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Searching for weakly interacting sub-eV particles with a fiber
interferometer in a strong magnetic field
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A novel table-top experiment is introduced to detect photon-axion conversion: WISP searches on a fiber
interferometer (WISPFI). The setup consists of a Mach-Zehnder-type interferometer with a fiber placed
inside an external magnetic field, where mixing occurs which is detected by measuring changes in
amplitude. Hollow-core photonic crystal fibers (HC-PCF) will be used to achieve resonant mixing that is
tuneable by regulating the gas pressure in the fiber. An unexplored axion mass-range (28 meV—-100 meV)
can be probed reaching the two-photon coupling expected for the QCD axion.
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I. INTRODUCTION

Axions are weakly interacting pseudoscalar particles
introduced to solve the strong CP problem in quantum
chromodynamics (QCD) which have been identified to be a
candidate for cold dark matter (CDM) [1-4]. The QCD
axion with mass m, inherits a nonvanishing two-photon
coupling-strength g,,, o m, that is model dependent. This
two-photon coupling leads to a rich phenomenology that
can be explored both experimentally as well as observa-
tionally. While cosmological and astrophysical searches are
sensitive to a wide range of the axion parameter space,
laboratory experiments searching for axions as CDM (so-
called haloscopes) have achieved so far the best sensitivity
and start to rule-out the benchmark QCD axion models for
a narrow mass-range from 2.81 peV to 3.31 peV [5].
However, these results depend upon the local density of
CDM, which is poorly constrained and could be substantially
smaller than the average at similar galactocentric distances
[6]. On the other hand, laboratory experiments that do not
rely on axions to form CDM (e.g., light-shining-through-
wall [4]), or searches for birefringence [7] are less sensitive
and none of the existing (and projected) experiments achieve
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sufficient sensitivity to probe the QCD axion (for an over-
view see, e.g., [8]).

In this paper, we introduce a new experimental setup
called WISPFI (WISP searches on a fiber interferometer)
that focuses on photon-axion conversion in a waveguide by
measuring photon reduction in the presence of a strong
external magnetic field [9]. In this novel approach, light
guiding over long distances can be achieved together with
resonant detection inside the bore of a strong magnet. The
basic idea of WISPFI is to use a Mach-Zehnder type
interferometer (MZI) where a laser beam is split into two
arms with one arm used as a reference and the other arm
placed inside a strong magnetic field which induces a
photon-to-axion conversion (see Fig. 1, further details are
given in Sec. III). Then, an amplitude reduction can be
measured in the presence of a nonvanishing photon-axion
coupling g,,,. The measurable effect of axion-photon
mixing relies on the Primakoff effect. The resulting con-
version probability [10] P,_,, « g2,,(BL)* < 1, where g,,,,
is the axion-photon coupling coefficient, BL is the product
of the transversal magnetic field B and the length L that the
photon beam passes through the external magnetic field. As
a comparison, in light-shining-through-wall experiments,
the signal rate depends on the product of photon-to-axion
and axion-to-photon conversion probabilities which there-
fore scales P,_,_, g4, (BL)* < P,_,.

II. PHOTON-AXION MIXING IN HOLLOW-CORE
PHOTONIC CRYSTAL FIBERS (HC-PCF)

The photon-to-axion conversion probability assuming a
mode propagating in the z-direction [10] is

P,_, = sin*(20) sin® (kgc2). (1)

Published by the American Physical Society
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FIG. 1. Schematic view of the experimental setup of WISPFI considering a partial-free space MZI for detecting photon-axion

oscillations. In red, the laser beam in free space is shown, while in blue the light beam propagating through the HC-PCF is represented.
The latter is the sensitive arm of the interferometer and is placed inside a 9 T dipole magnetic field with a length of 100 m where the
photon-axion resonant mixing occurs. The various acronyms correspond to: electro-optical modulator (EOM), beam-splitter (BS), gas
cell (GC), half-waveplate (HWP), polarized beam-splitter (PBS), quarter-waveplate (QWP), photo-detector (PD), and low-pass filter

(LPF). More details about the setup are given in the main text.

where k. is the oscillation wave number (see Appendix B
for more details on the photon-axion mixing). The first term
in Eq. (1) accounts for the amplitude of the oscillations
while the second term accounts for the oscillations. The
mixing angle 6 is deduced from the diagonalization of the
mixing matrix with the off-diagonal term G = g,,,B/2 in
Eq. (A3) in the Appendix A:

tan(20) = AE , (2)

where A_ = (k? — k2)/4w is the photon-axion transfer
momenta, given in terms of the photon with energy ,
k,, and axion wave-momenta, k,, propagating in the core-
media of the fiber. In the following, we will focus on the
conversion at or close to the resonant condition such that
A_~0, where the resulting probability P,_, is energy-
independent and the oscillation wave-number simplifies to
kose = G. Under the assumption of P,_,, < I, Eq. (1) can
be simplified and evaluated for typical values for the
magnetic field and length of the fiber:

_ -19 Yayy 2 E 2 2z 2
Pyoa =810 (10—'2Gev—'> <9T 0om) &

A. Resonant conversion

The resonant condition A_ =0 is asymptotically
achieved for large energy w or equal momenta for the
photon and axion: k, = k,. At resonance, the mixing angle
from Eq. (2) is 45° which maximizes the amplitude term in

Eq. (1). The resonant conversion occurs in a medium with
effective refractive index n.g for an axion mass m, given
by:

m, = wy/1 —nZ;. (4)
This condition can not be fulfilled for waveguides based on
dielectric materials. However, the resonance condition can
be fulfilled by using a HC-PCF [11,12], which is a
particular type of optical fiber with exceptional applications
in detection and sensing [13]. The light is guided through a
low-refractive index hollow core, which can be filled either
with a gas or a fluid. The core is surrounded by a hexagonal
periodic arrangement of holes in the cladding, generating
the photonic bandgap structure of the material. See Fig. 2
(a) for a microscopic view of the cross section of a
commercially available HC-PCF. Additionally, HC-PCFs
have a higher damage threshold for the guided laser power
compared to standard step-index fibers [14]. By exploiting
the bandgap structure of HC-PCF, the propagating mode
can acquire a refractive index below 1 (see Eq. (C1) in the
Appendix C) which, based on Eq. (4), leads to real axion
masses at resonant mixing.

B. Effective mode index of HC-PCF

From Eq. (4) we can observe that the resonance occurs
for an axion mass which changes with the refractive index
of the propagating mode. Here, we investigate the effective
mode index for a HC-PCF configuration [see Fig. 2(b)] by
solving the Maxwell equations with the finite-element
method (FEM) with COMSOL.
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FIG. 2. (a) Image taken with a OLYMPUS MX40 microscope
of a commercial HC-PCF (HC-1550) with 5 pm core radius.
(b) FEM simulation of a mode field distribution in a HC-PCF
with 5 pm core radius, a capillary-to-core radius ratio of 0.682
and a wavelength of 1.55 pm. The calculated effective mode
index is 0.992 for a pressure of 0.1 bar.

The effective mode index of the ground mode in a
HC-PCF depends on parameters such as the core radius R,
pressure p, and wavelength A. In turn, the resonant
conversion is limited to an axion mass close to the value
given in Eq. (4). We consider the difference An := 1 — nyy
and consequently for

m, = w\/(l - neff)(l + neff) ~ a)\/2An, (5)

for An < 1.

The results from FEM simulations for a varying core
radius R, and pressure p are shown in Fig. 3. The probed
axion masses for resonant conversion based on different
core radii and different pressures of air that fill the hollow
core of the fiber vary between m, =~ 10 meV to 160 meV.
The observed increase of the effective mode index with
increasing core radius or pressure matches the analytical
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FIG. 3. Axion mass at resonance and the difference of the

effective mode index (An = 1 — n.y) as a function of the core
radius of the HC-PCF for different pressures of air filling the
hollow core, using FEM solver. An average wavelength of
1.55 pm is applied. The assumed temperature of the air inside
the core of the fiber is 20 °C.

approximation (see Eq. (C1) in the Appendix C). These
simulations were performed assuming a straight fiber.

III. OVERVIEW OF THE EXPERIMENTAL SETUP

The general setup for the WISPFI experiment is based on
a partial free space MZI with the sensing arm implemented
by a waveguide that can be easily integrated inside a
magnetic bore. Two lasers at different wavelengths of
1535 nm and 1570 nm are used together with an optical
switch changing between the two lasers to modulate the
axion signal at a desired frequency (=10 kHz). This way, a
modulation amplitude close to 100% can be achieved [see
also Eq. (6)]. The wavelengths of the two lasers are chosen
to be sufficiently separated from each other to guarantee
that at most one laser is converting axions in resonance
while the other one is necessarily off-resonance. Therefore,
the possible observed axion-generated signal will be
modulated with the selected frequency of the optical
switch. This approach is similar to the one suggested by
[9] in order to isolate the photon-axion conversion signal at
side-bands with frequencies w,,, 2w,,. Next, an electric
optical modulator (EOM-AM) is used to compensate for
the expected variations in amplitude caused by the optical
switch without a magnetic field present. A free space BS is
then used for splitting equally the beam and redirecting it to
the two interferometer arms accordingly. The axion-photon
oscillation leads to a relative amplitude loss and phase shift
of the sensing arm embedded in the magnetic field with
respect to the reference arm of the interferometer. It is
noted, that for resonant conversion the axion-induced phase
shift is zero [10].

In the setup shown in Fig. 1, the sensing arm is made of a
HC-PCF and is placed in a strong magnetic field of 9 T
where the photon-axion conversion takes place in resonant
conditions. The HC-PCF can be optionally pressurized to
change the mass range for resonant conversion as demon-
strated in Fig. 3. The control of the conditions of the
medium inside of the HC-PCF is one of the major
advantages of this type of waveguide and has been
demonstrated in several experimental setups [15,16].

The reference arm of the Mach Zehnder interferometer is
realized in free space with an electro-optical modulator
(EOM-PM). The working point of the interferometer is then
locked using a PID-driven EOM-PM which compensates
for any possible phase changes between the two arms up to
frequencies of a few MHz. At the end of both arms, a PBS
is implemented in free space. This way, we achieve the
necessary control to match and balance the interferometer
arms. For proper control over the full 2z polarization and
manipulation of the beam an adjustable HWP and QWP are
placed before and after the PBS, respectively, as shown
in Fig. 1.

The side-bands are then detected using PD1 operating in
the dark fringe. The signal is further demodulated following
a lock-in amplifier scheme as shown in Fig. 1 with a mixer
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and a LPF. The set point is carefully chosen by observing
the resulting fringe pattern from performing a sweep of the
offset voltage in amplitude. In addition, the slope of a
particular fringe provides the sensitivity of the interferom-
eter to changes in the optical path length. As previously
mentioned the interferometer is then stabilized by comput-
ing the error signal as the difference between the measured
amplitude and the set point and sending it back to the
EOM-PM. In addition, the signal from the bright port of the
MZI where PD?2 is placed is sent back to the EOM-AM via
a PID loop (see Fig. 1).

IV. SENSITIVITY ANALYSIS

The expected sensitivity of the WISPFI setup as intro-
duced in Sec. III is estimated under the following assump-
tions: (i) The MZI is operated at a dark fringe, (ii) the
instrumental noise is dominated by the dark current of the
PD, (iii) there are no additional losses included. The signal-
to-noise ratio (SNR) is then given by the ratio of the power
received in the dark port for a conversion probability in
resonance [see Eq. (3)] and the noise induced by the dark
current. For an uncooled InGaAs photodiode, the noise-
equivalent power (NEP) amounts to approximately
0.5 fW/+/Hz. At the dark fringe, the influence of shot noise
coming from the signal in terms of NEP can be estimated as

NEPgy = /PP, qo. For an axion-photon coupling of
Gayy = 1.2x10712 GeV~! and P, =4 W, the shot noise
contribution from the signal is expected to be
NEPgy ~ 6 x 10~* fW/+/Hz, which is significantly smaller
than the noise contribution from the PD. However, for
coupling strength values g, > 1x 10™ GeV~!, the shot
noise dominates over the detector-noise and thus limits the
resulting sensitivity. An additional noise contribution term is
derived from the shot noise from the laser integrated over the
sideband. Assuming a bandwidth of ~100 Hz for the side-
band and aresidual power of less than 1% received in the dark
fringe, the resulting noise contribution is smaller than the
detector noise.

For a commercial laser with P, =4 W and 1=
1550 nm, a fiber length of L = 100 m embedded into a
9 T dipole magnetic field of equal length, and an operation
time of 180 d, the resulting sensitivity on g,,, is given by:

SNR\ /2 / B \-!
Gayy © 1.2 x 10712 GeV™! <—> < )

3 9T
-1 —-1/2 . —-1/2
« L Ptot / ﬁSIg /
100 m 4W 1
(i) ()
180 d 0.5 fW//Hz

It is noted, that for the calculation of the sensitivity, the
fiber is assumed to be straight and the polarization is
maintained along the whole path so that the E-field is
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FIG. 4. Projected sensitivity for WISPFI experiment with an
external magnetic field of 9 T. In this baseline setup, the applied
laser power is 4 W in a HC-PCF fiber with a length of 100 m, and a
coreradius with amean value of 5 pmand 6 = 100 nm, 10 nm, and
O0nm. An average laser wavelength of 1.55 pmis applied. The total
data-taking time is assumed to be 6 months for each value of .
The 15, 50, and 85 percentiles are also shown in different colors.
The CAST limit is also shown for comparison [22].

parallel to the B-field to maximize the photon-axion
conversion. This can be achieved with polarization-main-
taining (PM) HC-PCF [17,18]. A very low polarization
cross-coupling can be achieved without significant bire-
fringence effects using anti-resonant fibers (ARFs) [19].
Additionally, the effective mode index is calculated for a
constant temperature of 20 °C and a constant pressure of
0.1 bar along the 100 m-long HCPCF. Under these
conditions, the effective mode index remains constant
along the fiber.

The mass for resonant conversion in the HC-PCF [see
Eq. (4)] is mainly determined by the core radius R, [see
Eq. (C1) in Appendix C]. The production process of a HC-
PCF leads to random variations of the core radius along the
fiber. Since the fiber is drawn from a heated mandrel, initial
variations are stretched such that the largest variations of
core radii occur on the longest length scale of the resulting
fiber. The resulting variations resemble a 1/f or red noise
behavior with a cutoff at a length scale of 10 m.

In order to characterize the impact of the random
variations introduced at the time of drawing the fiber,
we assume a mean value for R. of 5 pm with ¢ = 100 nm,
10 nm, and O nm. The resulting sensitivity is then
determined from a simulation of 10 fiber realizations each
with a 100 m length. In each case, the resulting conversion
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probability P,_, is calculated using the transfer-matrix
approach applied to 1000 segments each with 0.1 m length
(see Refs. [20,21]). This way, we can calculate for each
realization the range of resonant mass and coupling that can
be probed. In Fig. 4, the 15, 50, and 85 percentile are
shown in different colors. With the projected sensitivity, for
o = 10 nm and 50 percentile, the WISPFI experiment will
probe the g,,, coupling for the QCD axion close to the
KSVZ scenario within 6 months. The probed axion mass
range can be varied between m, ~ 10 meV to 100 meV by
changing the gas pressure inside the core of the fiber
between 0.1 bar to 30 bar (see also Fig. 7). In the case of a
wider variation of core radii in the fiber considered in
Fig. 4, the axion mass range will extend without additional
tuning, however, with decreased sensitivity.

As discussed in Sec. II B, the probed axion mass at
resonance can be tuned by changing the air pressure inside
the HC-PCF. The tuning step size is determined by the full
width at half maximum (FWHM) of the resonance and
therefore, in our setup, it will be adjusted based on the
actual core radius variations of the used HC-PCF which
will also determine the reached sensitivity. More details on
the effect of realistic pressure variations along the HC-PCF
and the gas filling time are given in the Appendix E.

V. DISCUSSION

The WISPFI experiment will be sensitive to the QCD
axion in a narrow mass range close to 100 meV that is so far
unexplored experimentally. The baseline configuration
presented above (Fig. 4) can be substantially improved
by installing several optimized interferometers tuned indi-
vidually to a resonant conversion for different axion masses
(e.g., by choosing gas pressure, wavelength, and core
radii). The resulting sensitivity and mass range covered
is therefore scalable without the need to develop new
methods. The novel approach to search for resonant
conversion in a HC-PCF opens additional unique oppor-
tunities: By attaching electrode strips to the fiber, it is
possible to probe the photon-axion conversion in strong
electric fields that has been predicted in scenarios based
upon modified quantum electromagnetodynamics [23].
Additionally, a Fabry-Pérot cavity can be used to increase
the effective power on the sensitive arm and thus improve
the resulting constraint on g, by F 172 where F is basically
the finesse of the cavity [9]. Such hollow core fiber Fabry-
Pérot interferometers have been shown to exhibit a finesse
of over 3000 [24]. For the locking of the cavity, the Pound-
Drever-Hall technique will be used. It is noted that the
modulation frequency of the optical switch is carefully
selected such that the decay time of the cavity is shorter
than the switching time between the two laser wavelengths.
An example, using a laser of 40 W, a 100 m-long HC-PCF
with ¢ = 10 nm, and a Fabry-Pérot cavity with a moderate
finesse of 100, while measuring for a total of 1 and 2 years
is shown in Fig. 5. For the case of 2 years, a total pressure
change of 27.8 bar is applied in 210 steps of approximately

[ o =10nm (50%), B=9T,
Pt =40 W, L =100m

107°

30

25

10-10

15

8ayy [Gev_l]
pressure [bar]

10-11 10

10-12 4
100 10! 102 103

m, [meV]

FIG.5. WISPFI’s long-term prospects including a 40 W laser, a
100 m-long HC-PCF fiber with a core radius of 5 pm and
¢ = 10 nm, and a Fabry-Pérot cavity with a finesse of F' = 100.
An average laser wavelength of 1.55 pm is applied. The data-
taking time is 1 year and 2 years (green-dotted region). The
50 percentile chosen for this case, results in DFSZ sensitivity. The
tuning is performed by controlling the air pressure in the core of
the HC-PCF from 0.1 bar to 27.9 bar. This results in an axion
mass range between ~28 meV to 100 meV. The CAST limit is
also shown for comparison [22].

132 mbar corresponding to ~0.6 meV in mass, in order to
reach axion masses between ~28 meV to 100 meV with a
DFSZ sensitivity.

VI. SUMMARY AND OUTLOOK

We have introduced a MZI embedded in an external
magnetic field that is sensitive to the conversion of photons
to axions. The conversion takes place resonantly in a
HC-PCFE. By changing the gas pressure in the hollow core,
the refractive index for the guided mode can be tuned. In
the approach presented, the resulting sensitivity reaches
the QCD axion band for the photon-axion coupling g, in a
so-far unexplored mass range at 100 meV. The approach is
scalable and we have introduced several avenues to
improve the sensitivity and mass range further.
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APPENDIX A: EQUATION OF MOTION

From the axion-modified Ampere and Faraday's laws,
the Axion-Maxwell-Helmholtz equation focusing on the
z-direction of propagation can be deduced as:

[02 + M2y (z) = 0. (A1)

where y(z) = (Ij((f)) ) being the electric field and the axion

field, respectively. The variables w, and w,, are the angular
frequencies of the photon and axion fields, respectively,
which will be assumed to be the same in the following
calculations. In the ultrarelativistic limit |m|*> < @?, Eq. (A1)
is linearized in the context of observing plane waves, as done
in Ref. [10]. Regarding that, the mixing matrix is

o b k; -G
20\-G k)’

where k2 = n2zks = o> — m? and ki = o} — m2 give the

photon and axion momenta respectively in the core media of
the fiber, and G = g,,,B/2 is the mixing energy which is
proportional to the external magnetic field and the coupling
strength. To obtain the proper propagation constants of the
photon and axion fields a change of basis is required to
decouple the system. For that reason, we work in a new basis
(E(z), a(z)) so that both fields can be treated independently
and the standard Maxwell boundary conditions of continuity
and differentiability can be applied. By finding the mixing
angle A that decouples the fields and makes the mixing matrix
diagonal, the eigenvalues l}y,a can be estimated. We then have
all the information for dealing with each field separately.

_ k0 M?
M* = ( ’ ~2> = U(0)5-U"(0),
0 k ®

(A2)

(A3)

where k, , = A, £ /A% + G? with A, = (K2 £ k2)/4w.
The mixing angle 0 can be obtained from the nondiagonal
terms of the resulting matrix operation in Eq. (A3):

G
tan(20) = N

(A4)

Note that the mixing angle in Eq. (A4) has a dependence
on the refractive index of the media.

APPENDIX B: PHOTON-AXION CONVERSION
PROBABILITY IN A FIBER

The photon-axion conversion probability inside a fiber
will now be estimated. In the simple linearized case, the
resulting decoupled electric and axion fields propagating
inside the fiber in the z-direction can be expressed as
E(z) ~ exp (ik,z) and a(z) ~ exp (ik,z), respectively. The
original fields can be then expressed in terms of the rotated
and their respective factorized amplitude coefficients

(A, A):

E(z) A, E(z)

yw(z) = = :

a(z) A, -a(z)
Given the total energy of the system and losing one degree
of freedom by normalizing the amplitude coefficients, the
total intensity can be expressed as A% + A2 = I, being A;
real amplitude coefficients. We can then observe how our
system conserves the total amplitude. The electric and

axion fields in the z direction can be therefore deduced by
applying the rotation back to our original basis.

(B1)

QN

w(z) = (E@) — U @i(2)U0)

a(2) (B2)

Regarding that, the resulting conversion probability is
2

A . = =
P, = I—a = cos? @ sin? fle~ k7 — etkat
T

2. (B3)

This expression can be further simplified by describing it
in terms of the oscillation wavenumber ko, = k, — k, as

P,_, = sin*(20) sin® (kgc2).

which corresponds to Eq. (1) in the main text.

APPENDIX C: ESTIMATION OF THE
EFFECTIVE MODE INDEX

To analytically calculate the effective mode index in a
HC-PCF the fiber-core is commonly approximated con-
sidering a circular capillary, expressing the mode profile
as in the case of a hollow waveguide [25]. Under that
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approach, only the core mode is relevant for the conversion.
To ensure good confinement and simplification of the
calculation, we assume that the ratio between the core
radius and the wavelength in vacuum is much higher than
one (R./A>1).

The effective mode index can then be calculated as in
Eq. (C1) from the real part of the propagation constant, k,,
divided by the photon wave number in vacuum, k,. We
only consider the real (loss-less) part of the propagation
constant since optical fibers are normally made of dielectric
materials with a predominantly real refractive index. The
effective mode index (n.¢), and eventually the axion mass,
are principally affected by the core radius (R.) or by
changing the refractive index of the filled gas (n44), by
varying pressure (p), temperature (7°), and wavelength
(4) [25]:

_h ey - (B
neff—k__ ngas(’pv )_ kR ’ ( )

where u,,, is the mth zero of the nth-order Bessel function
of the first kind. This so-called Marcatili’s formula is
generally valid when the ratio between the core radius and
the applied wavelength is R./4 2> 27 [26]. However, for
smaller values of R./A, it overestimates the resulting
effective mode index. Because of that, we consider a more
suitable model based on a hollow core surrounded by a ring
of dielectric tubes. Each tube is separated from each other
by a trapezoidal-shape gap as given in Ref. [26]. In this
approximation, the core radius R, in Eq. (C1) is replaced by
an effective core radius Rz (4) (see Eq. (10) of [26]). This
approximation is known as tube-lattice fiber (TLF).

Since the actual geometry of the HC-PCF under study
contains additional rings of hollow tubes, the effective
mode index is also calculated through simulations where
the cylindrical two-dimensional geometry of the system has
been implemented in the commercial software package
COMSOL-MULTIPHYSICS [27] [see the black outline in
Fig. 2(b)]. Based on the available HC-PCF in the market
[HC-1550, Fig. 2(a)] the hollow core radius is assumed to
be R, =5 pm and the cladding is composed of pure silica
glass (n.,q4 = 1.45). We consider a capillary-to-core radius
ratio of 0.682 [28]. The cylindrical geometry is matched by
a boundary condition that corresponds to an infinite radial
extension of the cladding. The resulting effective mode
index is found by scanning the solution of the Maxwell
equations for propagating modes that are confined to the
core. As an example, for such a solution with the pressure
and temperature fixed at p =0.1 bar and 7 = 20°C
respectively, we show in Fig. 2(b) in color-scale the electric
field strength along the propagation direction which shows
a clear maximum collocated with the hollow core.

The solutions obtained with the FEM calculations with
the core radius R, varying between 3 pm to 11 pm are
shown in Fig. 6 in comparison with the analytical solutions

x1072

160 1 F2.01
TLF +1.81
—— Marcatili L
140+ —— FEM (A = 1.55 um, T=20°C, p=0.1 bar) | %2%
120 r1.21
+1.01
< 1004 L 0.81
E 80 70.61<:
© r0.41
£ 60
404 021
20
01 L0.01
3 4 5 6 7 8 9 10 11

Rc [um]

FIG. 6. Axion mass at resonance and the difference of the
effective mode index (An = 1 — nyy) as a function of the core
radius for a pressure of 0.1 bar and a wavelength of 1.55 pm
using FEM solver (blue). A comparison is also shown with the
TLF model [26] (orange) and the Marcatili model [25] (green).
The corresponding error bars from the simulation which corre-
spond to the numerical uncertainty on n.g are on the level of 10~
and are therefore not visible.

introduced above [see Egs. (C1), (5)]. The TLF approxi-
mation is closer to the numerical solution for core radii
~5 pm and larger while the differences are more pro-
nounced at smaller core radii as expected. The Marcatili-
based solution shows a qualitatively similar behavior but
the overall value for An is smaller. These differences with
the FEM simulation are already discussed in [29]. The
resulting range of m, varies between 40 meV to 160 meV
for a pressure of 0.1 bar. It is noted that a smaller core
radius leads to a smaller effective mode index (larger axion
mass), as the mode experiences stronger interaction with
the cladding.

Besides changes in the geometry, the effective mode
index is also affected by changes in the refractive index of
the medium that fills the hollow core through changes in
pressure and temperature. First, the refractive index for
humid air is calculated using least squares to fit the raw
data from [30] under the standard conditions (T, = 20 °C,
po = 0.1 bar, relative humidity Hy = 50%) for 1=
1.55 pm. Then, as shown in Fig. 7, the resulting variation
of the effective mode index n.; can be simulated when
varying the pressure between p = 0.1 bar and p = 30 bar.
As expected, n.; o p and it reaches vacuumlike conditions
(ngr = 1) for p = 30.3 bar (FEM simulated, in blue). It is
noted, that for a larger core radius of R, = 10 pm,
vacuumlike conditions are reached for p ~ 11 bar (TLF,
in green).

Finally, in Fig. 8, the wavelength of the propagating light
is varied to highlight the effect in the effective mode index
of the HC-PCF and the subsequent probed axion mass. It
should be mentioned, that longer wavelengths experience
less confinement and a lower effective mode index, which
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FIG. 7. Effective mode index and axion mass at resonance as a

function of pressure using FEM solver (blue). The core radius of
the HC-PCF is assumed to be 5 pm, while the applied laser
wavelength is 1.55 pm and the temperature of the air inside the
core of the fiber is 20 °C. The blue-shaded region corresponds to
the numerical uncertainty of 10~ in the effective mode index.
The TLF model [26] for a core radius of 5 pm (orange) and
10 pm (green) are also shown for comparison.

92.51
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FIG. 8. Axion mass as a function of the wavelength using FEM
solver. The core radius of the HC-PCF is assumed to be 5 pm,
while the air inside the core of the fiber is at standard conditions.

can lead to a reduction in the overall transmission efficiency
of the fiber. Furthermore, at larger wavelengths, the
confinement loss can limit the transmission band of the
core of the fiber. Analogously to the application of pressure
changes, a fine-tuning of the wavelength can result in lower
axion masses.

APPENDIX D: INTERFEROMETRIC DETECTION

The detection principle for photon-axion conversion
in fiber is similar to the case of a Michelson interfer-
ometer setup as introduced by [9]. The case of the

amplitude-modulated laser beam is shown here as an
example. For a laser beam passing through the EOM
before entering the interferometer, a sinusoidal ampli-
tude-modulated field can be expressed as:

Ein = EO[I +:Bsig Sin(wmt)}eiwt

_ iwt 'BSig i(w+w,)t _ﬁsig i(w-w,,)t
=Ey|e™ + T 5 ¢ (D1)
where fg, is a constant for the relative modulation
amplitude, and ®,, is the modulation frequency. In the
second line of Eq. (D1), the first term indicates the carrier
frequency and the latter two the sideband frequencies.
Let L., be the length of the sensing arm and L, the
length of the reference arm, L = (L, + Lyt)/2,
AL = Ly, — L. The sideband signal can be maximized
when manually choosing a specific macrolength difference
between the two arms for the MZI of k,,AL/2 = n/2.
By introducing the photon-axion conversion P,_,, in one
of the arms of the interferometer, the output field can be
deduced:

E, . _
Ei = 70 el(@rthol) [2isin(kgAL/2) — Pyﬁae_’koAL/Z

+ Piig(2 cos(kgAL/2) — Py_me‘”‘o“/z)

x cos (@,,t + k,,L)], (D2)
where k( and k,, are the wave numbers for the laser beam
and the modulated beam.

It is noticed that the output power |E,|> would have a
DC component as well as higher order modulation com-
ponents with frequency w,, and 2w,,. After mixing with a
local oscillator, the component of frequency w,, can be
extracted through a low-pass filter. This leads to the w,,
modulated term (we only consider power loss and neglect
the phase shift which is higher order in the coupling and
disappears for the resonant conversion) from the total
output power:

|Em |2 = _|E0‘2ﬂsigpy—>a Cos (kOAL) Cos (a)mt+ kmL) (D3)

This is the output signal of the sidebands from photon-
axion mixing, where |E,|? refers to the input laser power.
When kyAL = /2, dark fringe is achieved, and the power
from the DC part is minimized.

APPENDIX E: FIBER PRESSURIZING

As mentioned previously, varying the pressure inside the
core of the HC-PCF is the most efficient way for tuning the
effective mode index and thus the probed axion mass.
Pressuring of a HC-PCF using two gas cells at the two ends
has already been demonstrated in the literature for gas
sensing [15,31]. For a 100 m fiber length the pressure is
varied between 0.1 bar to 27.8 bar to sample an axion mass
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FIG. 9. A comparison of the interval that is needed to achieve a
pressure balance (less than Ap variation of pressure along the
fiber) with the data acquisition time (7,,) required to reach the
DFSZ sensitivity for different values of pressure p, (the corre-
sponding mass range is indicated on the axis at the top). During
data-taking, the pressure p, will be varied in the range from
0.1 bar to 27.8 bar. The accumulated time to fill the fiber will be
less than 2% of the total data acquisition time.

between ~28 meV to 100 meV. In Fig. 9 the required
pressure difference per tuning step is shown as it changes
when increasing the pressure. The maximum pressure
difference of ~0.35 bar per tuning step is reached for

the high-mass axion regime whereas it decreases to
~0.05 bar for the low-mass axion regime.

The required time to pressurize the HC-PCF depends on
the gas that is used (dry air at T = 22 °C), the length of the
fiber, the required pressure, and the maximum pressure
deviation at the midpoint of the fiber. We estimate the
required filling time for a HC-PCF with a core radius of
5 pm and length 100 m following the approach suggested
in [32] that extrapolates between continuous and slip flow
regime. The resulting filling time to achieve a pressure
difference of less than Ap at the midpoint of the fiber for a
given external pressure p, is calculated using:

(L/2)2 Po 8
ta = In|{-———], El
fill 2D n Apr2 (E1)

where L/2 is the midpoint of the HC-PCF fiber.

For the assumed core radius variations of ¢ = 10 nm, the
FWHM of the projected sensitivity is ~0.6 meV, which
translates into a limit on the pressure difference Ap along
the fiber of 0.05 bar to 0.35 bar depending upon the
pressure level. The resulting filling time (#g;) is also shown
in Fig. 9 as a function of pressure (0.1 bar to 27.8 bar) along
with the specific time per step to reach the DFSZ theoretical
line from Fig. 5.

It is noted that the total time for pressurizing the fiber
over all 210 tuning steps is on the order of 13 days which is
less than 2% of the required data-taking time to reach DFSZ
sensitivity for the 72 meV axion mass range.
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