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Axion haloscope

= Search for dark matter (DM) axions around the Milky way galaxy

Wave-like DM axion
Ppm~ 0.45 GeV [ cc
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Axion haloscope

= Search for dark matter (DM) axions around the Milky way galaxy

Wave-like DM axion
Ppm~ 0.45 GeV [ cc
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Microwave cavity at axion freq.
Conversion power enhanced (~ Q)

Axion quest 2024

Aug. 5, 2024



Axion haloscope

= Search for dark matter (DM) axions around the Milky way galaxy

Wave-like DM axion
Ppm~ 0.45 GeV [ cc

Microwave cavity at axion freq.
Conversion power enhanced (~ Q)

Strong coupled antenna &
Low noise amplification
(or SPD, bolometer, ...)
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Axion haloscope

= Search for dark matter (DM) axions around the Milky way galaxy

Wave-like DM axion
Ppm~ 0.45 GeV [ cc

Strong coupled antenna &

, P Heterodyne receiver
Low noise amplification

ADC & FFT, andlysis :

WiiasioroN (or SPD, bolometer, ...) =

KVRRRKY g
Q electronics

Microwave cavity at axion freq.
Conversion power enhanced (~ Q)
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CAPP-MAX (CAPP Main Axion eXperiment)

= CAPP’s flagship haloscope experiment
= First goal: | — 2 GHz with DFSZ
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Recent progress
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Experiments at CAPP
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The ultralight cavity

Aug. 5, 2024

Made of copper foil

= Very light / low thermal mass
" homemade / very cheap
Total weight ~ 5 kg

.02 — 1.18 GHz tuning range
Geometrical factor ~ [0.5,0.7]
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W Ma et al

2019 IOP Conf. Ser.: Mater. Sci. Eng. 502 012104
The magnet

= Nb;Sn Superconducting coil
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The cryogenic system

Wet type LEIDEN dilution refrigerator

= 5.6 mK of base temperature (bare fridge)

| 4 Kplate = Cavity temperature ~ 30 mK

I K pot (1.5 K)

#3 STILL (600 mK)

Axion quest 2024

. Cold plate (100 mK)

MXC plate (20 mK)
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The cryogenic system

" He liquefier with 60 L / day rate

" He Re-liquefier with 60 L / day rate
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3 CRYOMECH COMPRESSORS

‘He RECOVERY BAG

high pressure tanks
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‘He RECOVERY BAG
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Receiver chain

= Signal resonated in the cavity
= Typical temperature ~ 30 mK

/ CGVity A Weak port

Aug. 5

2024

\ \/ Strong port
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Receiver chain

= Signal resonated in the cavity
= Typical temperature ~ 30 mK

Cavity

Aug. 5

2024

Weak port

/A
\J

Strong port

Primary amplification
with JPA
Typical gain ~ 20 dB

Pump signal
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Receiver chain

= Signal resonated in the cavity
= Typical temperature ~ 30 mK

Cavity

Aug. 5
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Weak port

/A
\J

Strong port

Primary amplification
with JPA
Typical gain ~ 20 dB

Pump signal

= Subsequent

amplification
Typical gain ~ 60 dB

Axion quest 2024
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Receiver chain

Cavity

= Signal resonated in the cavity
= Typical temperature ~ 30 mK

Weak port

/A
\J

Aug. 5
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Strong port

Primary amplification
with JPA
Typical gain ~ 20 dB

Pump signal

= Subsequent

amplification
Typical gain ~ 60 dB

RF /' IF amp
Gain ~ 50 dB

Downconversion
ADC

RT
electronics

A

Local oscillator

Axion quest 2024
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Receiver chain
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The Josephson Parametric Amplifier

Superconducting
coil

M4 - coplanar wave guide resonator

AVAV
Input
signal

@ Output
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"  Flux-driven JPAs

= Collaborating with U. of tokey
Parallel JPAs

= 3 JPAs bundled up

= Single holder / flux bias / pump

= Extending the amplifier’s frequency range

— d gidsaitan: g

More discussion in Boris’ talk on Friday

Sergey Uchaikin et al, Frontier Physics
10.3389/fphy.2024.1437680

Source —qmm»@ —ANANNN— —-\AAMN—-@ —W—» Readout
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Caglar Kutlu et al,
arXiv:2305.08866

son Parametric Amplifier

3 = 2D ./P A P ar amap (fj.passive’ P pump)

3, = Gain contour

a es nn” .

o o' ing = Lower pump power — Lower added noise
£ wof‘: . ,

3 p0l" = Get the lowest P, in the contour of given

target gain (typically 20 dB)
= Every 0.2 ~ 0.5 MHZz, interpolated for each
tuning step

Axion quest 2024
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The Josephson Parametric Amplifier

400
1.20
200
N 115 0 3 Parallel JPA calibration
I : '5;
— —200 @ . . .
= S, = All tuned with one bias current circuit
S 110 —400 &
o 2 = Frequency ranges are separated, no N
o -600 o S
i g
—800 interference among them (mostly) S
1.05 £
| -1000
1 00 —1200
—-1000 -750 -500 -250 0 250 500 750 1000

Flux current [uA]
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The Josephson Parametric Amplifier

400
1.20
200
Run 6 |22 0 . .
N 1.15 3 Parallel JPA calibration
5 -200 9 . _ o
> S. = All tuned with one bias current circuit
o -400 9
S 1.10 ©
> 600 & " Frequency ranges are separated, no
i
—800 interference among them (mostly)
1.05
-1000

JPA working points | CAPP-12TB run 5 & 6

-250 0 250 500 750 1000
Flux current [uA]

1.00

21000 -750 —500 RUNG |1

10+

Successfully utilized in the science run (run 6)

* No degradation in noise / gain performance of JPAs

mp power from SG output [dBm]
AR
o

= Total coverage extended to 160 MHz (120 MHz overlap with cavity)

o
a

i RUNS

RUNG J21

e

/ | RUNG |2

1040 1060 1080

Aug. 5, 2024

1100 1120 1140 1160 1180
f,/2 [MHz]
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DAQ iteration

[ L
-
Digitizer J L Post processing j
PC . _ Axion data taking V Axion data taking
0 2] )
Zlz |8 2 g2 _ %
QX ZF 3|35 Backup SA g X oxz 3 3 — Backup SA
- < 3 > 3> 3 333 3 >
Main | &2 3 o ®o %03 0 ©=
{ <22 S o & DB 8e * 8BS
DAQ| £€2wv 5 22 o 2282w v = 3
S = £ Q = 3 C = 3= 0 = 3 S
EHEEIER - s§3%s3 g6 -
@33/ L 3™ Aerial SA J(a@z3 & 3 Aerial SA g
=N 3 Q0 5 5 @ = c
-~ | 3 - 3 | = —_ E_ =3 o
= -~ Z
—
L J J
LE LS
Step 1 Vtarget — Vtarget + AVstep Step 2 _

= |92 s acquisition with DAQ efficiency ~ 80%
* |0 kHz tuning step
» 3 MHz / day of fixed scanning speed

Aug. 5, 2024

Time
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DAQ iteration

Digitizer J [ Post processing j
PC . i Axion data taking % Axion data taking
O O o
Zlz |8 2 g2 _ %
O x| = 3 55 Backup SA X Q*F 3 ; = Backup SA
. < <
Main | 533 o 252 32583 32
1 (S22 g: o c o< 3 ot
DAQ g£2w - 232 o 2220 v 22 3
S = £ Q = 3 C = 3= 0 = 3 S
5%e = §@ . o £ 5% = S@ : 5
Q@ § 3| 9 % Qo Aerial SA 3 g Q % 3 9 g g Aerial SA g
5 @ =3 Q0 5 5 @ = c
-~ 3 - S5 = —4 E_ - §
—* - é
—
L J J
r Lg
Step 1 Vtarget — Vtarget + AVstep Step 2 _

= |92 s acquisition with DAQ efficiency ~ 80%
* |0 kHz tuning step
» 3 MHz / day of fixed scanning speed

Aug. 5, 2024

Time

= Digitizer FIFO configuration
= Parallel FFT with |2 core CPUs
= 45 MS/s sample rate | 10.7 MHz IF

23



Data at a glance

10-12 =12 2.0
= Typical PSD measured E — PSD
= Probe tone for calibration Noise PSD ! Analysis band
= JPA signallidler signature i E'
— | = Utilizing both sides for analysis i 1.5 e
N E > 3
T 5 o g
~ : (- g
= : 1.0 =& d
O i -
0 = 2
| 1 n
l 0.5 Q
i o
10—12 ' 0.0

—0.3 —0.2 —0.1 0.0 0.1 0.2 0.3
f - f,/2 [MHz]
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Calibration

-60
—— JPA on

_ —— JPA off
£ 70
S,
GL) \
S 50 A
o

9%z 0.2 0.0 0.2 0.4

f - f,/2 [MHz]

Axion quest 2024

= JPA on/off measurement
= JPA gain / PSD ratio
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Calibration

.60
£ 70/
S,
O
2 -80
oo
————— Baseline
9% 2 0.2 0.0 0.2 0.4 0 0.1 0.0 0.1

f- f,/2 [MHz] f- f,/2 [MHz]

Axion quest 2024

n GjPA = SZION / SZIOFF | r= PON / POFF
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Calibration

.60
£ 70
O,
2
3 -80
————— Baseline 3
9% 2 0.2 0.0 0.2 0.4 0 0.1 0.0 0.1 3
f - /2 [MHz] f - fp/2 [MHz] g
:
o (c)
—— Data
----- Baseline - GjPA — SZION / SZIOFF | r= PON / POFF
— _9_
m
S, = SNRimprovement (SNRI) = Gp, / 1
)
= -101 i = System noise =T O x SRNI
-11 01 0.0 0.1

f - f,/2 [MHz]
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Calibration

—— JPA on
— —— JPA off
£ 70
2,
GL) \
S "5 A
o
5 | | | = Baseline subtraction / normalization 3
%2 0.2 0.0 0.2 0.4 :
f - fp/2 [MHZ] = Standard normal distribution N(O, I) g
g
o (c) |
—— Data 5.0
————— Baseline
5 9 2.5
> © 0.0 Combining
t‘ -10 - _25
-5.0
-11 0.1 0.0 0.1 0.1 0.0 0.1
f - f,/2 [MHz] f - f,/2 [MHz]
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Data analysis

Step |
>
Step 2 frequency
Step 3
Step 4
= Combining the frequency Step 5
channels
"  Weighted sum, optimizing
SNR ~—

Vertical combination

Aug. 5, 2024
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Data analysis

Step |
>
Step 2 frequency
Step 3
Step 4
= Combining the frequency Step 3 2
channels ;&T
= Weighted sum, optimizing
Vertical combination
','I \‘\ Convolution = Convolving expected lineshapes (depending on the velocity dispersion models)
AN > = Optimizing the detection rate of signals

Horizontal combination

Aug. 5, 2024 30



Rescan the candidates

10°
Rescan target —— Standard normal distribution
= With the grandspectrum ~ N(0, |) 104
= 90% confidence level at the target SNR = 50 N 10% Rescan
C
» 3.7180 frequentist threshold for rescan § 1074 excesses
candidates 1044 T <
= Total O(/00) candidates 10 TH 7
-1 ‘ ‘ , ‘ L 8
1076 ;i > 0 3 4 6 2

Normalized excess
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Rescan the candidates

—— Standard nc_)rmal distribution

Rescan
excesses

Rescan target 10°
= With the grandspectrum ~ N(0, |) 10
= 90% confidence level at the target SNR = 50 10°)
c
= 3.7180 frequentist threshold for rescan é 10%
candidates 101 T
= Total O(100) candidates 10° TH
£ 1071 a
Q
S
%
& & £ < o
s\l & & & &
vy [/ /7 /7 /7 /7
R 1 Aerial ,
= RoV't 1+ 4A2 veto Cor~0 Pjg B /

Aug. 5, 2024

Discovery!

0 2 4
Normalized excess

Rescan strategy

|. Persistency

2. Lorentzian test (from cavity?)

3. Aerial antenna veto

4. TM,,; mode (Geometrical factor)
5. Magnetic field dependence

Axion quest 2024
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Rescan the candidates

Tuning step

N~

1149.988 1149.989 1149.990 1149.991 1149.992 1149.993

Axion quest 2024

Example of a candidate

= Persistent signal

= Follows the expected Lorentzian distribution (as the cavity is tuned)
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Rescan the candidates

Kowgace o= o~ 7._ — ~ e o v PRI, B PORPUISIVO R ~— N ﬁ"ﬁ Ve -
o 7 eI R« 0 = L1 NN L1 M e
ﬁwwm
O [ 2 e A e <
C
.g PP e e
— e 3
e A~ P A A A A e Arrn e PN A ) e e i g P S
1149.988 1149.989 1149.990 1149.991 1149.992 1149.993 ;
(b)
Aerial data \

= At exactly the same freq.
" freq./ ampl. variation correlated

Power [dBm]
— -
w N
© o

= Fxcluded
-1401 n ﬂ
150 . . ‘ .
1149.988 1149.989 1149.990 1149.991 1149.992 1149.993

Frequency [MHZz]
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Achieved limit on Savy

6
: : 102
= Bayesian analysis
= C.L=90% for 50
Sf =~ KSVZ with HEMT
" ~ DFSZ with JPA
101_3
4f T 3
5 S
U :
Q - 8
o> 30 10° & 2
= =
(@)) o
2 ‘ -
"nh n.‘ | 10_ <
LS |
v | 1 I'E‘ ' UL
1 M i O T, N N T ' AP F kG

|

[
o
N

—— 90 % confidence level from FT \/
0 1040 1060 1080 1100 1120 1140 1160 1180
Frequency [MHZ]
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U o More discussion
pCO min g run Danho Ahn (Wednesday)

= SC cavity with HTS tapes
= All walls and the tuning rod
Ultralight cavity design
Q, ~ 10% at 10 K (test at cryocooler)

= O(10) improvement

.2 — 1.5 GHz tuning range HTS tape

Axion quest 2024

Installed in the system now 5 attached

More discussion
Danho Ahn (Wednesday)

) g

- N - — . . Copper;
50 'y , .. basement
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Upcoming run

§1~“5‘ /"\ r'\ r\ /'\ /
0.20 B R N N
JPA 1 e JPA2 e JPA3 . JPA4 « JPAS SR PSP -
More discussion §1~3°‘ ~ /"'\ r*-\ /"'\ /"‘
Boris Ivanov (Friday) = e
0.15 - 1.20-' | | | |
lz .‘:; o .' 5 ]3 Coil current (uA) .
I o Rogin >
Q o® ..Q.Q o ® . o .o'... . ‘ g
< 0.10 - "“ ..‘.: ..' N » o 6 Z
3 L T .. ahe o ¢ A '«" }q‘f&.}é’ 6
®ece 0,6 8 B o
O.' 4‘ ™ ‘m Y ) ]5 .I
= 6 JPA assembly J
0.051 | = Tested in a dedicated dry fridge
= Added noise ~ 100 mK (T, ~ 30 mK) | _ _ _ | o o o e e o o o o
1= 1.2 - 1.5 GHz total range Standard quantum limit
" Installed in the system now
0.00 - r - . . ; .
1.20 1.25 1.30 1.89 1.40 1.45 1.90

Frequency (GHz)
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Upcoming run

Frequency [MHz]

10° 10*
1077
10710 Neutron Stars
<
-
O
‘_|r1—1 10— 11 .% % %
a % 7
> - g o B OZ;
L 10122 o < < 5 g
O - C S LSS é
— 10713 : i s :
g = g A|E é Prospect of the upcoming run
] < =hlE
50 1014 - v < 1 | = Fixed 3 MHz / day scanning speed
* 1.2~ 1.5 GHz planned
10—15 = e
= = Better than DFSZ sensitivity
: T 1 ® The system is inside the LHe bath
106 10°°
s M, [ eV] = Plan to start in August (3_months planned) .




On the way!

CAPP-12TB Cryogenics Monitor ~

Experiment information

Exp. description Exp and Run Info

0 2 8 - Run 9 setting up

Run no.

308

Cooldown name

' )
R"n 9 abo"t to o A2 ]
un a . 2010 2020 2040 20:50 21:00 2110 2120 21:30 21:40 21:50

Experiment number
RquInu uny

22:00 2220 2230 23.00

=— exp_no Current: 2028 = run_no Current: 308

Cavity

Current resonance frequency Cavity resonance frequency Quality factor

1.49374 GHz

Antenna coupling

1.4937390 GHz
Current quality factor

~r
N
o
N~
....
[7]
[}]
=]
o
c
S

1.4937385 GHz

Quality factor

372410

Antenna coupling

N o -
A Weefn R 3 o Nbg
1.4937380 GHz e W v e, o enWT

Antenna coupling 2230

14937375 Ghz
0.2313 S 7

rfreq Current 1.493738095 GHz 464807

Cryogenics monitor

Cavity measurement-at 20 K

2.000 bar

Q ~ 500 000 with the rod at the center (highest freq, lowest Q)

500.00 mbar

n '47 suo
-500.00 mbar -1.000
20:10 2230 22:40

2020 20:30 20:40 20:50 21:00 =] 21:40 21:50 22:00 2210 2220 2250 23:00

Temperature [mK]
[w/jw] Moy

100K
Sl L LR g Znl 2L LI @2l S S SED e = = = P1 Current: 498.373993 mbar == P2 Current:1.521980 bar == P3 Current: 1.521980 bar rent: -10.989000 mbar = PS5 Current: 680.276001 mbar =~ P6 Current: 1106840 bar = P7 Current: 1.592190 bar

IVC Current: 0.000054 mbar == STILL Current: 0.000056 mbar = Compressor Current: 688.645020 mbar

Flow Current-0
= 102 Current:0 == 103 Current: 6.635K == 104 Current:31.893K == 105 Current:20.035K == 106 Current: 13.930K = 107 Current:0 = 108 Current: -25.724




