HTS o) - ~ : 4  Theva
S Q = SuperPower
) - r —e— Fujikura
g © Cu
HTS S 10t = 10: o p®
)% 2. 5
= 7} [
D ()
Delaminated Theva (GdBCO —
O
Etched Theva (GdBCO ?
v
Etched SuperPower (GdBCO
Material Choice
Delaminated Fujikura (EuBC
Etched Fujikura (EuBCO

0
100

Temperawrerzs{atwe f'°<
18™ PATRAS WORKSHOP 26




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

Gyrs
Rurs

Material Choice

6.E+05

5£+05 BB

4.E+05

3.E+05

Loaded Q Factor (Weak Coupled)

1.E+05

0.E+00

2.E+05 4

Superpower
(GABCO)
Silver Etched

0

18™ PATRAS WORKSHOP

4 6
Magnetic Field (T)

10

Surface Resistance (Ohm)

8.E-04

7.E-04

6.6-04 |g9e

5.E-04

4.E-04

3.E-04

2.E-04 N

1.E-04

0.E+00

7.95 GHz, 150 mK

Superpower
(GdBCO)
Silver Etched

Fjikura
(EuBCO+APC)
0 2 4 6 8 10
Magnetic Field (T)
27




Superconducting Cavity R&D at CAPP

. 2.3 GHz 3™ Generation Cavity

le6

2.3 GHz, 1.6 1,
EuBCO+APC Tapes (Fujikura)

.
- TMO010 Q~35e6@8T

1 L
(J L

Tested in CAPP-8TB System
(Dr. Soohyung Lee, Mon)

0 1 2 3 4 5 6 7 8
Magnetic Field (T)
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Superconducting Cavity R&D at CAPP

: 5.4 GHz 3 Generation Cavity

INFN &,

5) 18™H PATRAS WORKSHOP

2.50E+07

2.00E+07

5.00E+06

0.00E+00

5.4 GHz, 0.2 L,
EuBCO+APC Tapes (Fujikura)

TM01I0 Q~13e7@8T

.

TMO011

w/0 magnet ramping

e Loaded ¢« Unloaded

0 2 4 6 8

Magnetic Field (T)
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Superconducting Cavity R&D at CAPP

: Summary

First Gen. (6.9 GHz)
.

73 )
6. g! OV T TN U )
. W
|
|

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

— |

54GHz  Unloaded Q Factor Q Q HTS Q de f ect Qg ap

T
LA 2M:&Jne‘:icF5ield‘zT)7 ©e | o iﬂa;ne:ic sielg (T7) e o l\llzagr?etif.‘:1 Fiesld (?r) re
Experiment

1 YBCO 6.9 12 0.22 M 0.33 M Prototype

2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope
3-0 GdBCO 6.9 12 1.1M 1.2 M 10M Prototype

>

3-1 EuBCO+APC 2.3 34 50M 35M Axion Quark Nugget Search
3-2 EuBCO+APC 54 14 20 M 13 M Axion Haloscope

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)
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Superconducting Cavity R&D at CAPP

: Summary

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

—

1.2E+06 3.00E+07
20010 5 S 5.4 GH
- Copper| B |z Unloaded Q Factor
_asac 4 1.0E+08 16 2.50E+07 Loaded Q Factor
Saoncf £ i LL 8. 0E+05 L 2.00E+07
o : Q, ~330,000at8 T Q, ~ 13,000,000 @ 8T
iL 2801084 ’ g 6.0E+05 Q) ~500,000@8 T g 1.50E+07 e M L e
o010ty ) ]
S | a1e? <5 4.0E+05 g 1.00E+07
e} [ L ©
1.0¢10° % 2.0E+05 Copper C 2 5.00E+06
50010t SQE+0Q L TTTTmmrmrTITTTT 5 0.00E+00
00 0123 456 7 89 01 2 3 4 5 6 7 8

0 1 2 3 4 5 6 7 8 9

Magnetic Field (T)

Magnetic Field (T) Magnetic Field (T)

Gen Tape f (GHz) Nap Q(0T) Q(8T) Experiment

1 YBCO 6.9 12 0.22 M 0.33 M Prototype

2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope
3-0 GdBCO 6.9 12 1.1M 1.2 M e Prototype

>

3-1 EuBCO+APC 2.3 34 50M 35M N Polygonal Structure Axion Quark Nugget Search
3-2 EuBCO+APC 5.4 14 20M 13 M w/ N Gaps Axion Haloscope

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)
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Superconducting Cavity R&D at CAPP

: Summary

First Gen. (6.9 GHz)
0

S 8 she o o o
: “ b |
B | .

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

— M, W
X o < QY
g | BP »j
B £
g B i *
‘ Ay

s e T
e it " ey
Experiment

1 YBCO 6.9 12 0.22 M 0.33 M Prototype

2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope
3-0 GdBCO 6.9 12 1.1 M 1.2 M Prototype
3-1 EuBCO+APC 2.3 34 50 M 35M > 10M Axion Quark Nugget Search
3-2 EuBCO+APC 54 14 20M 13 M Axion Haloscope

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)

Surface defect improved

18™ PATRAS WORKSHOP : Delamination + Clean Surface 32




Superconducting Cavity R&D at CAPP

: Summary

First Gen. (6.9 GHz)
sl

;.A_’_'- i S ke  © ()
R ) |

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

e | Wi
-3 | - |’ ..-:a
[ o z/ |, "i
‘ll. .

« 1.2E+06 » 3.00E+07

45x10°

20x10° o I} 5.4 GH
- Copper| B |z Unloaded Q Factor
_asac 5 1.0E406 16 2.50E+07 Loaded Q Factor
Baoacf £ e L 8.0E+05 L 2.00E+07
; Q, ~330,000at8 T L

& osae) ’ 9 605405 Q,~500,000@8 T O sors07 o ~ 13,000,000 @ 8T
Zo010° : T
T oot -5 4.0E405 8 1.00E+07
g 3 c - ot ©

1.0010° %2.0E+05 . CopperCavity _25.00E+06

sox10t SooE+0p LT S 0.00E+00

T EE a 0123 4586 78 9 01 2 3 4 5 6 7 8

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Gen Tape f (GHz) Nap Q(0T) Q(8T) Q,.p Experiment
1 YBCO 6.9 12 0.22 M 033 M Prototype
2 GdBCO 2.3 32 0.60 M 050 M Axion Haloscope
30 Ta?)gssctgface Resista?icge Study 12 1.iM Lam >10 M Prototype
3-1 EuBCO+APC 2.3 34 5.0M 3.5M Axion Quark Nugget Search
3-2 EuBCO+APC 5.4 14 20 M 13 M 200 x QCu Axion Haloscope
4 EuBCO+APC 1.5 ? ? ? 10 X Qa Axion Haloscope (CAPP-MAX)
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Axion Searches with High-Temperature
Superconducting Cavities
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Axion Searches with High-Temperature Superconducting Cavities

: Superconducting Cavity R&D Summary

First Gen. (6.9 GHz) Second Gen. (2.3 GHz)

ki RSCARERRe 0 . * ¢
s g
il

Third Gen. (2.2 GHz & 5.4 GHz)

—_— ]

T YBCO » 1.2E+06 . 3.00E+07
. :Z:g *;3 1.0E+06 .§ z_gg?g; 5.4 GHz ESL‘.’,Z?S (Flal(:;::or
- O Y SRy i 8.0E+05 LL 2.00E+ L
giz:g ; Q,~330,000at 8 T O o oruns B e e Chyp Qo - 13,000,000 @ 8T
e B 4.0E405 § 1.00E+07

1.0¢10° O 2. 0E+05 — ” op ——— % 5.00E+06

St S 0.0E+00 S 0.00E+00

0123 4567 8 9 01 2 3 45 6 7 8

0.
0000000000

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Tape f (GHz) Nap Q(oT) Q(8T) Q,.p Experiment
1 YBCO 6.9 12 0.22 M 0.33 M Prototype
2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope
3-0 GdBCO 6.9 12 1.1M 1.2 M .10 M Prototype
3-1 EuBCO+APC 2.3 34 50M 35M Axion Quark Nugget Search (Dr. Jinsu Kim)
3-2 EuBCO+APC 5.4 14 20 M 13 M Superfluid Helium Tuning (Dr. Heesu Byun)
4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)
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Axion Searches with High-Temperature Superconducting Cavities

: Superconducting Cavity R&D Summary

First Gen. (6.9 GHz) Second Gen. (2.3 GHz)

ki RSCARERRe 0 . * ¢
s g
il

Third Gen. (2.2 GHz & 5.4 GHz)

—_— ]

T YBCO » 1.2E+06 . 3.00E+07
. :Z:g *;3 1.0E+06 .§ z_gg?g; 5.4 GHz ESL‘.’,Z?S (Flal(:;::or
- O Y SRy i 8.0E+05 LL 2.00E+ L
giz:g ; Q,~330,000at 8 T O o oruns B e e Chyp Qo - 13,000,000 @ 8T
e B 4.0E405 § 1.00E+07

1.0¢10° O 2. 0E+05 — ” op ——— % 5.00E+06

St S 0.0E+00 S 0.00E+00

0123 4567 8 9 01 2 3 45 6 7 8

0.
0000000000

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Tape f (GHz) Nap Q(oT) Q(8T) Q,.p Experiment
1 YBCO 6.9 12 0.22 M 0.33 M Prototype
2 GdBCO 2.3 32 0.60 M 0.50 M < Axion Haloscope >
3-0 GdBCO 6.9 12 1.1M 1.2 M .10 M Prototype
3-1 EuBCO+APC 2.3 34 50M 35M Axion Quark Nugget Search (Dr. Jinsu Kim)
3-2 EuBCO+APC 5.4 14 20 M 13 M Superfluid Helium Tuning (Dr. Heesu Byun)
4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)
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Axion Searches with High-Temperature Superconducting Cavities

. The First Axion Haloscope Experiment with a 2" Generation Cavity

» JPA is Josephson junction based quantum-noise-limited amplifier

“——m“m-
~ 0.6

500,000 ~ 1.75 ~ 180 mK

~ 0.6 MHz / day

6.95T 151L

> For 2.282 - 2.295 GHz (13 MHz)
+  1stphase (2.284 — 2.295 GHz)
- Oct 7 ~ Oct 16, 2021

« 2nd phase (2.284 — 2.295 GHz)
- Oct 26 ~ Nov 4, 2021

« 3 phase (2.282 — 2.292 GHz)
- Jul 20 ~ Aug 24, 2022

Total ~ 7,500 spectra ¥




Axion Search with High-Temperature Superconducting Cavities

. The First Axion Haloscope Experiment with a 2" Generation Cavity

Frequency [GHz]
2.263 2273 2.282 2.292 2.302

2020 JPA Run

(2.7 KSVZ)

2021 - 2022
SC Cavity Run
(1.36 KSVZ)

~ 7.6 times scan rate

Will be published

QCD Axion band improvement
w00 SV et
9.36 9.4 9.44 9.48 9.52
Frequency Range 2.27 — 2.30 GHz 2273 — 2.295 GHz
- Magnetic Field (B) 72T 6.95T
An Order of Magnitude volume ) 1121 151
Quality Factor (Qg) 100,000 500,000
Scan Rate Enhancement Geometricl Factor (0 04s 051 - 0565
System Noise (Ty) ~ 200 mK ~ 180 mK
SNR Efficiency 85 % 57 %

i5) 2023 PATRAS WORKSHOP Scan Rate (Norm) 1 76 38




Axion Searches with High-Temperature Superconducting Cavities

: Superconducting Cavity R&D Summary

First Gen. (6.9 GHz) Second Gen. (2.3 GHz)

ki RSCARERRe 0 . * ¢
s g
il

Third Gen. (2.2 GHz & 5.4 GHz)

—_— ]

45x10°
1.2E+06 3.00E+07
20010 5 S 5.4 GH
- Copper| B |z Unloaded Q Factor
_asac 5 1.0E406 16 2.50E+07 Loaded Q Factor
5ao0t e L 8.0E+05 L 2.00E+07
; Q,~330,000at8 T j»

Losavt: ' 9 6.0e+05 Q, ~500,000@8 T 9 1.50E+07 e H BT
- ]
£ v
T 5 4.0E+05 8 1.00E407
o 2 b " ®

1.0010° 22 0E+05 Copper Cavit _g 5.00E+06

50010° Sooeso0 T S 0.00E+00

°°°°°°°°°°° 0123 456 789 01 2 3 4 5 6 7 8

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Tape f (GHz) Nap Q(0T) Q(8T) Q,.p Experiment
1 YBCO 6.9 12 0.22 M 0.33 M Prototype
2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope
3-0 GdBCO 6.9 12 1.1M 1.2 M .10 M Prototype
3-1 EuBCO+APC 2.3 34 5.0M 35M Axion Quark Nugget Search (Dr. Jinsu Kim)
3-2 EuBCO+APC 5.4 14 20M 13 M Superfluid Helium Tuning (Dr. Heesu Byun)
4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)
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Axion Search with High-Temperature Superconducting Cavities
: HTS Cavity for CAPP-MAX Experiment

1.6E+05

.. by Mr. Jiwon Lee
k. and Dr. Ohjoon Kwon

1.4E+05

cz)g@.cnopmoo
oq e
oBd e

1.2E+05

1.0E+05

R 80-90% Q-factor

8.0E+04
enhancement

6.0E+04

4.0E+04

206404 EyBCO+APC Tuning Rod

0.0E+00
0 100 200 300

Temperature (K)

e UL (55) 18TH PATRAS WORKSHOP _— 4o




Axion Search with High-Temperature Superconducting Cavities

: HTS Cavity for CAPP-MAX Experiment

1.6E+05
ssc DY Mr. Jiwon Lee

1.4E+05 and Dr. Ohjoon Kwon
1.2E405 %
1.0E+05 5

g % 80-90% Q-factor

o 8.0E+04 s

5 enhancement
6.0E+04
4.0E+04

206404 EyBCO+APC Tuning Rod

0.0E+00
0 100 200 300

Temperature (K)
41




Axion Search with High-Temperature Superconducting Cavities

: HTS Cavity for CAPP-MAX Experiment

Unloaded Q-factor @7K ) Frequency [GHz] 0 |

10 2% 10" 3x10°  4x10° 6% 10 10

18

ADMX Sidecar i

RADES

w/ HTS w/ cavities covered
tuning rod

8TB JPA 8ceII
HAYSTAC DFSZ

Unloaded Q-factorx 10000

115 12 125 13 135 14 145 15 155 6x10° 10 21%10° 3x10° 4x10°
Mass [eV]

Frequency (GHz) from Dr. Ohjoon Kwon'’s Slide

1 (Gis) 18™ PATRAS WORKSHOP 42




Summary: High-Temperature Superconducting Cavities

: Current Progress and Future Plans for Axion Searches at CAPP

» Superconducting RF technology can enhance the scan rate of axion haloscope.

» ReBCO is one of the most promising superconductors for realizing a high Q cavity in a
high magnetic field.

» CAPP have achieved 13 million Q factor high-temperature superconducting (HTS) cavity
working at 8 T magnetic field.

» Physics data from the half-million Q factor 2.3 GHz GdBCO cavity will be published.

» Axion-quark nugget search and superfluid Helium tuning for axion haloscope
experiements is now in process with HTS cavities.

» CAPP have a plan to construct 36 liter HTS cavity for CAPP-MAX experiment.

_ (i) 18™ PATRAS WORKSHOP 43
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 02 Radio-frequency Design

0.15

|

Normalized Magn

0.10

‘ 040 b

a 3 0.35 q,
N— = —
2 E =
8 30.30 A
- ’\ ] E
Q \| ¥ p.25 -9
‘g \ e o
1 ) T2 0.20 2
o) I
IS =
= 3
3 E
[+

) =
Z 5
Z

Qgap

0.05

-

3

0
Ahn et al. PRApplied(2022), 17, L061005
1013 ¢ 101 ¢ :
1012 E o Vertical Gaps . g Surface defect can Q~ 107
~ PE o e 0000 @ g 1% I dagreds Utcter fess
-1 =
.o_ 10 g ¢ Tilted Stepped Gaps 5 © OOOC?@()) :Igl...n 10 % O <>
RF DQSign E 10% E A Tilted Stepped Gaps + 5 mQ Sides E 10° ? <> Q ~ 107
:I?:- 109 % ---------- Tilted Stepped Gaps Fit E 10’3 g
T 108 [ Q ~ 107 " "9%0my =104 ¢
> B -~ - g F
o ; § ..... e Bt . E -5 ;
10 3 & LB STy Y VU o 10 E
£ PRI 2 C
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10! 102 103 Vertical Tilted Tilted Silver | Silver Ni-9W
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

6.E+05 8.E-04
7.95 GHz, 150 mK
&5 7.E-04 Superpower
5E+05 W
3 3 (GdBCO)
G s 6E-04 T Silver Etched
HTS %L 4.E+05 E ; p
—_— O QO 5.E-04 QHTS,vertB
= g G
Ryurs g s e ——
5 3.E+05 2 4E-04 Rursverts
S &
L (]
o & 3E-04
T 2E+05 5
-8 - (Va]
" ch S , Superpower 2604 M
aterial Choice |
1.£+05 (C.idBCO) Fujikura
Silver Etched 1.E-04 (EuBCO+APC)
0.E+00 0.E+00
0 2 4 6 8 10 0 2 4 6 8 10
Magnetic Field (T) Magnetic Field (T)
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Superconducting Cavity R&D at CAPP

. 2.3 GHz 3™ Generation Cavity

le6

2.3 GHz, 1.6 1,
EuBCO+APC Tapes (Fujikura)

L Q~35e6@8T
- TMO010 Qs > 10 M ~ Qs yertn

—————

Tested in CAPP-8TB System
(Dr. Soohyung Lee, Mon)

0 1 2 3 4 5 6 7 8
Magnetic Field (T)
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Superconducting Cavity R&D at CAPP

: 5.4 GHz 3 Generation Cavity

2.50E+07

2.00E+07

5.00E+06

0.00E+00

INFN &,

5) 18™H PATRAS WORKSHOP

5.4 GHz, 0.2 L,
EuBCO+APC Tapes (Fujikura)
Q~13e7@8T
TMO10 Qurs > 3 M ~ Qug

vertB

TMO011

w/0 magnet ramping

e Loaded ¢« Unloaded

2 4 6 8

Magnetic Field (T) 48




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

PRB 50 (1994) 471 Magnetic

Field (B)

YBCO, 5.4 GHz, 57 K
Parallel Plate Resonator

GH TS

RHTS

H,(mn)

Material Choice

0 02 04 06 08 1

H(T)
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Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 04 Surface Resistance Study

» Electric and Magnetic Field » Surface Current
» TMO010: 6.851 o
0.04 | ’ 0,04 | ¢ 3
s Maximum surface /
G current density at
HTS 16 g the middle {Hawo X 25
—_— > : e
R 1.4 S~— ?
12 O c
Z L
1 % 15 3
0.8 I:I_) 8
5 L £
0.6 8 )
Material Choice o N
o 0.5
[P R - 5] = DT B S
B 0
Y‘\T/'x ext
e U (i) 18TH PATRAS WORKSHOP 50




Superconducting Cavity R&D at CAPP

: Superconducting Cavity Design — 05 Magnetic Field

t(10)=1 mm Multislice: Magnetic flux density norm (T) L
0.05,-(),9‘5 0 0.05
-0.05———— = — a1
. . . . 8.01
* Simulation Situation: Polygon "
Shell with 100 um Perfect 6.9 GHz — £ ol 8
Superconductor Polygon Cavity 0.05 s

* ABgyg/Bayg~10"* even with
over-estimated condition of
shielding

1 7.98

+ 4 7.97

| Siuation: SC films li
Actua Sltuathn. 1.— 5um t = 100 um 1 7.96
Superconducting Film & Non- mu~0

7.95

Perfect Diamagnetism (Near Perfect

Diamagnetism)

-0/05
7.94

7.93

7.92

PN
Semsrt UNIIL_ A
INFN 9, 5

18™ PATRAS WORKSHOP ]




Axion Searches with High-Temperature Superconducting Cavities

: Superconducting Cavity R&D Summary

First Gen. (6.9 GHz) Second Gen. (2.3 GHz)

ki RSCARERRe 0 . * ¢
s g
il

Third Gen. (2.2 GHz & 5.4 GHz)

—_— ]

T YBCO » 1.2E+06 . 3.00E+07
. :Z:g *;3 1.0E+06 .§ z_gg?g; 5.4 GHz ESL‘.’,Z?S (Flal(:;::or
- O Y SRy i 8.0E+05 LL 2.00E+ L
giz:g ; Q,~330,000at 8 T O o oruns B e e Chyp Qo - 13,000,000 @ 8T
e B 4.0E405 § 1.00E+07

1.0¢10° O 2. 0E+05 — ” op ——— % 5.00E+06

St S 0.0E+00 S 0.00E+00

0123 4567 8 9 01 2 3 45 6 7 8

0.
0000000000

Magnetic Field (T) Magnetic Field (T) Magnetic Field (T)

Tape f (GHz) Nap Q(oT) Q(8T) Q,.p Experiment
1 YBCO 6.9 12 0.22 M 0.33 M Prototype
2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope
3-0 GdBCO 6.9 12 1.1M 1.2 M .10 M Prototype
3-1 EuBCO+APC 2.3 34 5.0M 35M Axion Quark Nugget Search
3-2 EuBCO+APC 54 14 20 M 13 M Axion Haloscope
4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)

18™ PATRAS WORKSHOP 52




Axion Searches with High-Temperature Superconducting Cavities

. The First Axion Haloscope Experiment with a 2" Generation Cavity

» The sapphire tuning mechanism does not break azimuthal symmetry.
» A weak antenna couples to the cavity through the tuning system.
» There is no mode crossing within the tuning range (2.272 — 2.296 GHz)

> Form factor reduction is small (< 15 %)

IVertical Motion Coaxial Cab'e/l oA TE112 o
w/ Piezo Motor E POOOOOOO00O000000000000000 06 M
= 2.30E+09 DoooooooooOOoOooOOOOOoooo ooooO
3 00"
' Core Metal C 220E+09 s 00
AILI:mlnun;ld g <<eUet TMO010 S
Sa ire Holder >
PP > E 04
Copper é) 2.10E+09 c 05
Sapphire Guide + e
C 2.00E+09 o
Rod © Y02
© .
Brass 2 1 90E+09  POOCOOCOOO0O0NCOOCOO00 01
Top Plate g TE111 )
cavity Insid ] -~ deoth 1.80E+09 0
avity Inside = dept - . 0 10 20 30 2.25E+09 2.27E+09 2.29E+09 2.31E+09
D=9.7mm d=2mm h (mm) Frequency (Hz)

i) 18™H PATRAS WORKSHOP 53




Axion Searches with High-Temperature Superconducting Cavities

. The First Axion Haloscope Experiment with a 2" Generation Cavity

» The sapphire tuning mechanism does not break azimuthal symmetry.
» A weak antenna couples to the cavity through the tuning system.
» There is no mode crossing within the tuning range (2.272 — 2.296 GHz)

> Form factor reductlon |s smaII (< 15 %)

2.40E+09 TE112 0.7
"\T ()0000000000000000000000000]
L 230E+09 $0000000C00C00a0G 06 oooooow

00°

o 0.5 00°
S 2.20E+09 TMO10 S
= s 0.4
o o Y
v 2.10E+09 L
L € 03
4 —
c 2.00E+09 ®)
© Y o2
c
8 1.90E+09 POOOOO0OO0O0OOCO0000000000 01
< TE111 ~

1.80E+09 0

0 10 20 30 2.25E+09 2.27E+09 2.29E+09 2.31E+09
h (mm) Frequency (Hz)
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Axion Searches with High-Temperature Superconducting Cavities

. The First Axion Haloscope Experiment with a 2" Generation Cavity

> Total System Noise (Tsys = Teqp + Taaa)

Cavity noise temperature (7,,, ~ 60mK)

v -
phy_1 2

hv 1 1
Teqn = kg (ehv/kBT + )I Tpny ~ 40 mK

Added noise by the receiver chain (T,,;; = 120mK)

CAPP-PACE Detector Setup

i

Dilution refrigerator |

8 T NbTl madnet = { Attenuation chain |~—:\ T
g :,r R o Vector
J—i Attenuation chain I«J_j-o Ti, network
Fa analyzer
R [HTS cavity| N [ Attenuation chain
. 40mK O
' m\c & /- /-\ ,\ /<>
° N = 3 ,| Spectrum
I__J Directional HEMT Power P, analyzer
';l coupler JPA L amplifiers splitter
g Pump
Noise source 20 mK 4 K

18™ PATRAS WORKSHOP

Frequency
Range

Magnetic
Field (B)

Volume (V)

Quality
Factor (Qp)

Geometrical
Factor (C)

System
Noise (Tqy)

Status

Scan Rate
(Norm.)

HEMT Run

2457 —
2.749 GHz

72T
112 L

100,000

0.51 - 0.66

~ 11K

PRL 126
(2021)

Dr. Ohjoon Kwon

1

JPA Run

2.27 — 2.30
GHz

72T
112 L

100,000

0.45

~ 200 mK

PRL 130
(2023)

Dr. Jinsu Kim

18

SC Run

2.273 -
2.295 GHz

695 T
15L

500,000

0.51 - 0.65

~ 180 mK

will
publish
soon

310
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Axion Searches with High-Temperature Superconducting Cavities

. The First Axion Haloscope Experiment with a 2" Generation Cavity

» JPA is Josephson junction based quantum-noise-limited amplifier
» CAPP Flux-driven JPA was developed in collaboration with Nakamura group at Univ. of Tokyo and RIKEN
» Operation range: 2.27 GHz — 2.30 GHz
» JPA was protected by two layer superconducting shield
.. §< M4 i ! 7 ‘... ~ Iy V' 4 !. 906 25 . ; EEEEEEE )
R AMA A B <, | o oo S
& Ty T Nl i1 |l 2 = %  ~21dBegain -~
Kutlu et al SUST (2022) g \ : 0.4 -15% =P gan 25 _
' 30.3 c 3 :f:E,E:J.{’.‘.',‘e ::ii;f:r’;:;:-&;a.%.g;ﬂ 205
N 105 . . AU "3
£0.1 C run total system noise > g Sl e e s :’:.:_..’: e A _.'a.“:v 10
- - 09!, 171 £ 15mK,1.56sQL | Q 01) « D3 T ey BT T
W 2.2865 2.2870 2.287 ~19 cep
able Inc Frequency [Hz]  1€9 - 120 mK added noise
2.270 2.275 Fzrgg?,encszﬁz) 2.290 2.2?29
we UL (Gi5) 18TH PATRAS WORKSHOP 56




Axion Searches with High-Temperature Superconducting Cavities

. Axion-Quark Nugget Search with a 3™ Generation Cavity

AQN structure

axion domain wall

. m
QCD-DW
aq

substructure

=3 energy  thermalization
Rqcp ~ Aqep e

Fermi pressure

R ~ 10 °cm \

Axion Domain
wall pressure

A Zhitnitsky,) “Structure formation paradigm and axion
| guark nugget dark matter model”, Scientific Reports 40
| i (2023) 101217

Fos Ao uraj_k Nugggt
(Dr. Jins: K.m,TEJJ

Quality Factor
B

le6

2.3 GHz, 1.6 L,
EuBCO+APC Tapes (Fujikura)

Q~35e6@8T

0 1 2 3 4 5 6 7
Magnetic Field (T)
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Axion Searches with High-Temperature Superconducting Cavities

: Superfluid Frequency Tuning of Superconducting Cavities for Axion Haloscope

2.50E+07

5.4 GHz, 0.2 L,

EuBCO+APC Tapes (Fujikura)
2.00E+07

TMOI0 Q~13e7@8T

.

 1.50E+07
o
+—
o
©
L
O 1.00E+07
TMO11
’ & 00E+06 w/o magnet ramping
= Al . o & « Loaded ¢ Unloaded
For Liquid®Heliim-Tuning 0.00E+00
(DE{HeestByun, Wed) from Dr. Heesu Byun’s Slide 0 2 4 ° °

Magnetic Field (T)
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