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Motivation
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➢ Axions solve the strong CP problem and are 

prominent candidates for CDM [1].

➢ Haloscopes sensitive in μeV but depend on the 

ρDM → poorly constrained → could be 
substantially smaller [2].

➢ LSTW experiments not sensitive to QCD axions 
(conversion ∝ g4

aγγ).

➢ High ma 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 

novel approaches!

https://cajohare.github.io/AxionLimits/docs/ap.html

Marios Maroudas (UHH)

https://cajohare.github.io/AxionLimits/docs/ap.html


WISPFI (WISP searches on a Fiber Interferometer)

3rd General Meeting COST 3/28

• γ→a conversion inside a waveguide measuring 

photon disappearance in the presence of Bext [4].

• Axion conversion probability scales with [5]:

• Mach-Zehnder interferometer (MZI) with the 
sensing arm inside the magnetic field.

• Light guiding & resonant detection. 

• Signal: amplitude reduction & phase shift.

➢ No ρDM dependence.

➢ Room temperature operation

𝑃𝛾→𝑎 ∝ 𝑔𝑎𝛾𝛾
2 𝐵𝐿 2

For                    :𝑃𝛾→𝑎 ≪ 1
Sensitive arm: Waveguide
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Interferometric Principle – Amplitude Modulation
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1. Input Field (Port 1 & Port 2):                                            ,

2. Split in Carrier + Sidebands:

3. Split 50:50 @ Beam Splitter:

4. Dark Fringe Conditions:                                                                   &

For Carrier For Sidebands
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Demodulation Procedure

3rd General Meeting COST 5/28

5. Output power after recombination at dark port (2) for perfect dark fringe conditions:

carrier-carrier sideband-sideband carrier-sideband

➢After mixing and time-averaging only the interference between carrier-sideband remains!

6. Mixing with ωm from LO using lock-in approach:
Long-time 

integration
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Signal Detection Procedure
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➢ Dark port signal demodulated at 

ωm and applying a LPF.

➢ Average over long time periods.

➢ Comparison spectra between 

magnet ON and magnet OFF.
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Photon-axion Conversion
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𝑃𝛾→𝑎 = sin2(2𝜃)sin2 𝜋 Τ𝐿 𝐿𝑜𝑠𝑐 tan(2𝜃) = 2𝜔
𝑔𝑎𝛾𝛾𝐵

𝑘𝛾
2 − 𝑘𝛼

2

➢ Maximum conversion occurs for large energy ω or at kγ=ka (resonant conversion, θ = 45ο).

➢ Axion mass at resonance in a medium with effective refractive index neff:

➢ For                 the resulting probability becomes [5]:

Amplitude Oscillations

Mixing angle:

𝑚𝑎 = 𝜔 1 − 𝑛𝑒𝑓𝑓
2

𝑃𝛾→𝑎 ≪ 1

Required neff <1!

Energy (ω) independent!

𝑃𝛾→𝑎 ≈ 8𝑥10−19
𝑔𝑎𝛾𝛾

10−12 GeV−1

2 𝐵

9 T

2 𝐿

100 m

2

Photon, axion 
wave momenta[6]
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Hollow-Core Photonic Crystal Fibers (HC-PCF)
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➢ 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 neff<1 leading to real ma and resonant 

mixing.

NKT Photonics
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Effective mode index (neff) in HC-PCF 
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➢ neff depends on the core radius (Rc), the bending radius (Rb), and the refractive index of the effective gas 

(ngas) which in turn depends on pressure (p), wavelength (λ), and temperature (T) [8, 9].

➢ Analytical approximations [8]:

➢ FEM simulations studying the actual fiber geometry.

𝑛eff =
𝑘𝛾

𝑘𝑜
= 𝑛gas

2 (𝜆, 𝑝, 𝑇) −
𝑢nm
𝑘𝛾𝑅𝑐

2
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neff in HC-PCF – Core Radius Dependence
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• Observed increase of neff with increasing Rc

matches the analytical approximation.

• Tube-lattice fiber (TLF) model considers a 
hollow core surrounded by a ring of dielectric 

tubes. → More accurate than Marcatilli's
formula which is valid only for Rc/λ >27.

• Larger Rc→ Larger neff→ Smaller ma
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𝛥𝑛 = 1 − 𝑛𝑒𝑓𝑓

𝑚𝑎 ≈ 𝜔 2𝛥𝑛 for 𝛥𝑛 ≪ 1



neff in HC-PCF – Pressure Dependence
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• Observed increase of neff with increasing 

p matches the analytical approximation.

• For Rc = 5 μm, Vacuum-like conditions for 
p = 30.3 bar

• For Rc = 10 μm, Vacuum-like conditions 
for p = 11 bar

• Larger p→ Larger neff→ Smaller ma
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neff in HC-PCF – Core Radius & Pressure Dependence
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• By changing p of the air or Rc of HC-PCF we 

can tune the probed ma.

• FEM simulations show that the probed ma can 
range between ~ 10 meV to 160 meV. 

𝛥𝑛 = 1 − 𝑛𝑒𝑓𝑓

𝑚𝑎 ≈ 𝜔 2𝛥𝑛 for 𝛥𝑛 ≪ 1
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neff in HC-PCF – Wavelength Dependence
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• λ of the propagating light of the fiber also have an 

effect on neff.

• Longer λ experience less confinement and lower neff, 
which can lead to lower transmission efficiency.

• Smaller λ→ Larger neff→ Smaller ma

Rc = 5μm, standard air conditions
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neff in HC-PCF – Bending Radius Dependence
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• Rb has a small effect on neff .

• Increasing bending also increases the losses.

• Larger Rb → Smaller neff→ Larger ma

Rc = 5μm, standard air conditions
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Experimental Setup

3rd General Meeting COST 15/28

• Partial free space, partial fiber MZI.

• Sensing arm by HC-PCF placed in the magnet bore and pressurized for tuning the probed ma.

• Two lasers at slightly different λ + switch modulate the axion signal at ωsig = 10kHz.

• EOM-AM and EOM-PM used to lock the interferometer in amplitude at ωm = 5MHz via a PID loop.
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Sensitivity Estimation
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➢ Probed mα mainly depends on Rc.

➢ HC-PCF production process leads to random Rc variations (1/f).

➢ Variations widen the probed mα  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].

𝑔𝑎𝛾𝛾
(10𝑛𝑚)

≈ 1.79 × 10−10𝐺𝑒𝑉−1
SNR

3

Τ1 2
𝐵

9𝑇

−1 𝐿

100𝑚

−1

∗

∗
F

100

−1/2 𝑃𝑡𝑜𝑡

40𝑊

− Τ1 2 𝛽𝑠𝑖𝑔

1

− Τ1 2
𝛽𝑚

1

− Τ1 2
𝑡

1𝑑

− Τ1 4

NEPPD+SN
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Sensitivity Estimation
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• Tuning from 0.1 – 26.7 bar in 269 steps.

• Probed ma ~ 20 – 100 meV.
• Ptot = 40 W laser @ λ = 1550 nm.
• Bext = 9 T.

• F = 100.
• L = 100 m PM HC-PCF.

• Rc = 5 μm ± 10 nm 
• t = 30 days.
• Dark Fringe = Pdark/Ptot = 1% 

→ DFSZ sensitivity in a wide axion mass 

range!
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WISPFI Prototype
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• 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 ωm = 4MHz and interferometer phase-lock (EOM-PM2) via a PID loop.
• EOM-AM setting a different frequency (5MHz) for measuring axion-induced amplitude changes.
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WISPFI Prototype – HC-PCF Integration
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• Rc = 8.5 μm HC-PCF from MPI in Erlangen / Germany.

• Stable coupling to HC-PCF with ~80% efficiency.
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HC-PCF



WISPFI Prototype – Magnet Panel
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• 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).

FEM Simulation
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WISPFI Prototype – Magnet Panel
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• Successful magnet integration including protection and custom-made mechanism for automatic 

B_ON and B_OFF measurements.

HC-PCF holder 
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WISPFI Prototype – Magnet Panel
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• 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
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• Fully automated DAQ system in python with multiple quality 

checks at various stages (polarization, beam profile, 
temperatures, etc).
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WISPFI Prototype – Phase Locking
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• Resonant EOM-PM for interferometer phase lock at ωm = 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.
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WISPFI Prototype – Latest Setup
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✓ Successful transition to partial free 

space MZI (no step-index fiber).

✓ Efficient coupling to HC-PCF.

✓ Broadband EOM-PM for phase-
locking (no fiber stretcher).

✓ Magnet integration and automatic 

B-ON/OFF measurements.

✓ Signal calibration via a dichroic 

mirror (amplitude reduction).

✓ Fully automatic DAQ system.
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WISPFI Prototype – Projected Sensitivity
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• WISPFI prototype sensitivity is projected to 

reach gαγγ = 1.32 x 10-9 GeV-1

at ma = 4.95 x 10-2 μeV within 30 days.

• First model-independent table-top 

experiment exploring this frequency range.

• Test-bench for full WISPFI setup.
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Future Steps
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• Final commissioning and data acquisition for the WISPFI prototype setup.

• Data analysis and results setting a first gαγγ 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.

https://doi.org/10.1364/AO.58.000963
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Summary
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• 1st 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 γ→a 
conversion.

• Tuning by regulating the gas pressure in the fiber.

• Prototype experiment ready to take data in UHH.

https://doi.org/10.1103/PhysRevD.109.123001 Axion is here!
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Thanks for your attention! 

Find out more about the cluster:

www.qu.uni-hamburg.de
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neff in HC-PCF (Confinement Losses)
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𝐶𝐿[𝑑 Τ𝐵 𝑘 𝑚] = −
20

ln10
⋅

2𝜋

𝜆
⋅ Im 𝑛𝑒𝑓𝑓
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Refractive index of air
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• Refractive index of air as a function of pressure and temperature for T=20oC and P=1.013 bar 

accordingly.
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Photon-axion Conversion
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• Original fields in terms of rotated fields:

• Conversion probability:

• Simplified using oscillation wavenumber:
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