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Optical fibers with a low thermal coefficient of delay (TCD)
have been developed for frequency and timing transmis-
sion/distribution. However, their temperature sensitivity
changes as a function of temperature and, to date, no study
of such fibers has demonstrated improved performance over
extended temperature ranges, especially at sub-zero temper-
atures. Here, we show that a hollow core fiber (HCF) with a
thin acrylate coating can have a TCD within ±2.0 ps/km/°C
over a broad temperature range from −150°C to +60°C. In
addition, this thinly coated HCF can be fully insensitive to
temperature around −134°C, making it of interest, e.g., for
laser stabilization close to cryogenic temperatures.
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ative Commons Attribution 4.0 License. Further distribution of this
work must maintain attribution to the author(s) and the published arti-
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Optical fiber based timing synchronization and frequency dis-
tribution have improved measurement accuracy in various
fields such as fundamental physics, navigation, astronomy, and
geodesy [1–3]. The main challenge in transmitting a stable
timing/frequency signal through an optical fiber is the signal
phase and delay variation due to changes in the fiber’s opti-
cal path length caused by acoustic, mechanical, and thermal
perturbations. For continuous wave or narrow-bandwidth sig-
nals, the optical path length is usually stabilized using passive
or active compensation of carrier optical frequency [4,5]. For
synchronization using short pulses such as in large-scale scien-
tific infrastructures, e.g., x ray free-electron lasers (XFEL) [6],
extreme light infrastructure (ELI) [7], and multi-telescope array
projects [8], optical/electrical delay lines [9,10] are used for
propagation time stabilization. The delay lines required for such
stabilization need a relatively high dynamic range to compen-
sate for the large thermal sensitivity of standard single-mode
fibers (SMFs) which typically have a thermal coefficient of
delay (TCD) of approximately 40 ps/km/°C. For example, the
European XFEL has 24 fiber link channels with 24 sets of com-
pensation units, each incorporating a 31-cm-long free space
delay line [11]. The delay line dynamic range needs to be even
larger for longer links, for example, synchronization of distant

telescopes, e.g., Ref. [12], where a tunable delay line consisting
of a 10-km-long thermally controlled fiber spool was used to
compensate a 110-km installed SMF link. Such compensation
was reported to induce additional noise and thus degradation of
the transmission line stability [12].

Optical fibers with reduced TCD compared to SMF can reduce
the accumulated delay variation and their use thus enables com-
pensating delay lines with smaller dynamic range. There are
several such fibers available commercially. They are marketed
as “phase stable optical fibers” and their performance is typ-
ically given in terms of TCD. The term “phase” here refers
to the phase of an optical pulse envelope (i.e., propagation
time) rather than the optical phase directly. For consistency with
our previous publications, however, we use the term “phase
sensitivity” when referring to optical phase (related to effec-
tive refractive index) and delay (related to the group refractive
index). All of the commercially available low-TCD fibers achieve
TCD reduction by using specialty coatings. Unfortunately,
these coatings have strongly temperature-dependent properties
and generally can be optimized only over relatively narrow
temperature ranges. Such fibers are commercially available
from Furukawa (TCD= 2.5–5.0 ps/km/°C), Linden Photonics
(5.1–6.5 ps/km/°C [13]), and Yangtze Optical FC (2.3–9.2
ps/km/°C [14]). The TCD of these fibers has only been reported
over limited temperature ranges in the literature, e.g., 5–40°C
(Furukawa and Linden) and −20–40°C for Yangtze Optical FC.
Even over these limited temperature ranges, their thermal sen-
sitivity changes significantly with temperature, which may, for
example, lead to reduced Square Kilometer Array (SKA) system
performance operating in the desert, where the air tempera-
ture may change between −12 and 43°C in a single day [15].
Other challenging environments include regions with extremely
low temperatures, for example far-North/South, high altitude
(e.g., for telescopes), or even polar regions. Applications there
include long offset glacier sounding by synchronizing bistatic
radar [16] and military radar array in polar regions (e.g., North
warning system) [17] which require passive sub-ns level time
synchronization.

An alternative approach is to use hollow core optical fibers
(HCFs) that have attenuation comparable or even lower than
SMF [18,19], in which the TCD is inherently low, around 2
ps/km/°C at room temperature. This is thanks to the removal
of the glass material form the air core which virtually removes

0146-9592/23/030763-04 Journal © 2023 Optica Publishing Group

https://orcid.org/0000-0001-5871-9059
https://orcid.org/0000-0002-4154-8414
https://orcid.org/0000-0003-0873-911X
https://orcid.org/0000-0003-3654-8660
https://orcid.org/0000-0002-9336-4262
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/OL.478183
https://crossmark.crossref.org/dialog/?doi=10.1364/OL.478183&amp;domain=pdf&amp;date_stamp=2023-01-27


764 Vol. 48, No. 3 / 1 February 2023 / Optics Letters Letter

the contribution from the thermo-optic effect, the biggest con-
tributor to the thermal sensitivity of standard fibers [20]. The
TCD of uncoated HCF was demonstrated to be further reduced
at lower temperatures and even reached zero around−71°C [21].
However, the TCD of an HCF with a standard acrylate coating
was actually shown to increase at low temperatures, an effect
attributed to a large increase in coating stiffness at low tempera-
tures, which significantly increases the coating’s contribution to
the overall fiber TCD. The coating is typically in a soft rubbery
state at room temperature but undergoes a phase transition into
a glassy state at low temperatures. A TCD of 15 ps/km/°C was
reported over the temperature range of−70 to−80°C for an HCF
with standard coating [21].

In this Letter, we demonstrate an HCF with a thin (10 µm)
acrylate coating and measure a TCD within ±2 ps/km/°C over
the temperature range from −150 to +60°C. To the best of our
knowledge, this is the lowest reported fiber TCD over such a
broad range of temperatures. In addition, we show that its phase
thermal sensitivity Sϕ crosses zero at −134°C, confirming the
predictions made in [21]. This will be of interest in applications
where zero-crossing thermal sensitivity at low temperatures is
desired, for example, in interferometry. At low temperatures,
the thermal noise is reduced, which may be of interest, e.g., for
stabilization of ultra-stable lasers [22,23].

The thinly coated HCF sample was 40 m long and was man-
ufactured in-house, with a nested antiresonant nodeless fiber
(NANF) geometry for which our team has reported attenuation
levels as low as 0.22 dB/km [19]. The fabricated HCF had a
silica glass diameter of 185 µm [24].

The TCD characterizes how optical signal propagation time
τ through a fiber of unity length changes with temperature.
To measure this with just the tens of meters of fiber length
that we had available would require highly accurate propaga-
tion time measurement [25]. Alternatively, it can be quantified
by measuring the light’s phase thermal sensitivity Sϕ in an
interferometer as we show below.

According to [26], length-normalized phase sensitivity is

Sϕ =
2π
λ

(︃
dneff

dT
+

neff

L
dL
dT

)︃
, (1)

where λ is the wavelength, neff is the effective refractive index,
and L is the fiber length. The first term on the right-hand side of
Eq. (1) is due to the thermo-optic effect that can be neglected in
a sealed (with closed ends) HCF [25]. The group vg and phase
vp velocities are related as follows [27]:

vg = vp + k
dvp

dk
, (2)

where k = 2π/λ is the angular wavenumber. The light propa-
gation time τ and its accumulated phase φ can be expressed
as

τ = L/νg, φ = k · neff · L. (3)

Subsequently, the TCD and Sϕ are related as follows:
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1
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=

1
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d
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= −
λ2
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d
(︁ dϕ
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Substituting Eq. (1) into Eq. (4) and neglecting the con-
tribution from the thermo-optic effect as discussed above, we

Fig. 1. Calculated effective refractive index neff of the fundamen-
tal mode of the NANF-type HCF used in our experiments as a
function of wavelength.
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Fig. 2. Experimental setup. Light from a laser frequency locked to
an optical frequency comb (OFC) passes through a Mach–Zehnder
interferometer that incorporates 40-m HCF in the delay arm. CEO,
carrier-envelope offset; PD, photodiode; HCF, hollow-core fiber.

obtain
TCD =

λ

2πc
· Sϕ −

λ

cL
·

dL
dT

·
dneff

dλ
. (5)

The neff as a function of wavelength calculated using a finite
element mode solver (COMSOL) [28] for a NANF-type fiber is
shown in Fig. 1. From this data, we obtain dneff

dλ = 7 × 10−7/nm
in the wavelength range from 1500 to 1600 nm. Considering this
value and dL

dT = 0.3 ppm/°C [24], we found that the second term
in Eq. (5) is three orders of magnitude smaller than the first one
in our NANF and thus can be neglected, giving

TCD ≈
λ

2πc
· Sϕ . (6)

Under the above considerations (sealed HCF of NANF type),
the TCD can be directly obtained from the phase thermal
sensitivity Sϕ .

Our experimental setup is shown in Fig. 2. An imbalanced
Mach–Zehnder interferometer (MZI) was built with the thinly
coated HCF in the delay arm. To ensure that any changes in
the differential phase between the two MZI arms are attributed
to the thinly coated HCF only, we carefully balanced the pig-
tail lengths of the fiber couplers and locked the interrogating
narrow linewidth laser (1555 nm, Rock laser from NP Pho-
tonics) to a carrier-envelope-stabilized optical frequency comb
(Menlo FC1500-250). The HCF sample was placed inside a
14-cm diameter glass Petri dish. The Petri dish was fixed to
the top of a dual-walled polystyrene box, which was then filled
with liquid nitrogen (LN2) to just below the bottom of the Petri
dish. After closing the two polystyrene boxes, the LN2 cools the
interferometer down to −190°C. However, as it evaporates and
its level lowers, the temperature of the interferometer slowly
increases. After all the LN2 has evaporated the temperature
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steadily increases until it reaches the ambient level. By simul-
taneously monitoring the temperature and the intensity at the
output of the MZI, the phase thermal sensitivity can then be
calculated as [21]

Sϕ =
1
L

dφ
dT

=
numberof fringes · 2π

∆T · L
, (7)

where the ∆T is the temperature change over the observation
time and L is the length of the thinly coated HCF. Let us con-
sider that the minimum change we can resolve is when the
interference fringe moves by one half (e.g., from a minimum to a
maximum). This corresponds to propagation time change of 2.5
fs (at 1555 nm), which is approximately 400 times more accurate
than typically achievable in the time-of-flight measurement of
the TCD [25] with 1-ps resolution.

The TCD calculated using Eq. (6) from the measured Sϕ

[Eq. (7)] is shown in Fig. 3, where for comparison, the published
TCD of Furukawa, Linden Photonics, and Yangtze Optical FC
low-TCD fibers are also shown. The detailed temperature ranges
and their TCD are also summarized in Table 1. We see in Fig. 3
that the thinly coated HCF has a low TCD within ±2.0 ps/km/°C
(Sϕ within ±2.4 rad/m/°C) over a very broad temperature range
from −150°C to +60°C. For higher temperatures, e.g., up to
115°C, the TCD is also <2 ps/km/°C, even when the HCF has
a thicker coating, e.g., 75 µm as reported in [29] and shown
in Fig. 3. This is in contrast to the three commercially avail-
able low-TCD fibers, for which the TCD is larger and changes

Table 1. Low-TCD Fibers from Furukawa, Linden Pho-
tonics, and YOFC, SMF (250-µm Coated Diameter), and
10-µm Coated HCF (Thinly Coated HCF) Presented Here

Fiber type TCD
(ps/km/°C),

5–40°C

TCD
(ps/km/°C),
−20–40°C

SMF 38–46 38–49
Furukawa 2.5–5.0 Not available
Linden Photonics 5.1–6.5 Not available
Yangtze Optical FC 3.8–9.2 2.3–9.2
HCF, 10 µm (This work) 1.6–1.7 1.5–1.7

Fig. 3. Measured TCD of a thinly coated HCF. For comparison,
we also show reported data for low-TCD fibers from Furukawa,
Linden Photonics, and Yangtze Optical FC ([13], [14]), an SMF
with standard acrylate coating (coated fiber diameter of 250 µm)
[21], and an HCF with 75-µm coating at temperatures above 60°C
[29].

5

5.5

6

M
ZI

 ou
tp

ut
 (a

.u
.)

-139 -138 -137 -136 -135 -134 -133 -132 -131 -130 -129
Temperature (°C)

0

5

10

15

20

Ph
as

e 
(r

ad
) Phase change

Polynomial fit

(a)

(b)

MZI interference 
fringes

Turning point

0.8 rad

Fig. 4. (a) Measured MZI interference fringes in the vicinity of
the thermal sensitivity zero crossing and (b) calculated phase change
(blue scatters) with the third-order polynomial fit (red line).

significantly within a relatively narrow temperature range of
0–40°C. Considering the temperature range from 5°C to 40°C
(over which data are available for all these fibers), the TCD
changes by 2.5, 1.4, and 5.4 ps/km/°C for fibers from Furukawa,
Linden Photonics, and Yangtze Optical FC, respectively. This is
an over ten times larger change relative to the thinly coated HCF
for which the TCD changes by only 0.1 ps/km/°C over the same
temperature range.

In addition to low TCD, the thinly coated HCF shows another
interesting property, which has been already predicted for such
a fiber in Ref. [21]. Both its Sϕ and TCD (already shown in
Fig. 3) cross the zero sensitivity point at low temperatures. This
is of interest in stable interferometry, where keeping fibers at
such zero-temperature sensitivity can enable the realization of
temperature-insensitive fiber interferometers. This zero cross-
ing is shown in Fig. 4(a), where we show the measured output
power of the MZI at temperatures close to the TCD zero crossing
of −134°C. The spacing between the fringes changes signifi-
cantly as the temperature changes, from narrow to very wide
near −134°C, then becoming narrow again. The extracted phase
[using Eq. (5)] is shown in Fig. 4(b). The accumulated phase first
decreased, reaching a turning point at approximately −134°C,
corresponding to zero thermal sensitivity, then increased. The
accumulated phase change within ±1°C around −134°C is
only 0.8 rad, indicating stable (less than π phase variation)
phase. The data are well fit by a third-order polynomial [also
shown in Fig. 4(b)], from which we extracted a phase slope of
1× 10−8°C−2.

Figure 5 shows the phase thermal sensitivity Sϕ over the
−180°C to +20°C temperature range for the measured thinly
coated HCF and compares it to values published for 50-µm
coated HCF and bare HCF [21]. The expected sensitivity
obtained by interpolating the bare and 50-µm coated HCF results
[21] are also shown. The measured thinly coated HCF Sϕ agrees
with the expected value from room temperature down to approxi-
mately −150°C, including the zero sensitivity predicted to occur
at −135°C and achieved experimentally at −134°C.

In conclusion, we have demonstrated for the first time, a thinly
coated HCF with a low TCD over an unprecedentedly broad tem-
perature range. We measured values within ±2.0 ps/km/°C for
the temperature range from −150°C (i.e., below the lowest out-
door temperature ever recorded on Earth, which is −91.2°C)
to +60°C. The influence of such a thin coating on the fiber
mechanical strength is yet to be assessed rigorously. However,
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Fig. 5. Measured phase thermal sensitivity Sϕ of thinly coated
HCF with the corresponding TCD shown on the right y axis. For
comparison, previously reported measured data for bare HCF, HCF
with 50-µm, and Sϕ extrapolated from 0 and 50-µm data for a 10-µm
coated HCF [21] are also shown.

in our experiment, it was significantly more robust than uncoated
fibers, without any breakages during several months when coiled
to 14-cm diameter, including a dozen −190–20°C temperature
cycles. It is worth mentioning that we also coiled this thinly
coated fiber on a glass cylinder under tension [30] without expe-
riencing any breakages. Additionally, fibers with similar coating
thickness (albeit using different material such as polyimide, e.g.,
SM1550P from Thorlabs, or metal, e.g., CU1300 from IFG fiber)
are available commercially and offer good mechanical stability.
The measured low values of TCD over such a broad temperature
range can greatly reduce the compensating delay line dynamic
range, or provide a passive synchronization solution for phase
array radar applications. It can also greatly extend the perfor-
mance of systems requiring a low-TCD fiber, in environments
reaching low temperatures or experiencing a large temperature
change over a short time. Such places include, for example,
polar regions, permafrost regions, or deserts. We expect that for
practical use, a cable with a loose buffer construction could be
designed to mechanically protect the fiber while not degrading
its thermal stability.

In addition, we demonstrated experimentally that thinly
coated HCF can achieve zero phase thermal sensitivity Sϕ at
−134°C. Based on interpolation of available data, the zero sen-
sitivity temperature could be shifted by controlling the coating
thickness, e.g., to the N2 boiling point. Additionally, the slope of
the thermal phase sensitivity Sϕ around −134°C is 1× 10−8°C−2,
which is slightly lower than what has been measured in other
low-sensitivity systems operating at low temperatures, e.g., crys-
talline silicon cavities operating at −149°C, 1.7× 10−8°C−2 [22]
and an SMF interferometer operating at−270°C, 2.2× 10−8 °C−2

[23]. This further enhances the attractiveness of fiber for future
precision experiments.
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