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CAPP overview
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CAPP’s R&D for axion search
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Pure metal R&D

SC cavity R&D
Structure R&D

New concept cavity?

Multiple cavity
Toroidal cavity



CAPP projected sensitivity
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CULTASK 2016
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CULTASK 2016 w/ two DRs
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Two BlueFors Dilution Refrigerators were delivered, installed and are operational!

FEB | MAR | APR | MAY | JUN JUL | AUG | SEP | OCT | NOV | DEC
A
t >
Delivered _
Cavity Development w/ pure Cu and Al
Installed Noise Figure Measurement w/ HEMT amp

Refrigerator
Test and Training

DAQ setup
Complete RF receiver chain
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Bluefors DRs completely installed
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BlueFors LD400
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Model BlueFors LD400

Magnet None

RF lines 24

DC lines 72

Cooldownto 20~ 24 hours

<10 mK

Base temp at 9 mK

MXC

MXCtemp w/ 11 mk

Load w/ Al cavity (4cmid)
& HEMT amp

8T (AMI), 12cm ID

8
72

40~ 48 hours

7 mK
w/ SC magnet

<30 mk

w/ 10 kg OFHC copper sup
portstructure and cavity
+ HEMT amp
+ Network Analyzer
+ Piezo Controller



15 test system overview
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Axion searching

@ 2.0GHz ~2.5 GHz,
w/ 8T magnet

w/ MSA or 1K HEMT

OFHC Support Structure and
Frequency Tuning System

* Cu Cavity of 10cm OD

* Modulardesign

e Sapphire tuning rod, 1cm OD

e Rotational piezo for tuning

e Linear piezo for antenna

e Piezo holder thermally linked
to 1K plate

9 Detail ~



Cavity structure vs. contact problem
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Horizontal cut Vertical cut

»

Lathe machining based Milling machining based cavity structure

Knife edge =» Cuttingin electron oscillating direction

Indium gasket . ]
=» No additional resistance or leak
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No contact issue w/ vertically split cavity
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2 pieces 6 pieces

Vertical Cut 2pieces  Vertical Cut 6pieces

Normal design

|
Type :
Al6N . Al6061 (blended) Al6061

|
Q.. @room 10,000 | 10,200 9,600
(simulation) (~13,000) : (10,500) (~9,800)
Q.. @20mK  ~200,000 1  >3,500,000 > 1,300,000

|

Cf) Qqgor; @ 20mK  ~ 20,000,000

11 *Opc061 - 2.3€7 ~ 2.6€7 (S/m) *Open ~ 3.7€7 (S/m)



RF Cavity design (Prototype, R&D purpose)
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Cavity dimension Important parameters of cavity
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RF measurements of cavities
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Original model Vertical division

Room temperature
Low temperature <4K
_ @~293K

Resonant frequency 2.549GHz 2.557GHz
Q factor (HC/VC) 21,000/ 23,000 50,000/ 80,000

13



Linear piezo actuator to control the
_ coupling strength
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Travel range: 12mm

Enough range to control
weak coupling ~ critical coupling
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“"RE Cavity tuning: sapphire rod
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csT E field pattern when rod is in center

Sapphire: E field pattern when rod is near side wall

e=10.5 B -
tand=1e-4 ] ! TPt ) ‘ Freq
| | =2.51GHz
[ component1:tuning rod N ' | e
s ﬁ & =
EF%!:: i00§01 (Const. fit) = . ‘ Q
C m=mel 4 =19,500

Rotation = distance from cavity center to rod is changing

. Tuning range: 2.1GHz ~ 2.5GHz (~400MHz range)



Measurements

RF cavity tuning: sapphire rod

—1

Frequency (GHz)
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Angle (degree)

12000
200

Resonant frequency (GHz)

Q factor Measurement

(simulation)

Q factor

16,000 (19,000)

Experimental results

50634 Network Analyze

Save/Recall

Save State |
1 2.5557675 GHz -71.197 dB

BW: 109.9840000 kHz
€ : 2.555767409

GHz Recall State |

Recall by

File Name ‘

Save Channel |

Recall Channel |

Save Type
State & Cal

Channel/Trace
Disp Only

Save
Trace Data...

Save SnP

Explorer

Return

1 Center 2.5557661 GHz IFBW 10 kHz Span 1 MHz [0 !

ExtRef| 2017-01-05 17:25

2.047 2.496
12,500 (14,000)

Cf) no Q reduction w/ sapphire @ low temperature
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Stablllty of tuning rod w/ cryogenic bearing
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414318 1 '
0 2 4 6 8 10 12 14 16 18 20 0O 20 40 60 80 100 120 140 160 180 200
Piezo steps Piezo steps
w/o cryogenic bearing w/ cryogenic bearing
1000 samples per each step 100 samples per each step
Af=(2500.74 £14506.5) Hz Af=(3091.2£153.7) Hz
(error >500 %) (error ~5 %)
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Sapphire is thermally good?
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Varying touching area, we simulate temperature of tuning rod
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Using COMSOL
Line Graph: Temperature (K) L
EH(1)=9.8E-5 m Surface: Temperature (K)
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Assuming 1% touching (0.04mm x 2t x 4mm) =2 32mK

18 Cf) Assuming 0.01% touching (0.4umx 2t x 4mm) = ~70mK



Split cavity set with sapphire rod
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Split cavity with sapphire rod
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Cryo bearing (ceramic)

ID: 4mm
° OD: 4mm

" OD: 10mm

OD: 10 mm

**Sapphire tuning rod assembly

Adjustment using *cryogenic epoxy

*stycast 2850
20 **99.99% pure Al,O4



RF Chain in refrigerator (6K HEMT)
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weak coupler
Strong
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6K HEMT, isolator, coupler installation
. still plate (1K)
'z
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. Noise temperature @ 2.5GHz: 8K



RF Chain in refrigerator (SQUID)
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weak coupler
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SQUID, isolator, coupler installation
: MXC plate (<30mK)

20
1K

Piezo 154
electronics

Gain (dB)

Tuning rod

S

000 2200 2400 2600 2800 3000
Frequency (MHz)

Test results from vendor

i

REFRIGERATOR

ez squid (2.5GHz sample)

Under test
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Available amplifiers in CAPP
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1t amplifier candidates s ~
6K HEMT 1KHEMT JPA sQuiD
Gain 37dB 36 dB 20dB <20dB
Noise temp. 8K <=2K *0.4K *0.2K
N J
4.5-6GHz 2.5GHz
42vT

23 Vo



Entire system for the 15t test run
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4K plate

4K plate
External shielding

1K plate

1K shielding MXC plate

8T magnet
+ cancellation coil
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4K shielding
Cavity

I
I
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RF box (by Dr. Jihoon Choi)
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Complete RF chain w/ DAQ
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| LTO-6 Backup System

-
—_ Database B DII -
System > Server -
0—IER

\‘ = Stora Server Offline analyses
Mobile phone

Neﬂ
M Controll /.m\ /\ @ /°"> Web- based'ﬁmLomtonng
agnet Controller ‘ é/ / (

Expenment shift

T . i

9 ":L‘I

I

-

!

Tuning rod i
Controllery I ¥ i
’ = /o ) ; e i
- —~1 = ;

Measure

Reference clock

Refrigerator
Control
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DAQ of fake axion signal
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g -117.8f— .
& ~
- Pinput = -80 dBm,
e - (cavity loss = -37.8 dB)
~118.4] N No amplifier included in both LT
sel- and RT
_118.85_ - Ambient temperature = 26 mK
. B 170,000 spectra averaged
~119f—
—119'2__ | IR W TR [N TN TN SN NN AN SN SN NN SN SN S S S S S

2557.244  2557.246  2557.248 2557.25 2557.252  2557.254
Frequency [MHz]

27 From Dr. Soohyoung Lee



15 test system summary
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Cavity: 9cm ID, 9.3cm height =» 2.56GHz, Q=80,000 @ 20mK
* To be upgraded to 9cm ID, more than 20cm height

15t amp: 6K Noise HEMT
* (1K HEMT & SQUID under test)

Total RF gain : 82dB (65dB w/ squib)
* Noise temperature: (2K w/ 1k HEMT, 0.13K w/sqQuiD)

e Scanning rate(KSVZ): 8K
e ~20Hz/day (330Hz/dayw/ 1K HEMT, 58KkHz/day w/SQUID)

* Scanning rate(DFSZ):
e ~0.4Hz/day (145Hz/dayw/ 1K HEMT, 1.1kHz/dayw/SQUID)

28



CULTASK 2017
& beyond 2017

CAPP/ Center for Axion and Precision Physics Research



Low vibration pads (LVPs) construction
—— itﬁ Institute for Basic Science

CAPP/ Centar far Avinn ~nd Dracicinn Dhucirc Racaarrh  EE——

vt

Ll
v
Y sanT.
= i R
_— P ; Sy waweEN TRSEIT .
== Late— A\ s

bubbli _Soohyungtee



Low vibration pads (LVPs) construction
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Milestone
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| 2015 | 2016 | 2017 | 2018 | 2019

Lab Space

High Field
Magnet

SC Cavity
Development

SQUID
Amplifier

Axion Cavity
Experiment

32
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Munji Campus
Design &

LVP

25T-10
testing of SC 18T-7
cables 127-32
P .
Study res. and
geom

prototypeSQUID for1-10 GHz

A . LA
ALQUITE JFA

Building

Engineering
Run at KAIS

Setup plan,




Summary
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» State of the Art Axion Research at CAPP/IBS in Korea

* Major R&D Efforts
* Higher B Field: HTS (18T, 25T...) + LTS (12T-32cm)

* Higher Q Factor with B Field: Factor of >10
Improvement

e Larger Volume: Toroidal Cavity
* R&D for Higher Frequencies ( >10 GHz)

* CULTASK ready to build a complete experiment
e ez SQUID testis remained (in 2 weeks)
* Vertical division promise contactless TM010 cavity
* Could reach close to QCD Axion Sensitivity soon!

* Major improvement in Axion Experiment in 2 years

33



BACKUP
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Institute for Basic Science (IBS)
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IBS HQ
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CAPP/IBS at KAIST
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KAIST main campus
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CAPP/IBS at KAIST Munji campus
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KAIST Munji Campus
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CAPPers
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Bluefors refrigerator w/ 8T magnet

lﬁ Institute for Basic Science

When 20mK @MXC plate,
cooling power>20uW

To reach <30mkK,
>= 2days (w/ magnet)

To warm up from <30mK,
>= 2days (w/ magnet) C
D‘Q

Magnetic field: 8T

Magnet center:
40cm below from MXC plate

8T coverage??
Within 20cm (vertically)
15cm diameter (horizontally)

CAPP/ Center for Axion and Precision Physics Research m—
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Schematic of 15t axion searching experiment
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Fakeaxion signal
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Network

Analyzer

Input

Switch B % |

o._‘_l

e

:

Switch A

d& 0 Switch C

Weak

2

4

Coupler

:

Coupler

Cryostat

Output

=

~

Attenuator

Switch D |

Strong
R

|solator Cryo
HEMT

Isolator

Spectrum
Analyzer

LNA

From Dr. Jihoon
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Cavity supporting structure
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MXC plate

Empty area: prevent eddy curren

Cavity
Modular structure =2 replacing available
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Piezo holder (thermally isolated)
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Thermal braiding
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Main purpose:
To thermally contact the piezos to 1K
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(to avoid critical thermal
load from piezos on cavity)

Connect to 1K plate

L

Connect to piezo sides

Thermal braid
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Breakthrough

- Use average function in the spectrum analyzer
» Spectrum-by-spectrum measurement

W Waiting (~200 ms) SA-PC (~20ms) [ MEM—-HDD (~40 ms)
Sweep (3.3 ms)| Waiting (~200 ms) SA-PC (~20ms) | MEM—-HDD (~40 ms)

10,000 measurements: 2,600 sec. for 33 sec measurements peadtime = 98.7%
» Averaged spectrum measurement (e.g. flushing at 1,000

measurements)

Sweep (3.3 ms) | Sweep (3.3 ms) oy Sweep (3.3 ms) | Sweep (3.3 ms)
Waiting (~32 s) SA-PC (~1.1ms) | MEM—HDD (~0.3 ms)

10,000 measurements (1k avg.): 320 sec. for 33 sec measurements Deadtime =89.7%

Spectrum analyzer N9010A can average up to 10,000 spectra
10,000 measurements (10k avg.): 48 sec. for 33 sec measurements Deadtime = 31.3%

Dec 13 u , CULTASK Meeting Soohyung Lee (CAPP/IBS)




