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Abstract: Ultra-stable laser sources typically achieve long-term frequency stability by 

locking to a bulky and costly vacuum-operated Fabry–Perot cavity made of ultra-low expansion 

material such as ultra-low expansion glass (ULE). In this work, we demonstrate that long-term 

stability can be achieved with a specially designed fiber interferometer operated at zero-

temperature-sensitivity crossing point, a feature typically achieved only with cavities made 

from zero-expansion materials. The ultra-low temperature sensitivity is achieved by using a 

combination of a hollow-core optical fiber that provides the required delay and a short segment 

of a standard single-mode fiber that provides temperature compensation. Additionally, we 

placed the interferometer in an airtight aluminum enclosure to mitigate the effect of 

environmental pressure fluctuations. A laser locked to this interferometer exhibits ±550 kHz 

peak-to-peak frequency variation over 100 hours of continuous operation, and a frequency drift 

below 20 Hz/s. The corresponding Allan deviation reaches 2×10−14𝜏 (for 𝜏>100 s), rivaling 

performance of miniature ULE cavities. Compared to previously reported fiber and waveguide-

based systems operating in ambient conditions, our approach offers superior long-term 

frequency stability. Owing to its compactness, low cost, and alignment-free design, this system 

provides a promising solution for deployable frequency references in applications such as 

geophysics, field spectroscopy, and space-based sensing. 
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1. Introduction 

Frequency-stable lasers are fundamental tools across a variety of scientific and technological 

applications, including atomic clocks,[1] gravitational wave detection,[2] and ultra-stable 

microwave generation.[3] In these applications, laser frequency noise is typically suppressed by 

locking the laser to a stable frequency reference. State-of-the-art performance is often achieved 

using bulk optics-based Fabry–Perot cavities placed in ultra-stable environments, involving 

vacuum systems with multi-layer thermal shielding and vibration isolation, sometimes 

operating at cryogenic temperatures.[4,5] While these setups deliver exceptional short- and long-

term frequency stability, they are bulky, sensitive to alignment, and expensive, thereby limiting 

their applications outside laboratory environments, such as space-based applications. Although 

compact and portable stable lasers are generally not expected to reach the level of stability 

offered by the most complex systems, improving their performance and/or reducing their cost 

and weight promises to increase the number of applications that could use them. Examples of 

emerging applications are earthquake detection using data-carrying submarine cables or field-

deployed spectroscopy.[6,7] 

 

To bridge the gap between ultimate performance and compactness, significant efforts have been 

directed towards developing compact and robust laser frequency stabilization systems. 

Representative approaches include miniature Fabry-Perot (FP) cavities, [8–12] on-chip integrated 

resonators, [13–15] whispering-gallery-mode (WGM) resonators, [16–18] and optical fiber delay 

lines[19–22]. Most of these systems have demonstrated fractional instability at 10-13 to 10-14 level 

at averaging time below 1 s. For instance, miniature ultra-low expansion (ULE) FP cavities 

achieved 10⁻¹⁴ level at 1 s, [9,12] monolithic FP cavity achieved 10⁻¹3 at 20 ms, [8] and the 

integrated coil resonator achieved 5×10⁻¹⁴ level at 10 ms.[15] Optical fiber delay lines have 

shown instabilities as low as 3.2×10⁻¹⁵ at 1 s when placed in vacuum[23] and 6.3×10⁻¹5 at 16 ms 

in ambient conditions.[19]  

 

Despite the promising short-term performance of all these compact systems, the long-term 

stability (time scales beyond 1-100 seconds) is usually limited. Apart from ULE-FP cavities, it 

is often because of relatively large thermo-optic coefficient of the material through which the 

light propagates. However, stability over long time scales is required in many applications, e.g., 

earthquake detection and gas spectroscopy. 
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Thanks to guidance through an empty (or air-filled) core, hollow-core fibers (HCFs)[24] have 

very low thermo-optic coefficient, especially when compared to single-mode fibers (SMFs), 

waveguides, or WGM resonators. The variation of optical path length in HCF in response to 

temperature variations is about 20 times smaller than that of SMF[25], making HCF an 

interesting alternative to SMF in fiber delay lines. Importantly, we have previously reported 

several HCF interferometer configurations that further reduce this temperature sensitivity[26–32] , 

reaching levels comparable to those of miniature ULE-FP cavities. However, despite this 

promising potential, none of them have been demonstrated so far for laser stabilization or 

designed and studied for long-term stability.   

 

In this article, we phase lock a laser to one of the HCF delay line configurations that reaches 

zero thermal sensitivity[28] and study its long-term stability when operated in a non-vacuum 

environment. To achieve this, we firstly use an improved HCF design that achieves 

simultaneously optimized thermal stability and mechanical strength.[33] Further, we show that 

once the interferometer is optimally compensated (i.e., operating near zero-temperature-

sensitivity point), it is limited by fibers’ pressure sensitivity. We address this by placing them 

in a sealed box, subsequently achieving laser locking with a frequency variation within a small 

range of ±550 kHz measured over 100 hours of continuous operation. The corresponding 

frequency drift was below 20 Hz/s and frequency instability of 10-11 over 1 000 s. This 

represents, to the best of our knowledge, the best stability of a non-vacuum reference fiber or 

waveguide system operating over such long time scales. Thanks to its compactness and 

alignment-free nature, it is expected to be of interest in a range of applications requiring a low-

cost, compact, and field-deployable optical reference.  

 

2. Compensated fiber interferometer: set-up 

The principle of the thermally insensitive fiber delay line interferometer studied here was 

introduced in [28] and is illustrated in Figure 1a. We refer to it as ‘Compensated interferometer’. 

It consists of an interferometer in which one arm is formed by a long length of an HCF while 

the other arm is formed by a short segment of SMF. Temperature insensitivity is then achieved 

through control of the HCF and SMF lengths, as illustrated below. 

 

In our implementation, the HCF segment is 52 m long. Given HCF’s phase thermal sensitivity 

of 1.6 rad/m/oC (0.4 ppm/oC)[26], light propagating through the HCF segment changes its phase 

with temperature at the rate of 83.2 rad/oC. The same phase change rate is achieved in thinly 
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coated SMF as short as about 2.6 m, as its phase thermal sensitivity was measured to be 32 

rad/m/oC (5.44 ppm/oC) and therefore significantly higher than that of the HCF. Consequently, 

a change in ambient temperature induces the same phase changes in both interferometer arms, 

producing no change in the interference observed at the interferometer output, resulting in a 

temperature-insensitive interferometer response.   

 

As for the HCF, we used an in-house fabricated nested antiresonant nodeless fiber (NANF) that 

was optimized for thermally-sensitive applications.[33] It has a relatively thick glass diameter 

(300 µm) and thin acrylate coating (20 µm thickness). It is an improved design over that used 

previously in the compensated interferometer,[28] with improved thermal response and 

mechanical stability. The SMF is also fabricated in-house, with standard 125 µm glass diameter, 

but single-layer coating thickness of only 30 µm. We have previously shown that this coating 

can strongly suppress the effects of fiber optical length relaxation due to the typical acrylate 

coating viscoelastic properties.[26]  

 

The structure of the compensated fiber interferometer is shown in Figure 1b. HCF is spliced in 

between the 80% output port of a 20:80 optical coupler and one input port of a 3×3 coupler 

used for unambiguous phase extraction.[26] Stronger signal sent through the HCF interferometer 

arm via the 20:80 coupler compensated for larger loss in that arm, caused mainly by the two 

SMF-HCF interfaces (about 1.5 dB each) and the HCF loss. The SMF-HCF splice used a 

graded-index (GRIN) bridge fiber of ¼ pitch length[34] to accommodate for different mode field 

diameter (MFD) of the SMF (10.4 µm) and the used HCF (24 µm). The fibers of both arms 

were wound onto the same 10-cm diameter spool. Winding both fibers together should 

minimize the temperature difference experienced between the two fibers. Two thermistors were 

installed to monitor the temperature – one directly onto the fibers and one in the middle of the 

fiber spool, Figure 2d.  

 

Subsequently, the compensated interferometer was enclosed in an air-tight aluminum box fitted 

with in-house made wire and fiber feed-throughs, which were sealed using epoxy as shown in 

Figure 1c. This air-tight aluminum box was then placed inside a thermal chamber capable of 

stabilizing the internal temperature with accuracy of ±10 mK using a Laird PR-59 temperature 

controller. 
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Figure 1. Thermally insensitive compensated fiber interferometer. a) Schematic of the 

compensated fiber delay line interferometer using HCF and SMF as two fibers with 

significantly different phase thermal sensitivities. Their length ratio is chosen such that any 

temperature-induced phase difference is the same in both arms and thus cancels out at the 

interferometer output. b) Schematics of the experimentally realized compensated interferometer 

with SMF and HCF wound together with 20/80 input coupler and 3x3 output coupler. Inset: 

spliced mode-field adaptation between the SMF and HCF using a ¼-ptich segment of GRIN 

fiber. c) Photograph of the interferometer set-up, placed in aluminum box with thermistors and 

in-house-made pressure-tight feed throughs for fibers and wires.  

 

3. Response to temperature  

The response of the compensated interferometer was measured using the experimental setup 

shown in Figure 2a. As the probe light source, we used narrow linewidth laser emitting at 1558 

nm (RIO from Luna Inc.). To ensure that the measured output is attributable to the change in 

the interferometer rather than to the frequency drift of the laser, we phase locked the probe laser 

to a carrier-envelope offset (CEO) stabilized optical frequency comb (OFC). The three output 

signals from the 3×3 coupler were monitored with three photodetectors. The signals from the 

photodetectors were recorded and interferometer phase change was subsequently extracted 

using the procedure described in [35]. 
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Figure 2. Characterization of thermal sensitivity of the compensated interferometer. a) 

Measurement set-up. b) Measured phase change at the interferometer output when temperature 

was changed from 25 to 35 ℃. c) Thermal sensitivity calculated from the sealed box data shown 

in (b), showing thermal sensitivity crossing zero at 30.7 ℃ with the slope of 2.4 ppb/℃2. This 

small slope makes the interferometer 1 000 times less thermally sensitive than SMF-made 

interferometer over temperature range of 7 ℃ (grey area). d) Comparison of zero thermal 

sensitivity crossing temperatures and thermal sensitivity slopes for various optical reference 

technologies that were reported to show zero-sensitivity crossing.  

 

Firstly, we evaluated thermal sensitivity of the interferometer by characterizing its response to 

temperature. Figure 2b shows how the interferometer phase changes with the thermal chamber 

temperature, which varies from 25 to 35 ℃. As we discuss later, we subsequently eliminated 

influence of the ambient pressure variations by sealing the aluminium box. Thus, in Figure 2b, 

we show results of two measurements: with the box open (i.e., at approximately constant 

pressure) and with the box sealed (at approximately constant volume). Compared with the open-

box condition, the sealed configuration exhibits a slight reduction in the thermal induced phase 

change. It can be explained considering the ideal gas law, which predicts p/T = p0/T0~350 

Pa/℃, where p0 is the air pressure and T0 is the average temperature of the box. Given the 

HCF’s pressure sensitivity (discussed in the next section) of –1.5×10⁻¹¹/Pa, the temperature-

induced pressure variation causes an additional phase change of about –5×10⁻⁹/°C. This effect 

slightly reduces the constant-volume thermal sensitivity by roughly 5 ppb/°C compared with 

the constant-pressure case, leading to about 1 ℃ increase in the zero-crossing temperature. As 

the interferometer will be used in a sealed configuration for the subsequent laser-locking 
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experiments, we consider only the thermal sensitivity measured in the sealed box (at constant 

volume) throughout the rest of the paper. 

 

Figure 2b shows that phase change with temperature closely follows a quadratic polynomial. 

Its derivative then gives the thermal sensitivity, which is shown in Figure 2c after normalization 

to accumulated phase in the interferometer (in ppb/oC). It crosses zero at 30.7 ℃. It is worth 

mentioning that by slightly adjusting the length of the SMF, the zero-crossing temperature the 

compensated interferometer can be increased or decreased, as discussed in Ref. [28]. In our 

experiment, when the SMF length was changed by 15 cm (from 2.55 m to 2.70 m), the zero-

crossing temperature shifted by ~0.8 °C, corresponding to a slope of 0.2°C/cm. Considering 

SMF length control within ±0.5 cm, the zero-crossing temperature can be set with an accuracy 

of approximately ±0.1 °C. Compared to thermal sensitivity of the HCF used in this study (which 

was measured to be 0.4 ppm/℃), the compensated interferometer has 40-times lower sensitivity 

over 8 ℃ (26.5 – 34.8 ℃, 10 ppb/℃) temperature range. When compared to an SMF fiber 

interferometer (sensitivity of 8 ppm/℃), this represents an improvement over 1 000 times over 

7 ℃ temperature range. Keeping the interferometer within such temperature range can be 

achieved with simple temperature control and with only basic thermal shielding, without 

vacuum, representing significant simplification, reduction on the size, weight and cost and thus 

significantly improving its ability to be deployed in the field. 

 

Figure 2d compares the temperature at which zero-sensitivity was achieved with different 

optical references and also the thermal sensitivity slopes,[22,36–40] which is relevant to the above-

discussed temperature range over which the interferometer can be operated with the desired 

level of stability. 

 

4. Response to ambient pressure  

Once sensitivity to temperature fluctuations has been strongly suppressed by operating the 

compensated interferometer in the vicinity of its zero-sensitivity point, the stability of the 

interferometer is expected to be limited by other environmental changes, including atmospheric 

pressure.[41] This is shown in Figure 3, where Figure 3a shows pressure variation in our 

laboratory measured over 3 000 s inside an unsealed aluminum box with a pressure sensor 

attached to the compensated interferometer. Figure 3b shows the phase variation of the 

compensated interferometer measured at the same time, with the temperature stabilized. For 

better visualization, Figure 3c then show these data with linear drift removed. Ambient pressure 
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(Figure 3a) is strongly correlated with observed phase changes shown in Figure 3c, showing 

how interferometer perturbations are influenced by atmospheric pressure variations. 

Corresponding pressure sensitivity of the compensated interferometer can then be calculated, 

obtaining 1.5×10-11 Pa-1, which is consistent with values given in the literature.[41] 

 

To reduce pressure variations, optical references are typically put into vacuum environments. 

However, this adds size, weight, and power (SWaP), which is why we investigated an 

alternative solution in which we simply sealed the aluminum box with silicone. The pressure 

variation inside the sealed box over 3 000 s is shown in Figure 3d. The observed pressure 

variations are two orders of magnitude smaller in the sealed box as compared to the unsealed 

one (Figure 3a). The interferometer output in the sealed box is then shown in Figure 3e with 

Figure 3f showing the phase variations after removing the linear fit. We see that the phase 

variation in the sealed box is over 10 times smaller than in unsealed box. We operated the sealed 

box over the time scale of 6 months and did not observe any degradation in the air-tightness, 

tested by observing the correlation between the temperature and pressure inside the box. 
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Figure 3. Phase variations before and after sealing the compensated interferometer box. (a,d) 

Pressure perturbation inside the box before (a) and after (d) sealing over time. (b, e) Measured 

phase change over the same period before (b) and after (e) sealing. (c, f) Phase change with 

linear drift removed before (c) and after (f) sealing. 

 

5. Response to temperature variations 

Temperature compensation in the compensated interferometer assumes that both interferometer 

arms experience the same temperature changes. Thus, we have ensured that the temperature 

experienced by both interferometer arms is as equal as possible, specifically winding the fibers 

together, putting them in between two insulating sheets, and surrounding them by the aluminum 

box that has good thermal conductivity. However, temperature gradients experienced in real-

world operations may introduce slight differences in temperatures of the two interferometer 

arms. To gain an insight into the performance under temperature gradients, we sinusoidally 

modulated the temperature with 1℃ amplitude and monitored the phase at the compensated 

interferometer output. During the temperature cycling, uneven heat propagation within the box 
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leads to spatially non-uniform temperature changes. Consequently, two arms of the 

interferometer may experience slightly different temperature variations. The sinusoidal 

modulation was therefore applied to emulate realistic environmental conditions in which 

temperature fluctuations are gradual, but not spatially uniform. This enables a more 

representative assessment of the interferometer’s thermal stability and its temperature-

insensitive performance under practical operating conditions. We performed this experiment at 

average temperatures ranging from 29 to 35℃, Figure 4. Here, we can observe that the thermal 

sensitivity of the compensated fiber interferometer changes from clearly negative (phase 

changes in opposite direction to temperature) at the lowest measured average temperature of 

29.6℃ to clearly positive (temperature and phase change has the same sign) at the highest 

measured average temperature of 34.3℃. The smallest phase variation of 0.6 rad (peak-to-peak) 

was measured for average temperatures of 30.5 and 31.5℃, Figure 4. This temperature is 

consistent with earlier characterization showing zero sensitivity temperature of 30.7 ℃. The 

residual phase variation of 0.6 rad with 1℃ temperature variation corresponds to effective 

phase sensitivity of 3 ppb/℃, which is >100 times less than in HCF-based interferometer and 

2500 times less than in an SMF based interferometer. 

 

 

Figure 4. Phase response (red solid) of interferometer inside the sealed aluminum box subject 

to 1℃ temperature modulation (dark blue) for average temperatures of 29.6, 30.5, 31.5, 32.5, 

33.4, and 34.3℃.  

 



  
 

11 

 

6.  Laser locked to the compensated interferometer 

To evaluate performance of a laser locked to the compensated interferometer, the interferometer 

temperature was first stabilized at the zero-sensitivity temperature. The set-up of laser locking 

to the compensated interferometer and its stability characterization is shown in Figure 5. Laser 

used for locking was Rock laser (NP Photonics Inc.), 10% of its power was tapped (using a 

90/10 coupler) to phase lock it to the compensated interferometer using Moku FPGA board 

(Liquid Instruments) using Pound-Drever-Hall (PDH) technique. The laser was then combined 

with signal of the CEO-stabilized optical frequency comb and the photodetected beat was 

subsequently compared to the comb frequency reference using zero dead time frequency 

counter (Keysight 53230A) with clock synchronized by the RF signal from the optical 

frequency comb.  

 

Figure 5. Set up of laser locked to the compensated interferometer and its stability 

characterization via comparison to the CEO-stabilized optical frequency comb. EOM: Electro-

optic modulator, OBPF: Optical bandpass filter, PD: photodetector, BPF: RF bandpass filter. 

 

The beat frequency variation measured with the stabilized laser over 100 hours is shown in 

Figure 6a. The laser stayed locked over the entire period; however, OFC went out of lock 

between hour 42 and 50, causing a gap in the measured data, Figure 6a. The peak-to-peak 

frequency error stayed within ±550 kHz. The frequency drift calculated by differentiating data 

from Figure 6a is shown in Figure 6b and stayed within -18 and 10 Hz/s. The origin of this 

frequency drift is likely complex, and its underlying physical mechanisms are yet to be fully 

studied. We also calculated the Allan deviation from the laser frequency variation (Figure 6a), 

which is shown in Figure 6c. Allan deviation shows a linear trend with averaging time  and 

follows ≈2×10-14  for   s For   s, the performance is likely to be limited by 

vibration and acoustic pick up. Although we expect this could be further improved, e.g., by 

using acoustic and vibration insensitive fiber spools [21], no particular attention was given to 

this here, as the focus of this work was on characterizing long-term stability. Compared to the 
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performance of the free-running Rock laser and other commercially available lasers (also shown 

in Figure 6b), our compensated interferometer locked laser shows 2 orders of magnitude lower 

Allan deviation.  

 

 

Figure 6. Characterization of laser stabilized to the compensated interferometer. a) The 

frequency variation of the laser stabilized by the compensated fiber interferometer over almost 

100 hours. b) Frequency drift calculated from data shown in a), showing slope within ±20 Hz/s. 

c) Allan deviation calculated from data shown in a) and its comparison to free-running laser, 

and other three commercially available lasers.[42]  

 

7. Discussion/Conclusion 

7.1 Discussion 

To evaluate the performance of our compensated interferometer-stabilized laser, we compare it 

with performance of lasers stabilized to other compact optical reference systems designed to 

operate without vacuum and thus target field-deployable solution, Table 1. The Q factor, Q = 
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/ (carrier frequency  = 193.5 THz at 1550 nm, the resonance linewidth full width at half-

maximum ) was evaluated as follows. In the used Mach-Zehnder interferometer 

configuration,  equals half of the interference period. This interference period is c/(L), where 

c is the speed of the light, and L = LHCF-n×LSMF is the optical length difference between the 

two arms. The Q factor, computed using =c/(2L) was then 6.2×107.  

 

Table 1  Comparison of various configurations of lasers locked to an optical reference that was 

not placed in vacuum. 

Optical  reference Q factor Frequency 

drift (Hz/s) 

Allan deviation  

reported up to (s) 

Allan deviation 

slope (s-1) 

On chip Si3N4 coil[15] 1.4×108 2300 4 1.2×10-11 

MgF2 WGM[43] 2×109 38 1000 1.2×10-13 

WGMR[17] 6×108 Unknown 500 1.5×10-12 

Monolithic silica FP[8] 6.4×108 100-1000 100 1.5×10-12 

-ULE FP[9] 1.2×1010 2.8 10 1×10-14 

Vacuum-gap ULE 

FP[12] 
4.8×109 5 100 2×10-14 

SMF delay line[21] 4.5×109 270 10 2×10-12 

SMF delay line[19] 4×109 28-270 10 2×10-13 

HCF-FP[42] 4.2×109 < 70 100 000 2×10-13 

This work 6.2×107 < 20 100 000 2×10-14 

 

All these stabilized lasers show a linear increase of Allan deviation with averaging time  

beyond certain , meaning that at long time scale, they all behave as s()=a with the Allan 

deviation slope a shown in Table 1. As shown here, our system shows one of the best Allan 

deviation slopes, with comparable performance to cavities made of ultra-low expansion (ULE) 

glass, which are also insensitive to temperature variations. Notably, our system outperforms all 

other fiber-based systems, including SMF delay-line (by two orders of magnitud) as well as 

HCF-made FP reference (by one order of magnitud) in frequency stability at long term scale, 

despite being operated with low-performance (±10 mK) temperature control. Given that the 

achieved performance was obtained without vacuum and with a simple temperature controller, 

it represents a low cost and low power solution suitable for field applications. These 

characteristics make it particularly suitable for fiber-based sensing, long-haul interferometry, 
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and cost-sensitive laser stabilization applications (e.g., geophysics, field spectroscopy, RF 

photonics). 

 

Although our HCF sample was coiled with coil radius of 7 cm, HCFs that are bend-insensitive 

down to radii below 5 mm have been reported [44], which would allow here-used HCF length of 

52 m to be coiled to a coil with radius of 15 mm and height of 10 mm, potentially enabling 

compact, field -deployable solution. 

 

Compared to integrated optics solutions, HCF should allow for lower fundamental noises such 

as thermo-conductive noise [15] due to strong suppression of light-glass interaction in the light 

path. Additionally, the extremely low thermal sensitivity of the compensated interferometer 

(>1000 times lower than in SMF or integrated optics light guiding materials) should result in 

significantly better long-term performance. Integrated optics typically provide advantages in 

cost and size; however, our configuration is expected to be of particular interest when higher 

performance is needed than integrated-optics solutions can deliver.  

 

We also hypothesize that the current limitations such as residual phase fluctuations may be 

caused by polarization mode dispersion (PMD), which could be addressed in future by adopting 

a Michelson interferometer configuration with Faraday rotator mirrors, as demonstrated in prior 

work [19].  

 

7.2 Conclusion 

This paper presents a compensated fiber delay-line interferometer with significantly improved 

thermal stability. By employing HCF with lower thermal sensitivity in the long delay arm and 

a short segment of SMF with higher thermal sensitivity in another arm, thermally induced phase 

shift is strongly suppressed. Firstly, we showed that the interferometer's output phase is 

thermally insensitive, with thermal sensitivity crossing zero at temperature of 30.8℃. Once the 

effect of temperature is minimized, we show that the system is limited by environmental 

pressure variations. We addressed this by placing the interferometer into a sealed enclosure.  

Subsequently, we measured frequency stability of a laser locked to the compensated 

interferometer over an extended period of 100 hours, demonstrating its robustness. During this 

time, the maximum variation in the frequency variation was below ±550 kHz, with frequency 

drifting below 20 Hz/s. This is at similar performance level as achieved in miniature ULE 

cavities, however, without any free space alignment. The achieved frequency drift is also at 
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least an order of magnitude lower than for any other fiber or integrated optics system operated 

in non-vacuum environments. Consequently, our compensated hollow core fiber system fills 

the performance/cost/practicality gap between laboratory-based systems (such as those based 

on vacuum-placed ULE-cavities) and other field-deployable solutions. It is of interest to a range 

of applications such as seismic sensing using installed fiber cables, pure RF generation, gas 

sensing[45–47] and space missions such as gravity mapping and climate observation.  
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