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Temperature insensitive fiber interferometry
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We show for the first time, to the best of our knowledge, the
interference pattern of a Mach—Zehnder interferometer to
be fully insensitive to temperature. This is achieved using
silica glass made hollow core fiber and operating it at the
temperature of -71°C, which is very close to the tempera-
ture at which the thermal expansion of silica glass crosses
zero. Our results highlight for the first time an alternative to
bulky and difficult-to-align, ultra-low-expansion glass-

based optical cavities for metrology and sensing.
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Optical interferometers lie at the heart of some of the most
precise instruments ever constructed. They are essential in op-
tical metrology [1], in ultraprecise precise position and rotation
sensing (e.g., gyroscopes [2]) and even for the gravitational
waves detection [3].

In all of these applications, the cross-sensitivity to temper-
ature must be very carefully managed in order to achieve the
required levels of accuracy and precision. For example, in met-
rology, an Ultra-Low Expansion (ULE) glass is stabilized at its
zero-sensitivity turning point and a hole at its center is used to
define a Fabry—Perot cavity. The Fabry—Perot configuration is
the only practical interferometer there, as it allows for the long
light delays necessary to achieve ultra-high sensitivity in a cavity
of practical dimensions (e.g., 50 cm long). To achieve long de-
lays, an ultra-high finesse (e.g., >100,000) is necessary, which
unavoidably makes the cavity very difficult to align. Even
though ULE glass can achieve zero thermal expansion at am-
bient temperature, the ultimate limiting factor to sensitivity is
found to be thermal noise in the resonator end mirrors [4]. An
alternative approach is to use a cavity made from a single crystal
of silicon, which exhibits zero expansion at a temperature of
124 K, simultaneously enabling both zero thermal expansion
and low thermal noise when operated at 124 K [5].
Restricted by the cost and ultra-sensitive alignment require-
ments, these cavities are found today only in specialized
metrology laboratories.
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Optical fibers allow for the construction of interferometers
with effectively arbitrary optical delays (from millimeters up to
10’s of km); however, the silica glass of which fibers are made
has a relatively high thermo-optic coefficient (48 rad/m/°C at
1550 nm [6]), meaning that these interferometers are highly
sensitive to temperature fluctuations leading to correspondingly
high thermal phase noise [7]. This sensitivity can be reduced by
using hollow-core optical fibers (HCF) [6,8], in which the light
propagates through air (which has a very low thermo-optic re-
sponse). In such fibers, the dominant source of thermal insta-
bility is thermally-induced elongation/contraction, which
although very low for fused silica (5.5 x 107 /K) [9], is too
high for precise interferometers.

Recently, we showed that the optical propagation delay
through a HCF can be made to be fully insensitive to temperature
over a limited bandwidth [10]. Unfortunately, the thermal sensi-
tivity of the accumulated phase, which dictates the interferometer
performance, cannot be nulled in the same way as for the delay.
Besides interferometers, this capability is of interest in other ap-
plications that require, for example, the transmission of carrier-
envelope-stabilized pulses for which both the temporal delay and
accumulated phase are of critical importance.

To the best of our knowledge, there has been no report to
date of an optical fiber (or a path-imbalanced (i.e., two inter-
fering arms of different length) fiber based interferometer) in
which the phase of light is completely insensitive to tempera-
ture changes.

Here, we report the first path-imbalanced fiber interferom-
eter that can be made completely insensitive to thermal fluctua-
tions. Use of such a device will enable ultra-stable, alignment-
free, and compact fiber interferometers to be used in real world
applications, e.g., for precise laser stabilization. Ultra-stable la-
sers are essential for high-precision timing and length measure-
ments, as required in many diverse fields, e.g., communications,
positioning, relativistic geodesy [11], amongst others.

Crucial to the result presented here is the fact that the ther-
mal coefficient of expansion of fused silica crosses zero at tem-
peratures between -85°C and -110°C [9]. Although this is
unimportant for solid core fibers where the thermal sensitivity
is dominated by the thermo-optic effect of the silica glass, it
should allow zero sensitivity to be reached in HCF in which
the thermal sensitivity is dominated by thermally-induced
elongation. Additionally, at low temperature, where the zero
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Fig. 1. Experimental setup. Laser light with a frequency locked to
an optical frequency comb passes through a Mach—Zehnder interfer-
ometer incorporating the hollow core fiber (end face shown in inset)
under test in one of its arms. OC: optical coupler, LN2: liquid nitro-
gen, FUT: fiber under test.

thermal expansion occurs, the dynamic thermal noise is also
significantly reduced [7,12].

We carried a proof of concept experiment, as shown in
Fig. 1. An imbalanced Mach—Zchnder interferometer (MZI)
had a piece of photonic bandgap HCF (HC-PBGF type) in
both arms. The HC-PBGF was of 19-cell design, had air filled
core of 29.2 pm diameter, and the outer diameter of the fiber
silica glass jacket was 210 pm [6].

For our proof-of-principle experiment, the HCF was
directly spliced to the SMF-28 pigtails of two couplers, with
each splice having about 5 dB loss (total device loss of about
10 dB). We did not implement a more sophisticated technique
(e.g., in [13], loss below 0.3 dB per interconnection was
achieved), since only the optical phase change that could be
measured even in the presence of moderate loss was of our
interest.

The SMF-28 pigtails lengths were carefully balanced and
kept as close as possible to cancel their thermal response.
Both arms contained 1-m long HCF, but the longer arm in-
corporated an additional 8 m length of HCF [the fiber under
test (FUT)] with the acrylate coating removed, as we expected
that the coating could significantly contribute to the total fiber
thermal sensitivity at low temperatures. This is because the fiber
coating is in a soft rubbery state at room temperature but comes
into a stiff glassy state at low temperatures, thereby imparting
thermal stresses on the fiber. The MZI couplers were physically
placed away from the FUT, thermally-insulated and actively
temperature stabilized. The FUT was placed inside a glass
Petri dish fixed to the top of a polystyrene box. The polystyrene
box was then filled with liquid nitrogen (LN2) right up to the
bottom of the Petri dish. As the LN2 evaporated away, the tem-
perature of the FUT increased slowly. Due to the temperature
changes, the optical path length 7L of the FUT changed, and
the phase of the light propagating through it changed accord-
ingly (¢ =2mnl/A, A: wavelength), affecting the power
recorded at the MZI output.

Pout = yPin COS(@), (1)
where y is the total loss of the MZI, and P, is the input
optical power.
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Then, by counting the number of passing fringes in the out-
put signal, we can calculate the thermal phase sensitivity as
__lde  number of fringes - 2z

CLdT AT - L ’ @
where AT is the temperature change over the observation time.
In deriving Eq. (2), we considered A to be constant (not
changing with temperature). This means that there is no drift
in the laser used to probe the interferometer. For our 8-m im-
balanced HCF-based MZI, laser frequency change as small as
38 MHz causes Ap = 360° (move by one interference fringe).
For a reliable measurement, we had to ensure that our laser
drifts by significantly less than 38 MHz (e.g., <1 MHz) over
the duration of the measurement, which is challenging to be
achieved in any free-running laser. Thus, we phase locked
our laser (Rock laser, operating at 1555.7 nm) to a carrier-en-
velop-stabilized optical frequency comb (Menlo FC1500-250).
This reduced the drift several orders below the 1-MHz level
required for our measurement.

The optical power launched into the interferometer was
kept to 0 dBm, and the output signal was captured by a
photodiode.

Two thermistors placed at different positions long the coiled
FUT were used to monitor the temperature of FUT. At the
beginning of the experiment, when the polystyrene box was
filled with LN2, the temperature distribution across FUT
was not uniform, and the temperature reading obtained with
the two thermometers was different. After finishing the filling
and closing the polystyrene box, the temperature decreases
quickly to its minimum and then rises up, and when it reaches
about -170°C, the two thermometers start showing the same
temperature, indicating uniform temperature distribution along
the FUT. At this point, we started to record data. The temper-
ature data are shown in Fig. 2. We see that the FUT temper-
ature first rose up relatively quickly, slowing down till LN2 was
present in the polystyrene box. Around -60°C, there was no
LN2 left and the temperature started to rise quicker again, until
the ambient temperature had been achieved.

Figure 3 shows the MZI output power as a function of tem-
perature. The non-uniform fringe contrast is due to thermally-
induced changes of optical length in the two MZI arms, which
(due to slight birefringence of the coiled/bent fibers) induced
changes in the light polarization propagating through the MZI
arms. We did not actively control the polarization state here
as this was not essential to obtain our key result. At low
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Fig. 2. Temperature change of the MZI as a function of time.
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Fig. 3. Interference fringes of the interferometer as a function of
temperature.

temperatures, the fringes change rapidly with temperature,
slowing down as temperature increases to ~-70°C, beyond
which they appear more rapidly again at higher temperatures.

When extracting phase data from the measured MZI output,
we first used sinusoidal function to fit every interference fringe
—fitted curves within the sparse region around -70°C are
shown in Fig. 3 with red dashed line. After obtaining the period
for every interference fringe (which corresponds to a phase ¢
difference of 360°), we calculated the thermal sensitivity using
Eq. (2) and plotted it in Fig. 4 (red solid curve) together with
the expected sensitivity based on the thermal expansion of
fused silica (blue dashed line) [9]. The measured sensitivity
curve matches our expectations from ambient temperatures
down to about -100°C. We believe the difference bellow
-100°C is due to changes in the thermal properties of the
air inside the HCF [14]. Within the temperature range
-73°C to -69°C the measured thermal sensitivity is within
+50 mrad/m/°C, which is 1000 times lower than that of
SMF-28 at room temperature. The zero sensitivity point for
the HCF under test was measured to occur at =71°C. The phase
sensitivity around -71°C changed at a rate of 6 x 107°C2,
which is three times lower than for crystalline silicon at its zero
temperature crossing point at 124 K (-149°C) [5].

In conclusion, we have demonstrated an optical fiber inter-
ferometer with zero phase thermal sensitivity for the first time,
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Fig. 4. Measured thermal sensitivity of stripped HC-PBGF (red
solid) and expected thermal sensitivities (blue, dashed) based on
the data for fused silica from [9].
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to the best of our knowledge. Having previously shown that the
particular fiber we employed can be designed to make its propa-
gation delay insensitive to temperature, this work paves the way
to fibers (and devices made thereof) in which both phase and
propagation delays are engineered to be thermally-insensitive.
The zero sensitivity was achieved at a temperature of -71°C
which can be readily achieved with a Stirling engine, Peltier
cooler, or simple LN2 cooling system, making it extremely
suitable for those working in fields that require ultra-stable inter-
ferometers. Since such properties result from the glass properties
themselves rather than the fiber structure, other HCF geom-
etries (e.g., Anti-resonant fibers [15], Kagome fibers [16]) are
also expected to show zero phase sensitivity. Although our
proof-of-principle experiment used a relatively short length of
a HCF (8 m), interferometers with significantly longer length
should have the same thermal properties, allowing for ultra-
sensitive thermally-insensitive fiber interferometers to be made.
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