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In a hollow-core fiber (HCF), light propagates through an air/vacuum core rather than a solid material, resulting
in a low thermo-optic coefficient and ability to handle high powers. Here, we demonstrate a laser locked to a
hollow-core fiber reference, which thanks to the low HCF thermal sensitivity, shows long-term stability an order
of magnitude better than compact commercially available low-noise lasers. The laser frequency variation within
�600 kHz was measured over 50 h. The stability of our proof-of-concept laser is ensured via a strong self-
injection ratio of −15 dB, enabled by the high-power handling and low loss of the hollow-core fiber’s resonator.
Moreover, our results show appealing performance parameters, including a fractional frequency stability of
4 × 10−13 at 1 s averaging time and a Lorentzian component of the linewidth of 0.2 Hz.
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1. INTRODUCTION

Highly stable lasers are desired in a range of field applications,
including high-accuracy lidars [1], relativistic geodesy [2], dis-
tributed seismic sensing [3], microwave generation [4], and in-
ertial navigation [5]. Besides practical aspects such as small size,
weight, power consumption, and cost, they need to show high
stability over short (<1 s) as well as long (>1 s) time scales.

Laser stability is usually improved by locking it to an optical
resonator or a delay line. The achievable noise suppression is
proportional to the signal delay generated by the resonator
or delay line, characterized by the Q factor [6]. Once the Q
factor and signal-to-noise ratio (SNR) are high enough, the la-
ser performance is limited by the stability of the resonator or
the delay line [6].

The resonator stability is limited by a range of effects, most
of them related to temperature variations. At short time scales,
dominant noise sources are the thermo-conductive noise [7]
that depends on the material thermo-optic coefficient and
thermo-refractive noise caused by coupling between the laser’s
relative intensity noise and material refractive index through the
thermo-optic coefficient. At long time scales, the delay line or
interferometer delay changes with the waveguide/fiber refrac-
tive index drift due to ambient temperature variations, again
through the material thermo-optic coefficient. Thus, making

the delay line or interferometer from a waveguide with a low
thermo-optic coefficient is beneficial on both short and long
time scales.

Excellent short-term stability, characterized by frequency
noise and Allan deviation at averaging times below 1 s, has been
reported in systems based on optical fibers or integrated optics.
Fiber-based systems include optical fiber delay lines [8] and op-
tical fiber resonators [9,10]. Outstanding results reported using
integrated optics include coil resonators [11], whispering gal-
lery mode resonators [12], spiral resonators [6], and ring
resonators [13,14]. Many of these systems demonstrated
short-term noise limited by the thermo-refractive noise [7],
while long-term stability is typically not discussed, likely to
be compromised by the thermo-optic effect in the resonator
material, which would require an unpractical (sub-mK) level
of temperature stabilization over long time scales. Addressing
this would require waveguides with a reduced thermo-optic co-
efficient or using designs with reduced sensitivity to tempera-
ture variations.

Hollow-core fibers (HCFs) have a thermo-optic coefficient
of 0.3 ppm/°C (ppm, parts per million) [15], which is signifi-
cantly lower than for optical materials used for light guiding
such as silica (8 ppm/°C) [16] or Si3N4 (10 ppm/°C) [11].
This is because light transmitted through the hollow core, as
opposed to the transmission through the silica core fiber or
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integrated optics waveguide material, avoids most of the light-
material interactions. Besides a low thermo-optic coefficient,
HCFs exhibit exceptionally low nonlinearity (two to three or-
ders of magnitude lower than silica core fibers). Consequently,
HCF can transmit kW-level powers [17], compared to mW
levels in integrated optics or μW input powers in high-Q in-
tegrated optics resonators, in which the resonant power builds
up, causing unwanted Kerr nonlinearities to occur at such low
input powers [18]. Lower input power than described above
used to avoid nonlinearities may negatively impact the noise
of a laser locked to an optical resonator or a delay line, as it
may result in a low SNR of the error signal for locking tech-
niques such as in Pound–Drever–Hall (PDH) locking [19].
It can also negatively impact lasers locked using self-
injection [20], where low power may cause a reduced locking
range, limiting the robustness of the locking to environmental
changes.

Here, we demonstrate a laser self-injection locked to an
HCF-based Fabry–Perot resonator (HCF-FP). Thanks to
the HCF’s low thermo-optic coefficient, long-term stability
is an order of magnitude better than for commercially available
low-noise lasers, with frequency variation within �600 kHz
measured over 50 h. Self-injection locking provides simplicity
compared to other phase-locking techniques, such as PDH la-
ser stabilization. Furthermore, using HCF-FP as opposed to
HCF delay line allows for a significantly shorter length to
achieve the same Q. On short time scales, we achieved a frac-
tional frequency stability of 4 × 10−13 at 1 s averaging time and
a Lorentzian component of the linewidth of 0.2 Hz.

2. SELF-INJECTION LOCKED LASER

First, we conducted simulations to evaluate the expected per-
formance of the self-injection locked (SIL) laser shown in
Fig. 1. In these simulations, we considered two noise contribu-
tions: (i) from the free-running laser after self-injection
locking (referred to as SIL noise) [9], and (ii) from the thermo-
conductive noise in the HCF-FP [21]. Further, we considered
parameters of the components used in experiment. This in-
cluded a 1550 nm low-cost discrete-mode semiconductor laser
from Eblana Photonics, Ireland [22] with 5 dBm output optical
power coupled into a single-mode fiber (SMF). A compact
polarization controller (OZ Optics) was placed in front of
HCF-FP to adjust the input state of polarization. Polarization

stability can be well-maintained over several days due to the
excellent polarization purity of HCF [23]. Light transmitted
through the HCF-FP with power of −10 dBm was injected
back into the laser. Given the laser emitted power of 5 dBm
and the injected power of −10 dBm, the optical injection lock-
ing ratio was −15 dB. This is significantly higher than possible
in self-injection locked lasers based on integrated optics reso-
nators [11–13,18] (due to the above-discussed power handling
limitations), ensuring robust and stable injection locking [24].
Simultaneously, it is low enough to prevent nonlinear optical
injection locking regimes [22]. This makes the used injection
power close to the optimum value for our application.

In terms of the HCF-FP, we considered HCF with attenu-
ation of 0.17 dB/km and finesse of 300, which are experimen-
tally achievable values for our all-fiber HCF-FP [25].

For SIL noise calculation, we employed the model described
in Ref. [9]. The model requires knowledge of the free-running
laser’s frequency noise, which we measured (shown later in
Fig. 7) and fitted, obtaining 1.4 × 1010∕f 1.3 � 15000.
Further, we assumed a Q factor of 2.5 × 104. This was obtained
by supposing the front laser mirror reflectivity of 50% and laser
length of 1.5 mm, which are typical values for discrete mode
semiconductor lasers. For the thermo-conductive noise, we
considered the HCF parameters shown in Ref. [21].

Calculated SIL noise and thermo-conductive noise contri-
butions considering HCF-FP with lengths of 0.3, 3, and
30 m are shown in Fig. 2(a). SIL noise shows 1/f contribution
up to a turning point (15, 80, and 200 kHz for 30, 3, and
0.3 m long HCF-FP, respectively), from which it increases.

Fig. 1. Schematic of the self-injection locked laser via the HCF-FP.
A compact polystyrene box is filled with gel-packs that have a large
thermal capacity, passively reducing temperature fluctuations.

Fig. 2. (a) Simulated frequency noise spectrum when considering
self-injection locking noise and thermal noise. (b) Lorentzian line-
width as a function of the HCF-FP length.
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Importantly, its level reduces with the square of the HCF-FP
length. Thermo-conductive noise also reduces with HCF-FP
length, although only linearly. Subsequently, the sum of both
noises reduces with increasing HCF-FP length, suggesting
longer HCF-FP should reduce the noise, scaling between linear
noise reduction (when limited by thermo-conductive noise)
and quadratic (when limited by SIL noise).

Figure 2(a) also shows the frequency noise minimum level
obtainable with the considered HCF-FPs, which gives the
Lorentzian linewidth of the laser. This linewidth is plotted
in Fig. 2(b).

Although the above analysis suggests that the longest-
possible HCF-FP should give the lowest noise, we decided
to use a length of 30 m, as a larger length is associated with
a smaller free spectral range and thus also a higher likeliness
of mode hopping.

The all-fiber HCF-FP configuration we used is described in
detail in Ref. [26] and is shown in Fig. 3(a). It consists of a
29.4 m HCF, aligned and glued with input and output sin-
gle-mode fibers (SMFs) that have a short segment of graded index
(GRIN) fiber spliced on their ends to adapt the mode field from
the SMF (10.4 μm at 1550 nm) to that of the used HCF (24 μm
at 1550 nm) with dielectric mirrors featuring reflectivity of
99.2%, which are deposited on the SMF end-faces to form
the FP cavity. As for HCF, we used double nested antiresonant
HCF (DNANF) as opposed to simple nested antiresonant node-
less HCF (NANF) used in Refs. [25,26], which has a lower
achievable loss (minimum demonstrated of 0.11 dB/km [27]
for DNANF versus 0.22 dB/km for NANF [28], both at
1550–1600 nm). It also exhibits a smaller bend loss, allowing
for a tighter coiling and, thus, a reduction in the size of our
self-injection locked laser. Figure 3(b) shows the set-up for meas-
uring its transmission using a narrow-linewidth laser (RIO,
LUNA). A fiber polarization controller is used to match laser
polarization to one set of polarization modes of HCF-FP. The
laser’s frequency is swept by a ramp wave with a period of
500 ms, and the signals are captured by PDs on an oscilloscope.
The frequency sweep speed of 1 MHz over 10 ms enabled us to
re-calculate the obtained traces into wavelength, shown in Fig. 4.
Figure 4(a), which shows transmission over several HCF-FP

peaks, shows the free spectral range of 5.1 MHz, which corre-
sponds to the HCF-FP length of 29.4 m. The uneven transmis-
sion spectrum (30% variation between lowest and highest peaks)
makes the stable self-injection without mode hops, as the laser
self-injection locks on the highest peak within the locking range.
Figure 4(b) then shows details of a single transmission peak,
showing full width at half maximum (FWHM) of 46 kHz.
These values enable to calculate finesse that was 110 andQ factor
that was over 4 billion at 1550 nm.

Although we have not actively stabilized the HCF-FP, we
have implemented basic passive stabilization, shown in
Fig. 1. We have taped the HCF-FP onto an aluminum plate
and placed it inside a polystyrene box (wall thickness of 2.5 cm)
into which we inserted several gel-packs. The polystyrene box
reduced the energy exchange, while the gel packs, with their
large heat capacity, increased the amount of energy needed
to change the temperature. The temperature fluctuation inside
the box monitored by a thermistor changed by up to�10 mK
during our measurement period, which is a level of variation
achievable using high-quality temperature controllers and
about 50 times better than achievable using a low-cost temper-
ature controller (�0.5 K). In addition, to further reduce the
temperature effect to the whole loop of a self-injection locked
laser, the total length of SMF is kept to below 0.7 m.

3. MEASUREMENT SET-UPS

Figure 5 shows the experimental set-ups for long- [Fig. 5(a)]
and short- [Fig. 5(b)] term characterization of the self-injection
locked laser in terms of frequency error and Allan deviation
[Fig. 5(a)] and frequency noise [Fig. 5(b)].

The long-term frequency error, Fig. 5(a), was measured by
beating the self-injection locked laser with a carrier-envelope-
offset stabilized (CEO stabilized) optical frequency comb
(OFC). The OFC was stabilized to a ULE-cavity stabilized laser
(Menlo, ORS-Compact) for long-term accuracy. We used a
1 nm optical band pass filter to avoid saturation of the photo-
detector without needing to reduce the power of the comb tone

Fig. 3. (a) Schematic of the fabricated HCF-FP. Insert shows a mi-
croscope image of the used HCF (DNANF). (b) The set-up to mea-
sure the transmission signals of the HCF-FP. PC, polarization
controller; PD, photodetector.

Fig. 4. Transmitted signal through the HCF-FP measured in the
set-up shown in Fig. 2(b). (a) Transmission over 50 MHz; (b) detail
of transmission of single peak.
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that is needed for beating with the laser. The beat frequency was
subsequently amplified and compared to an RF synthesizer
locked to a low-noise 10 MHz reference with a zero dead time
frequency counter (K � K) with the gate time set to 1 s.

Figure 5(b) shows the frequency noise measurement using
an optical frequency discriminator [9]. The laser signal was split
by a coupler, with one branch passing through an acousto-optic
modulator (AOM) that shifted the frequency by 40 MHz and
the other traveling through a 6 km SMF delay line with a
polarization controller to optimize interference contrast. The
detected 40 MHz beat signal was analyzed using an SA44B
spectrum analyzer with built-in phase noise software. The
6 km SMF-based optical delay line enabled measurement up
to 10 MHz offset from the carrier when the frequency discrimi-
nator sine transfer function was calibrated [9].

4. EXPERIMENTAL RESULTS

A. Frequency Error and Allan Deviation
To demonstrate robustness of our self-injection locked laser, we
measured it over 50 h; see Fig. 6(a). During this time, the laser
stayed locked without any mode hops. The carrier frequency
variations were within �600 kHz. This variation could be
caused by day/night temperature fluctuations in the laboratory,
but also by pressure or humidity variations. We believe it could
be reduced by placing the HCF-FP into a sealed box and im-
plementing active temperature stabilization.

To appreciate how the achieved level of stability is influ-
enced by the thermal sensitivity of the resonator used for sta-
bilization, we also show results reproduced from Ref. [29],
where the stability of a delay line made of SMF was measured
over an extended period of time with temperature fluctuations
similar to those observed in our experiment (�10 mK).
Although the SMF was placed in vacuum (reducing the effects
of pressure and humidity variations), it shows frequency excur-
sions that are an order of magnitude larger than those observed
with HCF-FP, as would be expected from the difference in
thermal sensitivities of the SMF and HCF.

Allan deviations calculated from the data shown in Fig. 6(a)
are presented in Fig. 6(b) together with data from manufac-
turers for RIO [30], BasiK [31], and OEwaves [32] low-noise
lasers. Here, we see that the HCF-FP self-injection locked laser
achieved about an order of magnitude lower Allan deviation at
averaging times beyond 100 s. This was achieved thanks to the
HCF’s low thermal sensitivity. We expect even better results to
be achieved with HCF-FP when its thermal sensitivity is fur-
ther reduced, e.g., by winding it on a low-thermal-expansion
[33] or negative thermal expansion drum [34].

By using an active vibration isolation platform (Accurion
Nano 30) to eliminate most of the vibration noise from
1 Hz to 100 Hz, the Allan deviation of 4 × 10−13 at 1 s was
achieved [Fig. 6(b)]. This is two to three orders of magnitude
better than for commercially available low-noise lasers [30–32],
as shown in Fig. 6(b).

B. Frequency Noise and Linewidth
We performed the frequency noise measurement using the set-
up shown in Fig. 5(b). First, the performance via a strong in-
jection ratio of −15 dB is demonstrated in Fig. 7 together
with the frequency noise of the free-running laser. The mea-
surement noise floor is obtained by removing the 6 km fiber
spool. Between 100 kHz and 1 MHz offset frequencies, the
frequency noise of the self-injection locked laser reached
0.065 Hz2∕Hz, corresponding to a Lorentzian linewidth of
0.2 Hz. This is over five orders of magnitude lower than that
of the free-running laser.

Further, we measured the frequency noise of the self-injection
locked laser with different injection ratios (Fig. 8). The results
show that the reduction of frequency noise of a laser at Fourier
frequency higher than 10 kHz is related to the injection ratio to
the laser; the stronger the feedback, the higher the noise suppres-
sion. Although the performance degraded when using weaker
injection, the Lorentzian linewidth remained as low as
0.3 Hz when the injection ratio was −20 dB, and 1.6 Hz when
the injection ratio reduced to −30 dB.

Fig. 5. (a) Experimental set-up for long-term frequency error measurement; (b) optical frequency discriminator set-up for frequency noise
measurement. PC, polarization controller; PD, photodetector.
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Figure 9 shows a comparison of the measured phase noise
for injection ratios of −15 and −30 dB with that simulated us-
ing the earlier-introduced simulation approach. We see that a
higher injection ratio is expected to improve results by 15 dB
below 1 kHz offset frequency; however, experimental results are
almost identical, suggesting we are limited by other sources of
noise in this region, most likely noise due to environmental
pick-up in the HCF. The experimentally observed difference
in frequency noise of two injection ratios for frequencies above
10 kHz agrees reasonably well with the simulations. However,
the simulated level is >10 dB lower than that obtained exper-
imentally, except for frequencies above 1MHz. Having a model
that reasonably predicts performance changes with the injection

ratio, but showing different levels of performance suggests the
system parameters in the simulation model may require some
further tuning, e.g., those describing the laser parameters.

Finally, we measured the relative intensity noise (RIN) per-
formance of the free-running and self-injection locked lasers to
rule out possible degradation due to the SIL process as shown in
Fig. 10. We can see that RIN is short-noise-limited above
200 kHz with no obvious degradation due to self-injection
locking at lower frequencies.

5. DISCUSSION AND CONCLUSIONS

We have demonstrated a self-injection locked laser via an HCF-
based resonator with long-term stability (>100 s) an order of

Fig. 6. (a) Frequency error as a function of time achieved here and its comparison with the stability of a laser locked to an SMF delay line placed in
a vacuum [29]. (b) Allan deviation calculated from the data shown in (a) and its comparison to measurements reported by manufacturers of com-
mercially available narrow-linewidth lasers [30–32], including OEwaves, which are also based on self-injection locking.

Fig. 7. Measured frequency noise via strong self-injection ratio of
−15 dB, together with free-running laser and measurement noise floor.

Fig. 8. Measured frequency noise with different self-injection ratios.
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magnitude better than low-noise commercially available lasers.
We continuously operated the laser over 50 h and achieved la-
ser frequency variation within ±600 kHz. Given its relatively
simple configuration and operation in a non-vacuum environ-
ment, we anticipate it could be engineered into a small foot-
print with low power consumption.

We expect that better long-term stability could be achieved
with HCF-FP when its thermal sensitivity is further reduced,
e.g., by winding it on a low-thermal-expansion [33] or even a
negative thermal expansion drum [34].

In the short-term performance, we achieved 0.2 Hz
Lorentzian linewidth and Allan deviation of 4 × 10−13 at 1 s
averaging time. This is about two to three orders of magnitude
better than in commercially available low-noise lasers, one order
of magnitude better than with integrated optics resonators
[10–12], and is comparable to the SMF delay line with bet-
ter-performing, but more complex, PDH locking [35].

HCFs exhibit low attenuation across a broad spectral range,
from 660 nm (2.9 dB/km [36]) through 1064 nm (0.5 dB/km
[36]) and 1550 nm (0.11 dB/km [26]) to 2000 nm (1 dB/km
[37]). This will enable self-injection locked lasers across a wide
spectral range for applications such as laser spectroscopy and
portable optical clocks, covering various atomic transitions.
As HCF-FP combines large delay capabilities, low nonlinearity,
and low thermal sensitivity, it is a promising platform for the
next generation of stabilized laser systems.
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