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Introduction
— Free-space Sensitive arm: waveguide
: — HC-PCF
*Table-top experiment. HC- ‘ ~
Laser Mirror Mirror + + + * B G HWP
. D L Le PD1
DM density independent. bl o T " e
Lock-in
EOM_AM EOM-PM amplifier |
*Photon disappearance. 100 kHz@—Dg 2k ] 2 Mirror
SWITCH T 50/50 g < ®
Laser BS 7 m @ LPF  Mixer
*Room temperature. B i o LPF Mixer
1570nm
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Introduction

*Resonant conversion

*QCD band at meV range.
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Resonant conversion

* Resonant condition: m,=m, (0 = 45°).

e Conversion probability: 8ayyB
Mixing angle: tan(20) = Zoo—;IYY >
P,_, = sin?(26) sin®?(w L/L,.) o
Yoa = osc [1]
W ' i g B\"/ L \
Amplitude Oscillations Pyoa ~ 8% 10777 (10_123\8/6\/_1) <9 T) (100 m)
PyLa K1 Energy (w) independent!

e Axion mass in a medium with n_g:

m, = w /1 — NG —> Required n <1!
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Hollow-Core Photonic Crystal Fibers (HC-PCF)

. X 10~5m |E(x, y)|?
* Low-refractive index hollow core. s~y B T
* Hexagonal arrangement of holes in the cladding. | Boo
— photonic-bandgap structure [2]. 1Mos
* The propagating mode can acquire n4< 1. 0.7
0.5
0.4
Silica 03
Air holes
0.1

Hollow core

-12-10-8 -6 -4 =2 0 2 4 6 8 10 X107°m

R. = 5um, p = 0.1bar, nggr = 0.992,ng,q = 1.45
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Effective mode index in HC-PCF

* Analytical approximation [3][4]:

2
Unm
Neff = \/n(zgas A4,p,T)— <kyRc>

 Probed axion masses ~ 10 meV to 100 meV
(Rc=5um, A=1550nm, T = 20°C,p = 0.1 bar-
— 30 bar).
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Experimental setup

Modulation: In wavelength using two

lasers and an optical switch. — Froe-space inline pump@
— HC-PCF -
i ; Laser Mi = L " " ‘* + B |
e Sensing arm: HC-PCF placed in a magnet Miror MO T =t »
. . . PBS
rail and pressurized for tuning. 1535nm HWP Lockin
EOM-AM EOM-PM amplifierC]
. . 100 kHz @) Tz } Mirror
* Signal: Demodulated at 100kHz in dark SWITCH | 50550 T R ®
frlnge (1%)- Laser LQ: Mg%r LPF Mixer

1570nm

* Lock-in: In amplitude at 5MHz via PID.
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Demodulated and Lock-in scheme

s © Mixer
Input Signal V _(t X
: - '\2< A\ > » P
T Low Pass
Ref + R
ererence  » -
Signal V (1) B- — > PID error
Oscillator +90°
- A :
=jf.)( N\ Y > Setpoint _\ » D E
Mixer Low Pass 'Eﬁr;-rpass %
R=+X%2+Y? [5] A
¢ — atanz (Yl X) : System Output System Drive Signal
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0N o= 100nm (15%, 50%, 85%) I -=0nm
BEN 5= 10nm (15%, 50%, 85%)

Sensitivity (1)

e Main noise sources: i
10~
Dark current of the photo-detector.
Noise power contribution from the sidebands. Los
; 7
e Straightness of the HC-PCF. > 109
O
e Random variations in the core radius. * Jo-10
10=11 fommmmmme=m=e=mmmmamERsIEE t
1/2 -1 -1 -1/2
SNR B L P
~ 12 x 10" 12GeV 1 — — — Lot
ary ¢ ( 3 ) <9T> (100m> (4W -
) —-1/2 -1/4 1/2
Bsig (L) NEPpp+sn 70 30 90 100 110 120 130
1 180d 0.5WAHz m, [meV]

9/20/2024



UH
Universitat Hamburg CLUSTER OF EXCELLENCE %
DER FORSCHUNG | DER LEHRE | DER BILDUNG QUANTUM UNIVE RSE
-l R R AT
o B . ot = , L= m
Sensitivity (II)

CAST

Long-term projection:

e 40 W laser @ 1535/1570 nm, B=9T, L = 100m, 10710
straight HC-PCF with 6=10 nm.

8ayy [GeV—l]

e Tuning from 0.1 —27.9 bar in 210 steps of 0.6
meV between 28 — 100 meV.

1074

-> DFSZ sensitivity in a wide axion mass range!

1012

10° 102 10

m, [meV]
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WISPFI-prototype

* Power: 2W (using a booster amplifier)

* Modulation: Wavelength switching between 1535nm.
and 1570nm at 100kHz.

Axion!

9/20/2024
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— HC-PCF
— SMF
-— Free-space

WISPFI-prototype

e Sensing arm: 1m long HC-PCF fiber
(Rc=8.5um) inside a 2.6T magnet rail.

 Reference arm: Fiber stretcher for
phase matching.

* Lock-in: In amplitude at 5MHz using
an EOM-AM (1% dark fringe).

9/20/2024
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Adjusting power between the lasers

e Before adjusting power: e After adjusting power:

105 10-3

—— Amplitude (V) —— Amplitude (V)

Amplitude (V)
Amplitude (V)

1044 10-51

99.00 99.25 99.50 99.75 100.00 100.25 100.50 100.75 101.00 99.00 99.25 99.50 99.75 100.00 100.25 100.50 100.75 101.00
Frequency (kHz) Frequency (kHz)
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Locking (preliminary results)

Demod R as a function of accumulated time

506
* Lock-in: In amplitude at 504 1 I al AL L
5MHz (1% dark fringe). o
« Time: 25s (5 iterations). £
498
—— lteration 1
—— lteration 2
981 herationa A L RS RS .
—— lteration 5
g 5 10 15

Time [s]
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Locking (preliminary results)

Average, RMS, and Deviation of Demod R for each iteration

soo0 4 Demod R RMS T+

® Demod R Average T

501.5

* Lock-in: In amplitude at
5MHz (1% dark fringe). 0

&
e
=}

Amplitude [pv]
3
[=]
w

* Time: 25s (5 iterations).

499.5

499.0 o

T T T T T T T T
1.0 15 2.0 25 3.0 35 4.0 4.5 5.0
Iteration
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Future Steps
* Prototype built and ready for taking data 107 e
in the following weeks! v
‘TH 108
Summary 2
O 10
* Amplitude reduction in the presence of gm—w
Pv%a resonant conversion using HC-PCF. =0 ]
* Tuning in a wide axion mass range by 1071 5 -
regulating the gas pressure in the fiber. ]
10_12 UL LR LL) SN L1 I I R L B N L) B L I B L AL SO NN D N R I R R
R I\ Vs Y I ¥ 0 W& &

https://doi.org/10.1103/PhysRevD.109.123001 m, [eV]
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Effective mode index in HC-PCF
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Refractive index of air

» Refractive index of air as a function of pressure and temperature for T=20°C

and P=1.013 bar accordingly.

||||||||||||||||||||||||||||
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Effective mode index in HC-PCF (lll)

« Wavelength of the propagating light and bending radius of the fiber also have an effect on
the effective mode index.

110.0 x 1073
Lo7s. 98.5 —— FEM (p=1.013bar, T=20°C, air, H=50%) 7.6
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b
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WISPFI-prototype (expected sensitivity)

* Power: 2W (using a booster amplifier)
* Time: 10days.

* Pressure: 0.1bar.

* Temperature: 20°C.

e Core radius: 8.5um.

e Core radius variations: 10nm

Expected amplitude reduction 64 = 1nV

9/20/2024

Gayy [GeVT!]

107°

10-10

10711

10712

30 40 50 60 70 80

23



UH
DER FORSCHUNG | DER LEHRE | DER BILDUNG QUANTUM UNIVERSE

Demodulated signal and Locking (average)

Average, RMS, and Deviation of Demod R for each iteration

—#— Demod R RMS

502.0 1
® Demod R Average

501.5 A

501.0

500.5 7 >¥\‘/’-,’_”/I_"\-

499.5

Amplitude [uV]

499.0

T T T T T T T T T
1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Iteration

9/20/2024



UH
Universitdit Hamburg CLUSTER OF EXCELLENCE
DER FORSCHUNG | DER LEHRE | DER BILDUNG QUANTUM UNIVERSE

Demodulated signal and Locking (preliminary results)

PID Error as a function of accumulated time
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