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Introduction:

Cavity Haloscope Experiment for Dark Matter Axion Search

Coupling Constant Dark Matter Axion Density

Sikivie PRL(1983)1415 Signal j
B % P QaQ:
> “'mg Qo + Qi
O \ L — N Axion Mass
Milky Way Kim et al. JCAP03(2020)066 Axion Quality Factor
7 10°
Scan Rate > ~
‘ Magnetic df B* 1> Ca
Loaded Quality Factor (Q,) Field (B) dt X QlQa

™~ System Noise Temperature ~ 200 mK

Dr. Jinsu Kim, Patras Workshop, 2023
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Introduction:

High Quality Factor Cavity is Needed for Faster Axion Search

Coupling Constant Dark Matter Axion Density

Sikivie PRL(1983)1415 Signal j
B % P QaQ:
> “'mg Qo + Qi
O \ L — N Axion Mass
Milky Way Kim et al. JCAP03(2020)066 Axion Quality Factor
7 10°
Scan Rate > ~
‘ Magnetic df B* G >
Loaded Quality Factor (Q,) Field (B) dt X QlQa

Dr. Jinsu Kim, Patras Workshop, 2023
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Introduction:

High Quality Factor Should be Maintained in a High Magnetic Field

Coupling Constant Dark Matter Axion Density

Sikivie PRL(1983)1415 Signal j
B % P QaQ:
> “'mg Qo + Qi
O \ L — N Axion Mass
Milky Way Kim et al. JCAP03(2020)066 Axion Quality Factor
7 10°
Scan Rate > ~
‘ Magnetic df B* G >
Loaded Quality Factor (Q,) Field (B) dt X QlQa

Dr. Jinsu Kim, Patras Workshop, 2023
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Material Evaluation Criteria

Two Preferred Conditions for Cavity Haloscopes

High-Temperature Superconductor
Rs

« 1 in a magnetic field
Rcuy

Biaxially-Textured Film

Minimizing Surface Defect
& Magnetic Field Degradation
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Vortex Dynamics & Energy Dissipation Mechanism

> Type II superconductor forms vortices (quantized magnetic flux, ®,) in @ magnetic field.
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Vortex Dynamics & Energy Dissipation Mechanism

> Type II superconductor forms vortices (quantized magnetic flux, ®,) in @ magnetic field.

» Vortices respond to the incident electromagnetic wave.

EM wave

magnetic (])0 Flux Quanta
field

C%CE Lorentz
B
Fp =] X @
/]
| // Surface
Current
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Vortex Dynamics & Energy Dissipation Mechanism

> Type II superconductor forms vortices (quantized magnetic flux, ®,) in @ magnetic field.
» Vortices respond to the incident electromagnetic wave.

> Every vortex is trapped in each pinning potential well.

EM wave U..
bt Pinning
Drag Force 4 Potential
magnetic (I)O Flux Quanta
field
% 5% Lorentz FL
é| force
FL = i X (])0 Pinning Force
- — .
LOP X
| /Surface
Current
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Vortex Dynamics & Energy Dissipation Mechanism

> Type II superconductor forms vortices (quantized magnetic flux, ®,) in @ magnetic field.
» Vortices respond to the incident electromagnetic wave.
> Every vortex is trapped in each pinning potential well.
> Above a depinning frequency, pinning force become negligible. High Depinning
/ $ Frequency (v,;)
S EM wave U ; o A .
< drag Force 4 bowand v :
Vdi .
magnetic lux Quanta .
ﬁeli t (I)O F Qét B E
Lorentz F E
cﬁgéf% . L N Ll
FL = ] X (])0 Pinning Force F; = Fpi E
- — Pinning Regime :
/sa oo >
| e o  H
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Vortex Dynamics & Energy Dissipation Mechanism

> Type II superconductor forms vortices (quantized magnetic flux, ®,) in @ magnetic field.
» Vortices respond to the incident electromagnetic wave.
> Every vortex is trapped in each pinning potential well.
> Above a melting field, vortices are mixed each other. High Melting Field (H,,)
~ High Critical Field (H;)
/~$EM wave Upi i .
Y Drag Force 4 Ppotential
magnetic (I)O Flux Quanta
Fy

field
5% Lorentz
é| force
FL = i X ?0 Pinning Force

| /Surface
Current
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Vortex Dynamics & Energy Dissipation Mechanism

Type II superconductor forms vortices (quantized magnetic flux, ®,) in @ magnetic field.
Vortices respond to the incident electromagnetic wave.

Every vortex is trapped in each pinning potential well.

YV V V VY

In the pinning regime, the surface resistance is much smaller than that of copper.

/ s§ EM wave Upi
~N

Drag Force ¢

Pinning
Potential

»

magnetic (()] 0 Flux Quanta

- %%f Lorentz
force
S BB jua;

=N

Pinning Force

| /Surface
Current
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Type |l Superconductor in a Magnetic Field
Considering Cavity Haloscope Experimental Condition

R,(B=8T, lic)
(Ohm)

Depinning

Critical Field (H,,) Frequency

OFHC Cu (Metal) ~ 7E-3 ~ 7E-3 None None
oW TR At S PN QU O g (LTS, L. ettt s e s e e s s s e s e e s s e s e e s b e e S E S R R AR R AR AR A R A RAREA R RREEEREEREEEERREEEES |
. Small
NbTi (LTS) ~ 1E-6 ~ 4e-3 ~13T ~ 45 GHz
Gatti et al. PRD(2019)
Small
Nb3$n (LTS) ~ 1E-6 ? ~25T ~ 6 GHz
= _Alimentiet al. SUST(2020) .
?jmJm@yﬁ§p-%rmggp-‘c-tp-rém‘;sL-!'-H'-!'-!'-!'-!'-!'-H'-!'-!'-!'-!'-!'-!'-H'-!'-!'-!'-!'-!'-!'-H'-!'-!'-!'-!'-!'-H'-!'-!'-!'-!'-!'-!'-H'-!'-!'-!'-!'-!'-!'-H'-!'-!'-!'-F-!'-H'-!'-!'JJJJJJJJJJJJJJJJJJJJJJJQ' FEEEEESEAESSEAESsEAESEEEEE. ':
Bi-2212 (HTS) - 1E , >100 T (llab) i R
Bi-2223 (HTS) | oo |
>100T (llab)
TI-1223 (HTS) ~ 1E_5 ~ 1e_4 Larbalestier(etal. ) . 12 - 480 MHZ
Calatroni et al. SUST(2017) Nature(2001) E Calatroni et al. SUST(2017)
Strong Pinning
ReBCO (HTS) ~ 1E-5 ~le-4 >100T (llab) i 10-100 GHz
Re =Y, Gd, Eu, ...  Raiao) Sclentitc Reports{2020 it D Scenic eports(2020
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Material Evaluation Criteria

Two Preferred Conditions for Cavity Haloscopes

High-Temperature Superconductor
Rs

« 1 in a magnetic field
Rcuy

Biaxially-Textured Film

Minimizing Surface Defect
& Magnetic Field Degradation
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductor Architecture

» Larger energy dissipation is originated due to flowing current at high angle grain boundaries.

strong link
(low-angle grain boundary)

\ ve!
P' NN weak link

(large-angle grain boundary)

A T |
s i

a or
crystal axes twin boundary inclusion

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

(1) E iee S armerer . .
KalsT rﬁfﬂ%’qﬂ“ Gy icise iz Recontres du Vietnam 2024: Axion Quest 14




Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductor Architecture

» Larger energy dissipation is originated due to flowing current at high angle grain boundaries

» Second generation ReBCO coated conductor technology realizes low angle grain boundaries

which have misorientation angles less than 4 degree. (biaxially-textured)

. . FFujil:ura
void Blax'ii{,ﬂglkexwred RE- BASED HIGH- TEMPERATURE SUPERCONDUCTOR
R 1
grain ) \ (low-angle grain boundary) CHARACTERISTIC FEATURE

- Original key manufacturing techniques of IBAD
& PLD process enabling high superconducting

T weak link performance
v | /41 (large-angle grain boundary)

- Superior in-field critical current and excellent
mechanical properties applicable for magnet
| applications
. N\ Hi
NN .
RN

" i
! il
Ul

b dn o
/ e
i o EESh f
=L b -
WIDTH
4

twin boundary inclusion

crystal axes

ttttttttt

[Hastelloy®]
M. J. Lancaster, “Passive microwave device applications of HTS”, _(\ ’’’’’’ "
Cambridge University Press (2006).
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductor Architecture

Larger energy dissipation is originated due to flowing current at high angle grain boundaries.
Second generation ReBCO coated conductor technology realizes low angle grain boundaries

which have misorientation angles less than 4 degree. (biaxially-textured)

2 dimensional high-quality ReBCO coated conductor is flexible to manipulate.

FFujil:ura

void BIaX|ast|angl];kextured RE- BASED HIGH- TEMPERATURE SUPERCONDUCTOR
R 1

(low-angle grain boundary) CHARACTERISTIC FEATURE

"~ = - Superior in-field critical current and excellent
~ mechanical properties applicable for magnet
| applications
} N, N
N

- Original key manufacturing techniques of IBAD
& PLD process enabling high superconducting

T weak link performance
v | /41 (large-angle grain boundary)

i
‘V'ui‘i

N\t '
/ e
i o EESh f
=L b -
WIDTH
41

twin boundary inclusion

crystal axes

sssssssss

[Hastelloy®]
M. J. Lancaster, “Passive microwave device applications of HTS”, _(\ ’’’’’’ "
Cambridge University Press (2006).
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductors Shows Low Surface Resistance

Cavity Haloscope: v = 0(1~10%) GHz, Ty, = 0(10°) mK, B = 0(10) T

RS (V» Tphyr B) = RBCS (V: Tphy: 0) + Rdefect (V' Tphyr O) + Rvortex (V' Tphyr B) + Rmagnetism (V, Tphy» B)

(1) E iee S armerer . .
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductors Shows Low Surface Resistance

Cavity Haloscope: v = 0(1~10%) GHz, Typy, = 0(10*) mK, B = 0(10) T

RS (V» Tphyr B) = RBCS%’ 0) + Rdefect (V' Tphyr O) + Rvortex (V' Tphyr B) + Rmagnetism (V, Tphy» B)

w:{ -
- [
E wiy .
=
2
m &
g 10
m
&
m ..
ke Rs,Fuji,or .
b=
=]
viop-e
100 mK
1I}_? | T T T T T T T T T
o0 02 04 06 08B 10 12 14 16 18
Freguency (Hz) 1210
1) et s | |
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductors Shows Low Surface Resistance

Cavity Haloscope: v = 0(1~10%) GHz, Ty, = 0(10°) mK, B = 0(10) T

RS (V» Tphyr B) = RBCSVp/hy: 0) + Rdefect%r O) + Rvortex (V' Tphyr B) + Rmagnetism (V, Tphy» B)

M. J. Lancaster, “Passive microwave device applications 10-2 4 .
of HTS", Cambridge University Press (2§06). N m e aarrelliminadly aamemmmmmmm s T
void laxially Textured I,
P strong link R -
grain N \ (low-angle grain boundary) E ------
————— i
= go1p4
e Y i
i ! LA .
g N & 1p-t Rs,Fu]l,OT__
—| . i W gt i [
#g, i 5
aorb —™" ¥ 107
crystal axes twin boundary inclusion 1 OO mK
1'}_? i T T T T T T T T T
oo 02 04 06 08 10 12 14 16 18
Freguency (Hz) leld
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductors Shows Low Surface Resistance

Cavity Haloscope: v = 0(1~10%) GHz, Ty, = 0(10°) mK, B = 0(10) T

RS (V» Tphyr B) = RBCSVp/hy: O) + Rdefect%r O) + Rvortex (V' Tphyr B) + Rmagnetism%» B)

For Y & Eu atoms

M. J. Lancaster, “Passive microwave device applications 10-2 4 .
of HTS", Cambridge University Press (2§06). M e aarrelliminadly aa e mmmmmmm s T
void laxially Textured I,
strong link R -
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Second Generation ReBCO Coated Conductors

Biaxially-Textured ReBCO Coated Conductors Shows Low Surface Resistance

Cavity Haloscope: v = 0(1~10%) GHz, Typ, = 0(10°) mK, B = 0(10) T

RS (V» Tphyr B) = RBCSVp/hy: 0) + Rdefect%r O) + Rvortex (V» Tphy» B) + Rmagnetism%» B)
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Second Generation ReBCO Coated Conductors

Thin Film Does Not Degrade External Tesla-Scale Magnetic Field

» Thin film geometry does not affect to magnetic fields in the cavity volume.

8
: : s=1
o] e} e} O g @ @
o © ©° 5 5
o o © o © 3
o e}
(e} (0] (0] (0] o O
(@] © o (0]
o 0 o
o (e]
(@] (0]
(@]
(o] (0]
H = s X 600 mm 0
R = s X 160 mm o
Usim = 0.05 &
Uprs = 099 @ >7T
°© s=0.1
tHTS =~ 3e-3 mm o)
0 0.2 0.4 0.6 0.8 1 1.2
Film Thickness (mm)
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Second Generation ReBCO Coated Conductors

Thin Film Does Not Degrade External Tesla-Scale Magnetic Field

» Thin film geometry does not affect to magnetic fields in the cavity volume.

@
© g g s=1
o o o o} 3 g @ @
s © o ¢ 3 o g
o) ¢ o o © o)
0 0 o o g o
o © 5 o
o o o
5 o
o o
o
o o
H = s X 600 mm 0
R = s X 160 mm o
Usim = 0.05 &
Uprs = 099 @ >7T
°© s=0.1
tHTS =~ 3e-3 mm o)
0 0.2 0.4 0.6 0.8 1 1.2
Film Thickness (mm)
Kaist rﬁfvﬂii'\‘,ﬂ“ > icise iz Recontres du Vietham 2024: Axion Quest 23



Second Generation ReBCO Coated Conductors

Thin Film Does Not Degrade External Tesla-Scale Magnetic Field

» Thin film geometry does not affect to magnetic fields in the cavity volume.

8 2 |
o} S s s=1
o g g @ @
o N © 8 o o o) g
o) o o o o)
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o © 5 2 o)
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Uprs = 099 @ >7T o s=01
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Film Thickness (mm)
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Second Generation ReBCO Coated Conductors

Thin Film Does Not Degrade External Tesla-Scale Magnetic Field

» Thin film geometry does not affect to magnetic fields in the cavity volume.
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Second Generation ReBCO Coated Conductors

Thin Film Does Not Degrade External Tesla-Scale Magnetic Field

» Thin film geometry does not affect to magnetic fields in the cavity volume.
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High-temperature Superconducting Cavities at CAPP

Development Methods

Strategy 1 Strategy 2

K w - b8
” _»{7’;:— ; R | '
/ //, N

Pros: Clean Surface Pros: asy to Fabricate, Electrically Connected
Cons: Slow Fabrication, Electrically Disconnected Cons: Surface Defect (~ 10%)

(1) E iee S armerer . .
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High-temperature Superconducting Cavities at CAPP

Strategy 1

» Simulation study can estimate energy loss from gaps.

» Misalignments and defects are considered based on fabrication error.

> Only evanescent field enter into a gap. Q > 107
ext
Ahn et al. PRApleed(2022), 17, L061005 COMSOL Multiohvsics Result
| s ﬁa%_m | _oao]| Evanescent
=~ | '
| 035 & %: 0.35
Jimo10 2 g |
| 0303 Sl
1 0.25 g T 0.25
i = g‘
020 & —2 020
| B S
0.15 % 7 % 0.15
» 0.10 § 'Tér.lo
5 0.05 g < 0.05
i Lx 0 i——x 0

(1) E iee S armerer . .
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High-temperature Superconducting Cavities at CAPP

Strategy 1

2.50E+07
5.4 GHz, 0.2 L,
EuBCO+APC Tapes (Fujikura)
2.00E+07
TM010 Q~13e7@8T
« 1.50E+07 \
@)
s}
(&)
©
L
O 1.00E+07
TMO11
5 00E+06 w/o magnet ramping
e Loaded ¢ Unloaded
0.00E+00
0 2 4 6 8
o | | Magnetic Field (T)
KAIST RENCONIRES (ON iCige ihsuzaere Recontres du Vietham 2024: Axion Quest 29

u F;T)\IAH =) s ane




High-temperature Superconducting Cavities at CAPP

History of Development

Date Tape f (GHz) Nyap 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 Cavity Haloscope
3 EuBCO+APC 2.3 34 50M 35M >10 M Axion Quark Nugget Search
4 EuBCO+APC 54 14 20 M 13 M Cavity Haloscope
5 EuBCO+APC 1.2~15 ? ? ? Axion Haloscope (CAPP-MAX)
KAIST EENCNTRES (B cige i Recontres du Vietnam 2024: Axion Quest 30



High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for CAPP-MAX

» CAPP’s flagship experiment to search for axion above 1GHz

Ahn’s talk on Mon 13:30
» Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) sensitivity lvanov’s talk on Fri 13:55

Josephson Parametric Amplifier 12 Tesla SC magnet ey
Tsys = 200 mK 320mm bore diameter B-field map
31
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for CAPP-MAX

arXiv:2402.12892, Submitted to PRX, Accepted -

: ” 0.5 1 2 3 4 5 6 T 8
-l!' Global Cluster [ CAST W CAPP TASEH
10 ~1 mmm Neutron Stars — ] 2| B GrAHa
: N S ADMX CAST-CAPP GrAHal
0 RBF & UF B HAYSTAC CAPP18T

my [peV]

1) . .
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for CAPP-MAX

arXiv:2402.12892, Submitted to PRX, Accepted -

: ” 0.5 1 2 3 4 5 6 T 8
-l!' Global Cluster [ CAST W CAPP TASEH
10 ~1 mmm Neutron Stars — ] 2| B GrAHa
: N S ADMX CAST-CAPP GrAHal
0 RBF & UF B HAYSTAC CAPP18T

my [peV]

1) . .
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for CAPP-MAX

arXiv:2402.12892, Submitted to PRX, Accepted e [GH2]
- - - 95 ; : ¢ ¢ 5 ® 1 8
-||'! Global Cluster [ CAST N CAPP TASEH
I Neutron Stars B ADMX Em CAST-CAPP B GrAHal

RBF & UF mm HAYSTAC CAPP18T

|ga*,*,- | [GeV l]

44 45 46 47

Below DFSZ sensitivity or Axion as 20% of Dark Matter
Yannis K. Semertzidis’s Opening Talk on Mon 10:00

11 . .
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for CAPP-MAX

arXiv:2402.12892, Submitted to PRX, Accepted

0

Cavity

XC plate

MX exﬁensmn

fixtures

—»

Signal out

T Piezo rotator

Piezo linear OFHC copper braiding

positioner

Coupling adjustment "\
Antenna Sapphire axle

30mm Indium

cold welding

Tuning rod

Ceramic bearing
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High-temperature Superconducting Cavities at CAPP

Strategy 2

0.2 mm gap Tuning Rod

> Sensitive to Contact Problem

» Gaps should be closed electrically to prevent a radiation

1.00E+14 g

Cavity w/o surface loss
1.00E+12

1.00E+10 )
1.00E+08 ]
O " \
e il o
1.00E+06 g .

1.00E+04 Q.4 ~ 3€e5

Radiation Quality Factor

1.00E+02

01 | 1.00E+00

0.1
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High-temperature Superconducting Cavities at CAPP

Development Methods

Strategy 1 Strategy 2

K w - b8
” _»{7’;:— ; R | '
/ //, N

Pros: Clean Surface Pros: asy to Fabricate, Electrically Connected
Cons: Slow Fabrication, Electrically Disconnected Cons: Surface Defect (~ 10%)
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High-temperature Superconducting Cavities at CAPP
Strategy 2
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High-temperature Superconducting Cavities at CAPP
Strategy 2
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High-temperature Superconducting Cavities at CAPP

Strategy 2

Gear box
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High-temperature Superconducting Cavities at CAPP
Strategy 2

Cavity Resonant Frequency (Hz) and Quality Fa

Qcy ~ 80,000 W Qo ~1.1M

1.1630 Bil

1.1620 Bl

1.1610 Bil

1.1600 Bil

1.1590 Bil 0
7/520:00 7/6 00:00 7/6 04:00 7/6 08:00 7/6 12:00 7/6 16:00 7/6 20:00 7/7 00:00 7/7 0400

== Resonant frequency == Unloaded quality Factor == | oaded quality Factor
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High-temperature Superconducting Cavities at CAPP
Superconducting Cavity for CAPP-MAX
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High-temperature Superconducting Cavities at CAPP
Superconducting Cavity for CAPP-MAX

Loaded Quality factor
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for High-frequency Axion Search
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for High-frequency Axion Search
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High-temperature Superconducting Cavities at CAPP

Superconducting Cavity for CAPP-MAX

Frequency [GHz]
10 2x 10" 3x10°  4x10° 6x 10" 10

Large-scale HTS cavities | ‘
for below DFSZ axion search
in CAPP MAX g

RADES

\J

6x10° 10 2%10° 3x10° 4x10°
Mass [eV]
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Summary:

High-temperature Superconducting Cavities for Axion Search at CAPP

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

» High-temperature superconductors (HTS) are one of the most promising superconductors
for realizing a high Q factor cavity in a high magnetic field.

» The Center for Axion and Precision Physics Research (CAPP) have successfully fabricated
10 million Q factor cavity.

> Recently, CAPP developed large-scale HTS cavities for the CAPP-MAX experiment, aiming
to achieve sensitivity below DFSZ levels or even to detect 20% of axions as dark matter.

» The physics run with the large-scale HTS cavity for CAPP-MAX will start soon. 6\

» HTS cavities for high-mass axion search in R&D process. \\\(\e

g
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High-temperature Superconducting Cavities at CAPP

Strategy 1
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High-temperature Superconducting Cavities at CAPP

Strategy 1
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High-temperature Superconducting Cavities at CAPP

Strategy 1
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