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M Ot Ivat I o n https://cajohare.github.io/AxionLimits/docs/ap.html
. CROWS  /\ipsi| Q\".\";}
» Axions solve the strong CP problem and are 2 050AR
prominent candidates for CDM [1]. Solar v

» Haloscopes sensitive in yeV but depend on the swar Glabslanclusters,
Ppm > poorly constrained = could be ’ 2 | ;
substantially smaller [2].

» LSTW experiments not sensitive to QCD axions
(conversion o« g4, ).

> High m, range (meV to eV) unexplored by direct
detection experiments (except CAST [3]) + very
difficult for resonators like cavities. | ‘

> Null results of direct DM searches > Need for 105070 0 0 e e e e e e A A8 a8 AF 40t 8
novel approaches! mg [eV]
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WISPFI (WISP searches on a Fiber Interferometer)

* y—>aconversion inside a waveguide measuring » No ppy dependence.

photon disappearance in the presence of B, [4]. > Room temperature operation

« Axion conversion probability scales with [5]: @ y
. 2 2 onitoring
For Poq K1 Bog X gaVV(BL) Sensitive arm: Waveguide A PD2
* Mach-Zehnder interferometer (MZI) with the \ 50/50
sensing arm inside the magnetic field. Mirrorg_A A A A 4 A B iy BS -
« Light guiding & resonant detection. i il B
« Signal: amplitude reduction & phase shift. Laser e Lock-in[= =]
E E PZT Mirror
1550nm ) 5950 Mixer
? LPF
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] ] ] ] ] Eoutz
Interferometric Principle — Amplitude Modulation M
E L,
EO iw t if sin(w 1)
1. Input Field (Port 1 & Port 2):  E, () =——=e Te ™ ™ E;n(D) =0 Em [2g]
2 B Ex
EinZ
2 Splitin Carrier + Sidebands: Ein1(t) = Ecar(t) + Esia(t)
. Split in Carrier + Sidebands: B (t)  Bye! E - E(;Bm [0t 0) _ gil(o,-0,)]
3. Split 50:50 @ Beam Splitter: Ugs = % C ;) , (g}i) = Uss (g;;)
21
4. Dark Fringe Conditions:  *AL=(2n+Ur+ay,, n€Z ky=7 & knAL=2p+1)m+am, pEZ knp :me
| J 4 | ]
|
For Carrier For Sidebands
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Demodulation Procedure

5. Output power after recombination at dark port (2) for perfect dark fringe conditions: Eint Jes]
Er
Eé kEin2
AM — " [ p2 2 _ 2 2 _ _ _ —
PourZ_ 4 [Py—>a+ﬂm(2 Py—m) cos (wmt kmL) 2ﬁm(z Py_)a)P},_)aCOS(CUmI kmL)]
| J |\ ] |\ )
| |
carrier-carrier sideband-sideband carrier-sideband

—F2
Pcmss,ouﬂ( n _Eoﬁmpy_,acos( w = kmL)

Long-ti 1
6. Mixing with w,,, from LO using lock-in approach: Pl =P () cos(@ 1+, 0) we Py = Eob

P

m y—a

integration

» After mixing and time-averaging only the interference between carrier-sideband remains!
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Signal Detection Procedure

Example of simulation: noise spectrum with low-pass filtering

1015
3 === 0Original spectrum (before LPF)
. ] = B-field OFF (After LPF)
» Dark port signal demodulated at 10 —— B-field ON (After LPF)
w,, and applying a LPF. | \\ e
1071? \ I
» Average over long time periods. < : Fpuum (10 Mz peakd
. D 1077 B NG e ==: i
» Comparison spectra between R T i
magnet ON and magnet OFF. Rl @ B e e
< b
10—4;
3 10 Hz cutoff
10‘5é
108 7 Aaan

10° 10t 10? 10° 104 10° 108 107 108
Frequency [Hz]
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Photon-axion Conversion

P

B .
y—a = sin?(26)sin?(mw L/Lysc) [6] Mixing angle: tan(26) = 2w Yayy Photon, axion
\ )\ ;

k2 — k2 4 Wwave momenta
14 a

Y !
Amplitude Oscillations

» Maximum conversion occurs for large energy w or at k =k, (resonant conversion, 6 = 45°).
» Axion mass at resonance in a medium with effective refractive index n_:

Mg = W /1 - nﬁff — Required n; <1!

> For P,_,, < 1 the resulting probability becomes [5]: P,_q ~ 8x10‘19( Jayy )2( b )
y=a y=a 10712 Gel1 97

\

(00
100
Energy (w) independent!
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Hollow-Core Photonic Crystal Fibers (HC-PCF)

» Resonant conditions can not be fulfilled for waveguides based on dielectric materials.

» HC-PCF guide light through a low-refractive index hollow core which is surrounded by a periodic
arrangement of air-holes in the cladding this generating a photonic-bandgap structure [7].

» Through the bandgap structure, the propagating mode can acquire n.<1 leading to real m, and resonant
mixing.

Silica
Air holes

Hollow core
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Effective mode index (n. ) in HC-PCF

> n. depends on the core radius (R.), the bending radius (R,), and the refractive index of the effective gas
(Ngas) Which in turn depends on pressure (p), wavelength (A), and temperature (T) [8, 9].

. . . _h_ 2 p) T Unm ’
» Analytical approximations [8]: e~ = Ngas(Ap, T) = k,R. X 10~5m |EG, )12

|Emax|2

HF

NS O 0 O

-10
-12-10-8 =6 -4 -2 0 2 4 6 8 10 X1075m

» FEM simulations studying the actual fiber geometry.

3rd General Meeting COST Marios Maroudas (UHH) ' 9/28



UH
Universitat Hamburg CLUSTER OF EXCELLENCE @

DER FORSCHUNG | DER LEHRE | DER BILDUNG Q UA NT U M U N IV E RS E

n.sin HC-PCF — Core Radius Dependence

x10~2
1607 e 201 »  Observed increase of ne with increasing R,
140 —— Marcatil 1.61 matches the analytical approximation.
—— FEM (A = 1.55um, T=20°C, p=0.1bar) - 1 41
120 igi «  Tube-lattice fiber (TLF) model considers a
< 100 L0.81 hollow core surrounded by a ring of dielectric
g 80 L0.61 < tubes. =2 More accurate than Marcatilli's
= 041 formula which is valid only for R /A >27.
£ 601 '
401 0.21 » | Larger R, 2> Larger n 4> Smaller m,
20{ AN = 1= Teyy
01 Mg = wV24n for An K 1 L 0.01
3 4 5 6 7 8 9 10 1
Rc [um]
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n.sin HC-PCF — Pressure Dependence

1.000 0 . L s .
25 « Observed increase of n_z with increasing
p matches the analytical approximation.
0.998 1 50
 ForR,=5 pm, Vacuum-like conditions for
> p = 30.3 bar
0.996 1 v
:% 75 E
&  ForR;=10 ym, Vacuum-like conditions
0.994 - forp =11 bar
—— TLF, Re=10um °
0997 | A 100 Larger p - Larger n 4> Smaller m,
—— FEM (R:=5 um, A=1.55 um, T=20°C, air)
0 5 10 15 20 25 30
p [bar]
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n.s in HC-PCF — Core Radius & Pressure Dependence

170 x1072 .
=1-— p=0.1bar | 2.01 . i i -
150 ] An=1—ngs IO 5 S By changing p of the air or R, of HC-PCF we
r1.61
10 m, ~ wNZAn for An « 1 — p=100ar [ 161 can tune the probed m,.
—— p=15bar | 1.21 ] .
— 110+ — p=20bar {101 * FEM simulations show that the probed m, can
T o0l T pTbar o8l range between ~ 10 meV to 160 meV.
£ F0.61 §
g 79 -0.41
307 021
301
109 -0.01
3 5 7 9 11

Rc [um]
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n.sin HC-PCF — Wavelength Dependence

R; = 5um, standard air conditions
110.0 A of the propagating light of the fiber also have an

107.5 effect on n.
105.0 . .

« Longer A experience less confinement and lower ng,
102.5 which can lead to lower transmission efficiency.

* | Smaller A - Larger ns > Smaller m,

—— FEM (Rc=5 um, p=1.013 bar, T=20°C, air)
90.0 - cToHm.p

125 150 1.75 200 225 250 275 3.00
A [um]
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n.sin HC-PCF — Bending Radius Dependence

R; = 5um, standard air conditions

x 1073
98.5 —— FEM (p=1.013bar, T=20°C, air, H=50%) || ; & ° Rb has a small effect on neff.
98.0 . . .
75 * Increasing bending also increases the losses.
97.5
E 970 74 « | Larger R, > Smaller n - Larger m,
—_— =
© 73 d
£ 96.5
96.0 72
95.5
7.1
95.0
2 4 6 8 10
Rp [cm]
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Experimental Setup

+ Partial free space, partial fiber MZI.
Sensing arm by HC-PCF placed in the magnet bore and pressurized for tuning the probed m,.

Two lasers at slightly different A + switch modulate the axion signal at wg, = 10kHz.
EOM-AM and EOM-PM used to lock the interferometer in amplitude at w,, = 5SMHz via a PID loop.

== Free-space In-line pump@ qjl\)
PD2
— HC-PCF %
GC B r| GC Qwp
Laser . Mirror, L A * + + — H\r{IVP M
Mirror — ¥ u
D Lens | | | Lens PBS PD1
1535nm HWP Lock-in { ]
EOM-AM EOM-PM amplifier
10 kHz(®) L —FH4 ; / Mirror
SWITCH 50/50 <3| X
I 4§ ®
Laser 7 S X ixer
= - ixe
< Mirror LPF Mixer
1570nm
15/28
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FN o= 100nm (15%, 50%, 85%) Il -=0nm

Sensitivity Estimation 08 o2 om0, 550

Probed m, mainly depends on R..
HC-PCF production process leads to random R, variations (1/f).
Variations widen the probed m, range but reduce the sensitivity.

Fabry Perrot cavity (FPC) with F = 100 used to increase the
effective length and power on the sensing arm [10].

YV V V VY

1 -1

1/2 _
SNR\'? / B L
glomm 179 x 10-10GeV 1 <—> (—) ( )

ary 3 oTr 100m
- - -1/2 -1/2 -1/4
() v (Beo) Y2 (Bsig\ ™" (Bm ()
100 40W 1 1 1d
NEPPD+SN 1/4 AV 1/8 1014
70 80 90 100 110 120 130
3 WA Hz 10 Hz m, [meV]
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10 WISPFI S
Sensitivity Estimation | e
| CAST
* Tuning from 0.1 — 26.7 bar in 269 steps. ‘Pre“mmary i 20.0
*  Probed m, ~20 - 100 meV. 10-10-
 P,=40 W laser @ A = 1550 nm. —~ | =
e B, =0T > =
« F=100. <) 154 5
- L =100 m PM HC-PCF, 3 £
« R,=5um =10 nm 10-11
« t=30days.
« Dark Fringe = Py /Pt = 1% 6.7
A
> DFSZ sensitivity in a wide axion mass » /s
range! 107 01100 10" 102 10s !
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WISPFI Prototype

» Single pressure measurement at standard air conditions = No tuning.
* HC-PCF in sensing arm placed in 1 m-long permanent magnet panel.

Phase modulation (EOM-PM1) at w,, = 4MHz and interferometer phase-lock (EOM-PM2) via a PID loop.
+  EOM-AM setting a different frequency (5MHz) for measuring axion-induced amplitude changes.

D Monitoring
- Free-space
= HC-PCF Z PD2
®—N ) 50/50
Lock-in . ,
; Mixer LPF  Mirror, AAAAAAB n n BS
ampliier Lens HERRN Lgns il PB1_
HWP Output

Laser EOI‘\ENH EOM-AM EOM-PM2 :]_—D
E I, L_—4 { Mirror
1550 nm T 50050 - 7

BS 4

4 MHz 5 MHz +
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WISPFI Prototype — HC-PCF Integration

* R, =8.5um HC-PCF from MPI in Erlangen / Germany.
« Stable coupling to HC-PCF with ~80% efficiency.
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WISPFI Prototype — Magnet Panel

+ Custom-made Alu panel consisting of 60 x Nd permanent magnets.

« 0.6 mm gap from Fe wedge to increase dipole field strength (2.4 T).
+ Removable wedge to replace with Co-Fe alloy with even larger field line concentration (3.7 T).

particolare in alluminio 17 20.6 5
da apllicare solo per lo 10 1T te—"uie AT T 10 2.433e+000 : >2.561e+000
sfilomento dei profili

in ferro

2.177e+000 : 2.305e+000
2.049e+000 : 2.177e+000

_M Slm atio

L] 1.793+000 : 1.921e+000
|| 1.665e+000 : 1.793e+000
| 1.537e+000 : 1.665e+000

|| 1.281e+000 : 1.409e+000
[ ]1.153e+000 : 1.281e+000
[ 1.025¢+000 : 1.153e+000
|_|8.970e-001 : 1.025¢+000
|1 7.690e-001 : 8.970e-001
|| 6.410e-001 : 7.690e-001
L_|5.131e-001 : 6.410e-001
| |3.851e-001 : 5.131e-001
|| 2.571e-001 : 3.851e-001
|| 1.292e-001 : 2.571e-001
L] <1.189¢-003 : 1.292e-001

viti in nylon
M5x0.8 Ig16
4x486mm

2.305e+000 : 2.433e+000 [

1.921e+000 : 2.049e+000 |

|| 1.409e+000 : 1.537e+000 |

\ Density Plot: B|, Tesla

L%,
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WISPFI Prototype — Magnet Panel

» Successful magnet integration including protection and custom-made mechanism for automatic
B_ON and B_ OFF measurements.
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WISPFI Prototype — Magnet Panel

* Custom-made HC-PCF Alu holder design for
secure straight mounting.

« Direct B measurement with transverse InAs
Hall Sensor @ 1.6 T (reduced coverage).

HC-PCF holder
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WISPFI Prototype — DAQ

* Fully automated DAQ system in python with multiple quality
checks at various stages (polarization, beam profile,
temperatures, etc).

Welcome to the Data Acquisition Shell of WISPFI! Type 'help' to see the available commands.
(daq) measure_beam_profile

Calculations Derived from Raw Data:

Profile Measurement:

Fit Measurement:

3rd General Meeting COST Marios Maroudas (UHH) 23/28
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WISPFI Prototype — Phase Locking

Resonant EOM-PM for interferometer phase lock at w,, = 4 MHz.
+ Broadband EOM-PM adjusts the phase between the two arms and locks the interferometer in phase
providing a stable working point for amplitude.
« Successful interferometer lock at 1% dark fringe for long period.
~ AF272 in2 - N2
PPM (1) » 4EOJI( ﬂm) sin (a)mr km_L) 2 (B.)7(#

out?

)Phasin(wmr— kmL)

m

—— Phase (deg)

200 200
- -=- Amplitude (pV
s mplitude (1Y)
. 180
= 150
—
125

(deg)

Phase
= S
Amplitude (pv)

120

Time (s)
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WISPFI Prototype — Latest Setup

v" Successful transition to partial free %N L\\ \ P
i v m,

space MZI| (no step-index fiber).
v" Efficient coupling to HC-PCF. 2 S ——..
v Broadband EOM-PM for phase- : | e -

locking (no fiber stretcher).

v' Magnet integration and automatic
B-ON/OFF measurements.

v Signal calibration via a dichroic
mirror (amplitude reduction).

v" Fully automatic DAQ system.

Wlsp,:l
HER;
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WISPFI Prototype — Projected Sensitivity

«  WISPFI prototype sensitivity is projected to
reach g,,, = 1.32x 10 GeV"
at m, = 4.95 x 102 yeV within 30 days.

« First model-independent table-top
experiment exploring this frequency range.

« Test-bench for full WISPFI setup.

3rd General Meeting COST

WISPFI-prototype
(Be=2T, L=1m, A=1550nm, t=30d, Po+=2W, p=1 bar
1% dark fringe, SNR=3, R.=8.5;m, NEP=2 fW/+/Hz)

Marios Maroudas (UHH)

5% 102
Mma [eV]

6x 1072
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Future Steps

« Final commissioning and data acquisition for the WISPFI prototype setup.

- Data analysis and results setting a first g,,, limit in an unexplored region of the parameter space.
* Implementation of a pressure tuning procedure.

« Implementation of a FPC and final steps towards a full-scale WISPFI setup.

Gas 1
2 Outlet

e, 5\ low/ HC-PCF Gas T-Shape
\i;\\\“l'l m Flow Tube
1\ \

SMHK

$ ¢ e T e S
. - . . . v . .
» . e e o . e o

Fig. 5. Photo of HC-PCF connection to the gas flow.
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Summary

* 1t model-independent experiment expected to
reach the QCD axion at ~100meV.

» Interferometric technique with light propagation
through waveguide in a strong magnetic field.

» Partial free-space, partial fiber MZI.

* HC-PCF meets the conditions for resonant mixing.

 Amplitude reduction in the presence of y>a
conversion.

« Tuning by regulating the gas pressure in the fiber.

* Prototype experiment ready to take data in UHH.
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n.sin HC-PCF (Confinement Losses)

Confinement loss for different bending radius

—— FEM (p=1.013bar, A =1.55um, T=20°C, air, H=50%)

3rd General Meeting COST

CL [dB/km]

Confinement loss for different pressures and core radius Confinement loss for different wavelengths

p=0.1bar 160 1 —— FEM (p=1.013bar, T=20"C, air, H=50%)
60 = p=>5bar
—— p=10bar 140
) —— p=15bar
20 —— p=20bar 120
401 p=25bar :!E 100
m
301 E 80 1
© 60
20
401
10
201
0 J ! : J T T T T T T T T
4 6 8 10 125 150 1.75 2.00 225 250 2.75 3.00
R¢ [um] A [um]
CLIAB/km] = ——2 27 n(ngr)
ml=———-—-Im(n
In10 A eff
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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.
R T S e s e e e ./ B TR S Cos: ey Do o o S Co: o [T ! ! ! ' T ! ! k E 5 " B 1 T T k b ‘ ]
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1.006 | il [
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= r 4
2 2 1.00040F | . ]
(0]
(]
2 1004} 1 2 [ _
o @ 1.00035 i : .
= £ . 1
(]
4 i i ]
1.002 i 1.00030 | .
i 1.00025 - ]
1.000 1 [
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Photon-axion Conversion
«  Original fields in terms of rotated fields: Y(z) = (a(z)) =U '0)9¥(z), ¥(z)= (é(z))

2
a

«  Conversion probability: P, .= o= cos’ 0 sin® 0 [e "7 — e e?
« Simplified using oscillation wavenumber: kose = ky — kq
P, ,, = sin®(26) sin® (ks 2)
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