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» First results of Taiwan Axion Search Experiment with Haloscope (TASEH)

« TASEH ongoing development
« Conic shell cavity
- JPA

« Gain and noise calibration from heated cavity

« Conclusion



Axion Haloscope Search

Axion search via tunable cavity: Signal power
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« Listening to extremely weak radio signal
(tuning and averaging)
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Taiwan Axion Search Experiment with Haloscope TASEH

Collaboration launched in Year 2020

Axion haloscope detection

Cold axion|

N\

Experiment with Haloscope
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10 peV <m, <25 peV

2.5 GHz < w,/2m <6 GHz

Setup for the first physics experiment

FFT

Bluefors DR:
 base: 27 mK

AMI magnet:
 field:8T
* bore: 6.8 mm




Cavity Detector
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Frequency tuning mechanism

TM,; 0 mode pattern
Tuning rod

OFHC copper, split cavity

Volume V: ~0.234 L

High quality Q: ~ 62000

Large form factor Cy1y: ~ 0.62

Tunable frequency f.: 4.65 — 4.95 GHz
Tunable coupling #, : 0.5 -3

Signal power P,: ~ 1.4 x 10> W (KSV2)
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TASEH collaboration, RSI 93, 084501 (2022)



Signal Receiver Wiring

VNA VST
Port 1 Port 2 RF out RF in
%_‘ * Probe 2 for readout (strong coupling)
52% N * Probe 1 for test signal (weak coupling)
%g Cof %22 « Two readouts to characterize cavity
LA . . B - « First-stage amplifier: HEMT
(s mify] | e | cot [ o -« Separate noise source for readout 2
4K A /\ A1 /\ A2 At1 (10dB) calibration
e omfl | | Blacem
Exchange A2 [§] | Cos(somirigaNbTicong | o3 [ Av(am)
wing sy | | Blaece
\—@DC ¢ Co2 (semi-rigid Cu coax)
Probe 1 Probecis 11 Cal (semi'gﬁxcigfx)

TASEH collaboration, RSI 93, 084501 (2022)



Gain Calibration and Noise Performance

Y-factor method
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7o hw 1 N 1
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thermal vacuum

G,. ~ 100 dB

Toys: ~2.3K

~ 10 times higher than quantum limit
Dominated by HEMT amplifier

TASEH collaboration, RSI 93, 084501 (2022)



Synthetic Signal Test

* Inject synthetic signal to verify the procedures of
data acquisition and physics analysis.
KSVZ

* Test signal power corresponding to g,y = 20gayy .

» The test signal was found at 4.708970 GHz with
SNR =6.12.
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4.707 4.708 4.709 4.710
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TASEH collaboration, RSI 93, 084501 (2022)
TASEH collaboration, PRD 106, 052002 (2022)



Experimental Benchmark Parameters

B, 8T
% 0.234 L

Coio | 0.614—0.630
0, | 58000 — 65000
Teys 21-24K

B, 1.9-23

| Af; 95 — 115 kHz

L At 32 — 42 min

| Nitep 837
fio 4.70750 GHz
fui 4.79815 GHz

Operation parameters

* Maximize search rate with fixed sensitivity
« Cover search range continuously

 Reach ~ 10 times KSVZ sensitivity

TASEH collaboration, RSI 93, 084501 (2022)



TASEH First Results

Search exclusion p|0t TASEH collaboration, PRL 129, 111802 (2022)
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« ~ 1 month data taking in the end of Year 2021
« 19.4687 — 19.8436 ueV (4.707 50 and 4.798 15 GHz, ~ 90 MHz search range)

*  Excludes models with the axion-two-photon coupling g,yy = 8.1 x 107'* GeV™"
(~ 11 times above QCD KSVZ model limit) at 95% C.L.

» First-hand experience of operating axion haloscope



| VNA |

Existing

Port 1

Port 2

V.
RF out Fin

s

S2
-

A3 Co1

A3
RT A3
50K At1 Co4 (seml-_rlgld Ag-plated Cod

CuNi coax)

4K At A1 /\ A2

Still At1
Exchange At2
Mixing  At3

Probe 1

ST
R
A3
Ax
A3

S1
Probe 2

Co1

Co1 (semi-flexible

Cu coax)

Heater | ®

Haloscope Upgrade

Upgrade

VNA VST
Port 1 | Port 2 RF out RF in
S2 S2
=
A3 Cof A3
A3 A3
RT A3 A3
50K At1 Co4d (semi—lrigid silver coated, At1 (10dB)
CuNi coax)
4K At1 A1 At1 (10dB)
Still At1 At1 (10dB)

Mixing  At3

Magnet upgrade
Conic shell cavity
JPA

Cc

Probe 1 Probe 2

Cavity for noise calibration

At3 (20dB)

Co2 (semi-rigid Cu coax)

Co1 (semi-flexible Cu coax)



Layout

S U8 &2

DR mixing flange —

JPA

JPA shielding assembly

Motor and gear

v

Cavity



New DR and Magnet Upgrade
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Design model (assisted by HFSS simulation)

A/4 Choke
Gap d for
tuning

Cavity space

Outer cone

foio ~¢/2w

Outer cone
half-angle ¢

Inner cone
half-angle 6

Conic Shell Cavity

vertically

| ——Y—-|

Tuning“

Ref: C. Kuo, JCAP 2021, 02 018 (2021)

TMy;, Mmode exists in cavity between two cones

Maximize available space in magnet bore

fTMOlO - 475 GHZ

Frequency tuning via inner position and
different angles of cones

TE modes are away from zero tuning

Al4 RF choke to reduce radiation loss from gap

E-field pattern of TM;,,

Material R w h  |fT™Mo10 0 ) d
Cu coated 64 31.35 200 | 4.785 3.5 3.55 1.5
S.S. (mm) | (mm) | (mm) | (GHz) | (deg) | (deg) | (mm)
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Form Factor and Expected Cavity Performance
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Volume V ~ 1.66 L, form factor Cy14: ~ 0.73
Intrinsic quality factor Q ~ 42000 is expected for Cu cavity at cryogenic temperature
~ 2.6 sensitivity improvement refer to the 1st results



Fabrication of Test Cavity

Aluminum
Whole weight ~ 6 kg
Inner cone weight ~ 1 kg

Material R w h  [fT™Mo10 0 ) d
6061 64 31.35 | 200 | 4.855| 3.5 3.95 1.5
Al alloy (mm) | (mm) | (mm) | (GHz) | (deg) | (deg) | (mm)




Details

Inner cone alignment

Bottom slot 4



ey e
L | 4 Moving table

_ Side slot 4
Signal port 3




Measured S,, at different inner cone tuning position

Scattering Matrix Measurement

TMy;, mode is identified.
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5.1 : . . . .
~Simulation
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* Frequency tuning has nearly identical tuning range as design
« ~ 70 MHz off from design



power (dB)

E-Field Distribution Measurement via Bottom Slots

S21

fc ~4.75 GHz (at =9 mm tuning position)

==Simulation
~slot1
~slot2
~slot3
~slot4
~slotd
—~-slot6
~slot7
-slot8

0 5

10
depth (mm)

TMO010 is confirmed.

Angular dependence of field strength
possibly due to inner cone offset.

15

top view
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Preliminary Gear Design

Attocube rotation motor

Gear: 5 mm pitch / 45 teeth

Motor output normal force: 2 N

Lift weight: 50 kg

Cavity tuning: 0.93 MHz/mm

Frequency tuning 150 kHz, 0.15 mm tuning position, 1.4 turn, slow operation



Work Items

Copper-coated stainless steel cavity

« Electrical and thermal conductivity

Alignment of inner and outer cones

Gear box:
« Design
« Material
« Coating

Heating by motor and gear box



Josephson Parametric Amplifier (JPA)

JPAs reach quantum-limited performance (added noise of half photon) in 1-10 GHz band

Superconducting qubit readout Axion dark matter search (HAYSTAC)

300K 3K 10 mK
Sycamore

Qubit flux (Z) =18} 20d8 == chip Transmission H‘_*‘lrlsa'lon Pump Transmusgm’?onect,on Local oc
bit pwave - utpu oscillator
(QXL‘If)‘ g <) 20 o Qubit 127 mK
c | Diractional Powiar
Coupler flux lods 20ds oy oupler Magnet coupler splitter

Readout in 10dB —@ 20dB 20dB

Readout (9X) Readout
Cavity 775 mK

20dB

Readout out

IMPA pump = (] v | B. Brubaker et al., PRL 118, 061302 (2017)
IMPA flux 10d {z03] =

- e wl
300K 3K 10 mK D

pommm  CIYO-LNA bias tee
@) = 'V i

low-pass L M.P.A.! attenuator 0and-pass

circulator IR filter filter filter

F. Arute et al., Nature 574, 505 (2019)



JPA Variety

* Current-driven JPA (quantum limited noise, narrowband)

* Flux-driven JPA (quantum limited noise, narrowband)
« Good noise performance
« Simple design and easy operation

« Decent frequency tunability
* Lumped-element JPA (quantum limited noise, wider band)
* Impendence-transformed JPA (quantum limited noise, wideband)

« Travelling-wave JPA (more noisy, ultra wideband)



Device Layout and Fabrication

=

Via all-ebeam lithography process
developed by Chii-Dong Chen in ASIoP

* One ebeam writing/lithography
» Depositions in single vacuum
* Cross-junction fabrication
« Oxidation parameters
Po, ~ 38 mTorr, ty, ~ 30 min
R~ 50 Qum?
« Junction parameters
A; ~0.3um x 0.2 um
R, = R /2A; ~ 420 Q
R, ~ 400 Q

AS-TW 15.0kV 12.2mm x40 LM(UL) 06/01/2022 15:53 1.00mm




Device Packaging and Wiring

2023/01/13]

Coil

One stage
circulator

JPA Assembly

Pump



Cryogenic Wiring

RT i \% ?
T T TF e L T
50K s s
10dB 10dB
4K § LNF HEMT
2205
T T T - o8 | T T T T T T T T -___é_I)dB_____
800mK
_____ F——— - - - - - - e —_——— - — —
- -3dB 3dB
100mK 3| P S B
20mK
-20dB
>
JTJ Controls
Calibration plate r~F—————t—————— !
1 1
I l Toias l flwx pump |
I joca I
1signal out e e Rkl bl '
Currentpump || = - - - & & & & — - = — — -=Fi
—_— I ]
[ 2| 1
— (O 0— a
[
[ li A/4 resonator
signal in : / Sk :
Reflection amplifier !
[ |
. 1 .
[ [
[ [
[ [
[ [




Amplifier Operation (Phase Insensitive)

Pump on, w, = 2w, (2w pumping)

Gs(max) > 18dB , BW(Gs=16dB) > 2MHz

Pump off
—-35
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_0'4-""5 """ - L S 65
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4.7

4.8
w</2rm [GHZ]

4.9

5.0

9.1
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Frequency [GHz]

4.7

« Resonance frequency
tuning via flux
« Gain-bandwidth product
40 MHz

« Tunability

0.42 — 0.38%,
4.60 — 5.05 GHz




Gain and Noise Calibration

Y-factor method to characterize system noise with JPA pump off

Sadd,] : Saddn : Sadap
G]: 1 : GH : GP
Sin l N |
|
—D>——D— DD
Ty @ JPA 1 HEMT ! Post Amp. SA
| |
Blackbody : |
radiation  20mK | aK : RT
source ! -
le—-10
4301 Pn at 4.8GHz .
o fit
4.25 1
— 4.20 ..
= "
o 4.151 N Gup :97.11dB
410 1 ®
o Toys :5.6K
4.05{ #~ ~24 photons
100 200 300 400

P, = Gkg(Ty + Ty)Af

7o hw 1 N 1
b7 kg \exp(hw/kgT,) — 1 2

thermal vacuum

For w ~ 5 GHz,
T, ~ 012K, as T, < 0.12K

Tb =~ Tb:

asT, » 0.12K



Noise Performance

Signal-to-noise improvement method

Sadd,) : SaddH : Sada,p
S Gy : Gy ! Gp
- | |
m h\
* P | |I> | I>|D[>_ N
SQFQ JPA : HEMT : Post Amp. SA
| |
20mK : 4K : RT
m— DUMP ON
pump off
10—8 J
z
a
10—9 J
~100 —50 0 50 100
ows/2m [kHZ]
Pgofr = 0.368 nW Pson = 24.0 nW
Py ofe = 0.430 nW Py on = 2.07 nW

Gypa ~ 65.2 = 18.1 dB

SNR improvement g ~ 13.5

Reduce detection time by a factor of 2 ~ 182
Tsys,on — lgys,off /,B ~041K (Tsys,off ~ 5.6 K)

T]PAa = Tsys,on - Tq/2 - Tsys,off/G]PA ~0.21K



Noise Performance vs. Operation Frequency

Consistent noise performance over frequency tuning

0.410¢

Ty —— pump off
— pump on

4.60 4.65 4.70 4.75
ws/2m [GHZ]

102




Degenerate Gain [dB]

Degenerate Mode Operation

« (Gain depends on phase of signal
(relative to phase of pump)

«  Maximum deamplification G, ~ -6.5 dB

e JGr Gy =1

* Precursor of squeezed vacuum state

m— Ps = -140 dBm

25 50 75 100 125 150 175 200
Phase [degree]



Static Magnetic Field Shielding

Multilayer shielding

SC caoll
Mu2
SC caoll
Mul
Nb
I | SC caoll
I | SC caoll
Goal: field reduced by a factor of 1000 Layer Material OD/ID (mm)
SC1 Nb 65.2/62.0
Mu1l A4K 68.4/65.2
SC2 Pb 77.4/71.4
Mu2 A4K 89.8/86.3

Ref: S. Kenany et al., Nucl. Instrum. Meth. A 854, 11 (2017)



Shielding Set

Multilayer shielding

vi oD
-

—
-
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Setup

Shielding Effect

——
ﬁfm/ __— shield

Coil current

d

fa—

— —

JPA Device

<+ Coil

/

Magnet(Tesla)

1~5 T from SC magnet in z-direction g 18 2 25 3 35 4 45 5
red: small coil inside the shielding
00505 | black: SC magnet 1-0.0505
-0.051 | 1-0.051
<
§—00515 r ’ 1-0.0515
> ~ 2 Gauss change . '
-0.062 | . ‘ 1-0.052
-0.0525 '- -. -0.0525

0 10 20 30 40 50 60
Coil(in shield) (mA)

70 80 90

Hall sensor calibrated sensitivity:
1200 gauss/(V/I)

VI (VIA)



JPA Performance Summary

Type FDJPA
Gain 20 dB
Bandwidth ~5 MHz
Central frequency | 4.60 — 5.05 GHz
Added noise ~ 210 mK
1dB compression -135 dBm
Deamplification -6.5 dB
Pump power —65 — —40 dBm

AS-TW 15.0kV 12.2mm x40 LM(UL) 06/01/2022 15:53 1.00mm’

Reasonable for axion haloscope application



Expected Performance of Upgrade Setup

 Magnet upgrade

« Large conic shell cavity design

- JPA
Improvement
Haloscope performance Planned goal
B, (T) 8 9
V(L) 0.23 1.66
Co10 0.62 0.73
62000 42000
Tsys (K) 2.2 0.3
Jayy (GeV™) 81x107**  9.0x1071°

Refer to KSVZ 11 1.2




Planned Search Goal

Upgrade haloscope scheme:

RF.OL\I{S-EFJH
— L
Port 1VN/I§ort 2
S2 S2
[/

Exchange

Mixing

A3
A3
A3

A3
A3
A3

Search exclusion plot

| TASEH CD102
STAC 2 HAYSTAC

llllllllllllllllllllllllllllllllll

1

2 3 4 5 6
Frequency [GHz]

Improve SNR by 8 — 10 times with
magnet + cavity + readout upgrade,
improve detection limit by ~ 3 times

Reach QCD benchmark model

Search 4 — 5 GHz axion via several
cavities with similar design

7



Mixing

At3

Cavity as Noise Source for Receiver Calibration

Original calibration setup

Cavity calibration setup

—— e — e —— —

Probe 1

S1
Probe 2

Co1

Mixing  At3

Co1 (semi-flexible

Cu coax)

Heater |

Reproducibility of switch
Similarity of different lines

Cc

Probe 1 Probe 2

| VNA | VST VNA VST
Port 1 Port 2 RF out RF in Port 1 | Port 2 RF out RF in
N 32% Goal: receiver gain . <
- =
A3 Co1 A3 A3 Cof A3
A3 A3 A3 A3
A3 A3 RT A3 A3
Co4 (semi-rigid Ag-plated Co4 (semi-rigid silver coated,
CuNi coax) Co4 At1 (10dB) 50K At1 CuNi coax) At1 (10dB)
A1 /\ A2 At1 (10dB) 4K A1 A1 At1 (10dB)
At1 (10dB) Sl At At1 (10dB)

At3 (20dB)

Co2 (semi-rigid Cu coax)

Co1 (semi-flexible Cu coax)



Noise Power in Readout

No loss
P, Py = kpAfG{|Sy21°Tage + 1S201°Tc + Taz}

7 _hw 1 +1
"7 kg \exp(hw/kgT) —1 ' 2

G,, T
Tatt Zx 2 az , (Ko — K2)? + 447
15221 = ey T 1002 1 422 A=w—o

AoutJ Tout Arenxc

2 on2
AT Q 1201 = (1o + K3)? + 4A2

in 4i
With cable loss
\/ PZ — kBAfGZ{Aout{lszz|2[AinTatt + (1 _ Ain)Tin] + |SZO|2TC}
Cavity +(1 - Aout)Tout + TaZ}
T,

Simplified
\/ / T T T T
P2 - kBAfGZ {{|522|2[AinTatt + (1 _ Ain)Tin] + |SZO|2TC} + Taz}



P,

ZXGZI TaZ

Tyt
AoutJ Tout
©
A, T
N
Cavity
T,

S,, Measurement

Amplitude (dB)

]
—
o

Phase (deg)

]
—
N

f. = 4.9445 GHz

NN
(=]

N
o

o

-20

K,/2m = 156 kHz
Ko/2m = 432 kHz

Vs

4.943 4.944 4.945 4.946

f (GHz)

_ Ko — iy +i2(w — w)
_K0+K2+i2(w_a)c)

= SZZ




Tatt

P;

ZXGZI TaZ

Aout» Tout

Ain, T;

Noise vs. Temperatures

1.7 =
1.65} 165l
e 2 16l
1.55| o \
15‘; 1.55 IRV
1.45 : : : 1.5 - . .
4.943  4.944  4.945  4.946 4943  4.944  4.945  4.946
f (Hz) x10° f (Hz) x10°
147 910 341 909
108 646 339 648
83 348 336 338
332 202
342 78

» Vary T, and T. and measure noise power

« EXxcess noise at cavity resonance frequency as T, > Tyt

» Frequency dependence of noise comes from gain

« Other sets of data normalized by data of T. = T,



Power (K)
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-
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-
HEN
(5]
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—

1.05

4.943

Gain and Noise Calibration

x.1010

4.944 4.945

f (GHz) x10°

4.946

Power (K)
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-
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1.05

4.943

x.1010

= -
_______

S BT R

[
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e m w

4.944

f (GHz)

4.945

4.946
%10°

P, = kgAfG, {{|522|2[AinTatt + (1 = A ) Tind + 1S5012Tc} + Ta{Z}

G, =93.1dB, T}, =5.12K, A;, = 0.83

. Tt +T,
« Estimate Ty, = %

* Fit the 1st set of data

« Obtain fitting parameters G5, T

az»

Ain

« Use fitting result and plot expected power on the 2" set of data

* Model is reasonable; heated cavity can be used for gain/noise calibration
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Summary

* First results of TASEH
« 19.4687 — 19.8436 peV (4.707 50 and 4.798 15 GHz, ~ 90 MHz search range)

»  Excludes models with the axion-two-photon coupling gy, = 8.1 x 107* GeV""
(~ 11 times above QCD KSVZ model limit)

« TASEH ongoing development
« Cone-shell cavity design: under development
 JPA: ready

« Gain and noise calibration via heated cavity: ready

Thank you for listening.
Comment/question?



