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Dark Matter Axion Search (Axion Haloscope)

Resonant Dark Matter Halo
Cavity, d / " ‘
Magn
Field
Virtual Photon (y)  /
Our Galaxy

Coupling Constant  Dark Matter Axion Density

Conversion j / Resonant Frequency
Power e pa / QaQC

Pay-y = Gayy'—5 1 VwoC

mg Qa + Q¢

Y Axion Mass N Axion Quality Factor
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Revisiting Quality Factor

» Definition of Quality Factor

Angular Frequency Internal Energy

wolU

Quality Factor Q —

loss Total Energy Loss

» Decomposing Origins of Energy Loss

P surf X Rs L
Ht
RSLJ’ :&

1 P 1 Surface Current Loss Wave Propagation (Radiation)
__"tloss

0 — woU =W(Psurf+onl+Prad)

Volume Loss tan&
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Revisiting Quality Factor

» Definition of Quality Factor

Angular Frequency Internal Energy

wolU

Quality Factor Q —

loss Total Energy Loss

» Decomposing Origins of Energy LOSS  controlled by Geometric Design

P surf X Rs L
H,
RST_J> :&

Low Loss : :
1 P ] Surface Currentloss ; Wave Propagation (Radiation);
0SS
H|gh Q 0 0 EVqume Loss tané :
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Revisiting Quality Factor

» Definition of Quality Factor

Angular Frequency Internal Energy

wolU

Quality Factor Q —

loss Total Energy Loss

» Decomposing Origins of Energy Loss
Psurf X Rs

Low Surface Resistance HtT_J.

- Superconductor (SC) L%

Ev

1 P 1 Surface Current Loss Wave Propagation (Radiation)
__"tloss

ngha Q@  wolU  woU
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Dark Matter Axion Search (Axion Haloscope)

/ Dark Matter Halo
. .

@

Magnetic

Field (B)

Virtual Photon (y) /.

Coupling Constant  Dark Matter Axion Densit
Conversion j Resonant Frequency
Power

Qalc
Pay—>y — gaYY_ZBZV(UOCQa T Qc

Y Axion Mass N Axion Quality Factor
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Superconductor in a High Magnetic Field

Three Phases of Type Il Superconductor

! [ W I t \'r M > An external magnetic field can degrade

== SaRARS Superconductivity.

H

> In a mixed state, type 2 SCs make

&} vortices inside.
T ARRRENY ' "> Vortex pinning can make a low
_ H<Hec1 Hc1<H<Hcz H>Hc2
Meissner state Mixed state Normalstate dissipative surface. (low R,)
Golosovsky et al SUST(1996)9
f 4 flux-flow regime > SC Materials with a hlgher upper critical

Depinning Frequency (high dissipation)

field (H.,) have higher melting field (H,)

Axion Haloscope of vortices.

pinning regime H,. < H,, » High-temperature superconductors
RSC << RCu (low dissipation) ': m ¢ . . .
: Hezrenco > 100 T (HTS) are promising for making high Q

flux-creep

e > factor cavities for axion haloscope.
Melting field Hm Hext
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Material Evaluation

. . . Fil .
R, (B=8T, lic) | Critical Field Depinning I m. Cavity
(Ohm) (H.,) Frequency Fabrication Fabrication
c2 Method
OFHC Cu
~ 7E- ~ 7E- N N ini
(Metal) 3 3 one one Yes Machining
Deposition
NbTi (LTS) ~ 1E-6 ~4e-3 ~13 T ~ 45 GHz (No Texture Deposition
Gatti et al. PRD(2019) Requirement)
T T R P P P T e T T PP Pr PP PP PP PP P ET P ET PR PP PP ee eCPILTTLTITTITEEPITE .
© Bi-2212 (HTS >100T (llab) yWeakPinning i Deposition N
E . ( ) ~ 1E-5 ? Larbalestier etal. % ? . (No Texture DepOSItIOn
: Bi-2223 (HTS) Nature(2001) 3 *  Requirement)
5 >100 T (llab) 3 :  Deposition
E T|'1223 (HTS) ~ 1E_5 ~ 1e'4 Larbalestier et al. t 2 - 480 MHZ = (NO Texture Dep05iti0n
: Calatroni et al. SUST(2017) Nature(2001) ECaIatroni etal. SUST(2017)E Requirement)
ReBCO (HTS) ~1E-5 ~1e-4 >100 T (llab) i 10-100GHz  DePosition 1. Deposition
Ormeno et al. Romanov et al. Larbalestier et al. E Romanov et al. (Biaxial Texture) 2' USIng Tapes

PRB(2001) Scientific Reports(2020) Nature(2001) = Scientific Reports(2020)




Biaxially Textured ReBCO Tape

M. J. Lancaster, “Passive microwave device applications of HTS”,
Cambridge University Press (2006).

void Biaxially Textured o ]
o [ strong link > Biaxially-textured Rare-earth Barium
grain N . (low-angle grain boundary)
s ——— Copper Oxide (ReBCO) films consist of
é N - |' (large-ang";’:zkr;iiﬁoundary) Strong Ilnks'
Lo L s;,‘!gi » It shows good performance of surface
tal i bounda N . : : .
CRRISES ornbomday incluson resistance in a high magnetic field at
10 | 8 GHz, Rutile Resonator
x 20K Scientific Reports 10 (2020) 12325 IOW temperatu re.
O 30K
8 40 K . . . .
o soK > Its depinning frequency is also high
70K
°| ’ enough. (> 10 GHz)

AR_(mf2)
) S

» There are many providers that fabricate

biaxially-textured ReBCO tapes.

Additional Surface Resistance
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Biaxially Textured ReBCO Tape

PRB 50 (1994) 471

2 p————— > Biaxially-Textured ReBCO films have
4 g | ParallelPlate Resona,t?r o e anisotropy of surface resistance due to
s L .553 30° their crystal structure.
% e8° , 60° > The surface resistance of a film is
T o5} obffi“‘: 20° maximized when the c axis of a crystal
0 oé‘& M;Eggt‘:iu 90°|l1ab and the direction of an external
YBCO magnetic field is parallel to each other.
0 D_ig 0_I4 ol_s 0,13 1 > Directions of a ReBCO crystal should be

Magnetic ] _ )
Field(8) considered to design a cavity.

taPeSQ
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Making 3D Surfaces with Tapes

CAPP’s Solution

Polygon Shape: From Planar Surfaces to a 3D Surface

12 Polygon, 12 Tapes

16 Polygon, 32 Tapes
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The Advantages of the Polygon Cavity

Tape Direction: Mimimized Surface Resistance

Vertical Cut: Avoiding Contact Problem

» Electric and Magnetig Field
> 6.85GHz

0.04 |

» Surface Current

‘¢W.r$
‘B
]
0.06 | A
Maximum current g 7

at the middie (l1ab)

0.02°

Electric Field Norm (V/m)

e
o

e
=

e
[N]

' 001 B '
y\L"‘ 0. 20.01 ext 0. 20.01
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First Prototype Cavity

» (2019) First Prototype HTS Cavity (with Prof. Dojun Youm)

v (March 8t) Q ~ 150,000at 8 T
v" (August 15t) Q ~ 330,000 at 8 T (Improved Tape Edge)

1.8x10°
= YBCO
1.6x10°F_ - Copper .
- 5 ' 1.6x10°
L 1.4x10% "f = 1.4x10°" 0.23T -
O ! 8
. SL L]
S 1.2x10° i g2
> - §1'OX10 r
= 1.0x10%Fr S 8.0x10°"*
© =1 - i
8 W D 60K10% e e
8.0x10% r& ‘ ‘ | |
10237 400 555 04 06 08 10
6.0x10* kgl Magnetic Field (T)
4OX1 04 L . L L L L 1 1
0 1 2 3 4 5 8 7 8

Magnetic Field (T)

ArXiv: 1904.05111
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Q
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>
=

©
>

g

4.5x10°
4.0x10° YBCO
’ Copper

3.5x10° _ o
3.0x107F £ NI

50" 35¢10°F PR
2.5x10° F. g gt
2.0x10° fy oo '
1.5%10° o

0227 swarf
1.0X1 0 l %D 01 02 03 04 -0,5 -06 07 08 09 11
5 OX1 04 Magnetic Field (T)

00 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
Magnetic Field (T)
ArXiv: 2103.14515
PRApplied Submitted
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2.3 GHz Axion Search Cavity

Seongtae Park)

> (2019 - 2020) 2.3 GHz ReBCO Cavity (or

N

f ﬂ B
Attachinggual Cylinde % .
on.the Cavity IﬁﬁeF Waj r Sl
Ith Booxy = e S U (§5CC Ty B JAssembled ga‘wty

2021-06-15 2021 Patras Workshop 15



2.3 GHz Axion Search Cavity

» 2.3 GHz ReBCO Cavity (Dr. Seongtae Park)

v’ (December 8t, 2019) Q ~ 340,000 at 8 T
v' (January 18, 2020) Q ~ 500,000 at 8 T (Using Different Tape)

700000
600000 +
S 500000 |
o ] ~
> e I B
= 300000 -
®
5 I
O’ 200000 - amn e S S S
100000 |- y mgﬂ
% 2 4 6 8

Magnetic Field (T)

2021-06-15

700000

600000

500000

400000

ity Factor

300000

Qual

100000 -

0

2021 Patras Workshop

200000 r

Q, ~ 500,000 at 8 T

- TMO10

« TMO11

BV R S

Magnetic Field (T)
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Tuning System

h_sapphire(15)=i4.1 mm Eigenfrequency=2.288E9 Muiltislice: Electric field norm. (V/m)

Resonant Frequency (Hz)

2.40E+09

2.30E+09

2.20E+09

2.10E+09

2.00E+09

1.90E+09

1.80E+09

TETT2
28000000000000000000000000)

WOOOOOOOOOOOOOOO
TMO010

No Mode Crossing

TE111

h (mm)

2021-06-15

Q Factor

350000

300000

250000

200000

150000

100000

50000

0

I Vertical Motion
w/ Piezo Motor

Aluminum
Sapphire Holder

Sapphire
Rod

Brass
Top Plate

Copper
Guide

Cavity Inside I h = depth

—

D=9.7mm

ooooocmmm@

Small Q Drop

2.25E+09 2.27E+09 2.29E+09 2.31E+09

Frequency (Hz)

2021 Patras Workshop

Form Factor

0.7

Coaxial Cable/l

Core MetJ\ L

0.6

0.5

0.4

0.3

0.2

0.1

Small C Drop

0
2.25E

+09 2.27E+09 2.29E+09 2.31E+09
Frequency (Hz)
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Testing in a CAPP-PACE Chain

HEMT Run JPA Run
. R SC Run (Plan)
Phys. Rev. Lett. 126 (2021) 191802 About to Submit (Mr. Jinsu Kim et al.)

Frequency Range 2.457 —2.749 GHz 2.27 —2.30 GHz 2.27 —-2.30 GHz
Magnetic Field (B) 72T 7.2T 7.2T
Volume (V) 1.12 L 1.12 L 15L
Quality Factor (Q,) 100,000 100,000 500,000 - 1,000,000
Geometrical Factor (C) 0.51-0.66 0.45 0.51-0.65
System Noise (T) 1.1K 200 mK 200 mK
Scan Rate (Arb.) 1 18 150 - 300

cc BAV2C2Q/T, 2



Commissioning Run Parameters

V.

| Tuning Range: 2.282 - 2.294 GHz \ /

7

Cavity Volume: 1.5 L

Q Factor: 500,000 &=
I Average Magnetic Field: 6.9 T [
A NTEE @@
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Commissioning Run

» Commissioning run is successfully finished.
v' Period: (2021) Feb 10t 19:30 ~ Feb 15t 14:30

v' Experiment Parameters
(= JPA Noise Measurement (Every 1 MHz)

< = NA (Span 50 kHz, IFBW 100 Hz, 501 points): Q,, B, Every 20 steps
= SA (60 sec, Span 100 kHz, RBW 100 Hz, 1000 points)
\_* Cavity Tuning (5 kHz), JPA Tuning (17 dB Gain, Every 10 times)

Center Frequency . 2.50E+05
2, 295,000,000 _8 5.40E+05

® 5.30E+05
L
> 5.20E+05
)
'T_U 5.10E+05
S, 5.00E+05
2,285,000,000 e . 8 4 .90E+05
- 4.80E+05
3 4.70E+05
2111 2112 2113 C 4.60E+05
= rfreq - 2.28E+09 2.285E+09 2.29E+09 2.295E+09

2021-06-15 2021 Patras Workshop Resonant Frequency (Hz) 20

1.9 min / step

2,290,000,000

=y
=S
=
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=
=3
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=
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Plan for Improving 2.3 GHz ReBCO Cavity

» Next Version Cavity
= Quality Control of Tapes (targetmg QO ~ 1,000,000)

R N NGRS, 0

Cut by I\/Iacm . -.,.;(:‘J-‘""’ K % v
B “:\v‘_:l\ 1 F
WERY

i WY

Defected area minimized

Mechanical Polishing

. -

~ | 300400 um
v : ““Defect

= Cavity Temperature Reduction: 100mK - 50mK
v Brass Body - Copper Body (Improving Thermalization)
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Target Sensitivity

Frequency (GHz)

0.5 1 2 5

WOF

-------------------- |DFSZ

-—— m——
o cmnsnew=
- e S e e w e
- P

mQUAX-ay=CAPP
 HAYSTAC™CAST

10

|ksvz

™ This work

3 2 5 10 20
Phys. Rev. Lett. 126 (2021) 191802 m, (neV)

memmms  HEMT Run Target: 9 KSVZ (Published)
s |PA Run Target: 2.8 KSVZ (About to Submit)
Superconducting Cavity Run Target: 1 KSVZ

2021-06-15 2021 Patras Workshop
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Summary

» Superconducting Cavity R&D at CAPP aims to enhance axion search
with a high Q factor cavity using superconductors.

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

» CAPP successfully developed a half-million Q factor ReBCO cavity with
a 2.3 GHz resonance frequency working in an 8 T magnetic field.

» The commissioning run with the 2.3 GHz ReBCO cavity was
successfully finished.

» CAPP-PACE team is now planning to take 1 KSVZ data with the next
version of the 2.3 GHz ReBCO cavity.
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Superconductivity in a High Magnetic Field

G
8 GHz, Rutile Resonator

10
x 20K
o 30K
8 - 40K
O 50K
* 60K
70 K
6_

Additional Surface Resistance

Supercond. Sci. Technol. 32 (2019) 094006
Bruker

a) 120 . :
+Brl_.|_ker
100 - L +£ﬂi:tﬂ:§m i
‘g:>f iSuNAM
SuperOx
% _ 80r T —!—SuzerPower il
o I T
[ g 60 - *
poH(T) 2
. P 40
Lower Surface Resistance L
at Low Temperature L B b |
High depinning frequency
20 30 50

Py = P =

ittleman & Rosenblum Model

NX + kpx =] x $g n,.
1 B®y 1

1+ ivy/v n 1+ivy/v

Zg=Z(T,B) — Z(T,0) = AZ = \/i2mv 1o py.

0

10 40 60 70 80

T (K)

Biaxially textured ReBCO tapes has good properties for high Q cavity for axion Search

2021-06-15

2021 Patras Workshop
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ReBCO Film at mK temperature

» Surface Resistance Study
Rigid Spins = Flexible Spins

. . - ® 10.18GHz PRB 63 104517 (2001)
Anti-ferromagnetism (AFM) L

Gd Atom Spins \
Néel Temperature ~ 2.2 K

Rs, 0T, 100 mK, 10.18 GHz le-5

R, 0T, 100 mk, 236Hz ~ 2-1€-7 i ST
0 5 10 15 20 25 30 35 40
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Cavity Q Factor Analysis

» Surface Resistance Study

Néel Temperature

700000 Additional Qadd o~ 600’000 650000 /
600000 N o

600000
4.2 K: Q ~ 530,000 i
I 550000 Boa
500000 . [ —
= 500000
400000
S 5 450000
(S =
& &
O 300000 e O 400000
Sy o
300000 ® 00
100000 C emmm
¥—— Néel Temperature 250000
0
0 10 20 30 40 50 60 70 80 90 100 200000
0 1 2 3 4 5

Temperature (K) . )
emperature

QReBCO, a2k~ 4,500,000 From Rutile Resonator
O~ideaIBBQ, 0T,4.2K ~ 3'200'000
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Cavity Q Factor Analysis

» Surface Resistance Study

700000 at8 T
Additional + ReBCO with Vortices o~
- Qresco ™ 3,000,000

ReBCO loss can be reduced
by additional pinning center (APC).
Ex) Fujikura APC, THEVA APC

500000 ¥

400000 650000

600000 @)A/ Additional Qadd ~ 600,000

Quality Factor

300000 S

© 550000 ey

- Additional loss can be reduced
200000 5 500000 by improved delamination,

450000 and polishing tapes mechanically.
100000 400000
0 0.2 0.4 0.6 0.8 1
BBQVZ'TH EVA Magnetic Field (T)
0 1 2 3 4 5 6 7 8

Magnetic Field (T)
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