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Abstract: We introduce a simple and compact diode-pumped Pr:YLF-Cr:LiCAF laser, operating
at 813.42 nm and providing a 130-mW, single-frequency output tunable over a 3-GHz range. The
laser has a short-term intrinsic linewidth estimated to be 700 Hz (β-separation method), while
exhibiting a free-running wavelength stability of below 1 pm in one hour. Using a feed-forward
technique we demonstrate the integration of the laser output into a fully stabilized, 1-GHz
Ti:sapphire laser frequency comb, resulting in a heterodyne beat note between the laser and the
comb with a bandwidth of 65 kHz. Combining feed-forward control with a low-bandwidth servo
feedback loop permits stable long-term locking with an rms beat note variation of 15 kHz over 2
minutes. This performance makes the laser a potential candidate for the lattice laser in a 87Sr
optical lattice clock.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Atomic clocks operating at optical frequencies are an emerging technology which promises
superior accuracy and precision to the existing primary standard based on transitions between the
two hyperfine ground states of 133Cs atoms. Optical lattice clocks based on neutral 87Sr atoms
have been shown to provide an Allan instability at least 100 times better than current frequency
references such as the Cs standard [1,2], with an accuracy of 6.4 × 10−18 and a measurement time
much faster than comparable single-ion optical clocks [1]. The neutral 87Sr atom clock scheme
requires accurately tuned narrow-linewidth laser sources to cool, trap, re-pump and inspect
the confined specimen. While the different stages of atom trapping pose different wavelength
and stability requirements, the required transitions for 87Sr atoms are all located in the visible
range from 461–813 nm, making them an ideal candidate for quantum sensors [3,4] and directly
accessible to external-cavity diode lasers [5–14] and diode-pumped solid-state (DPSS) lasers
[15,16]. The higher powers available directly from DPSS lasers make them of particular interest
for use as 87Sr lattice lasers, with power in the several tens to several hundreds of mW being
needed at the so-called “magic wavelength” of 813.42 nm, where large shifts in the clock levels
caused by the strong electric field of the trapping lattice light are cancelled to first order. Suitable
DPSS lasers should operate at a single, repeatable frequency, as well as having a size and power
compatible with their integration into a typical trapping apparatus. Furthermore, a suitable laser
should, in addition to excellent passive stability, be steerable towards a precise target frequency,
within a given tuning range. In this work we report a new single-frequency Pr:YLF-Cr:LiCAF
laser, operating at 813.42 nm with over 100 mW of output power and diode-pumped by a single
InGaN blue laser diode. We present key performance data for this laser including stability and
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linewidth measurements, before demonstrating its integration into the spectrum of a 1-GHz
Ti:sapphire frequency comb by using a high-bandwidth feed-forward phase lock.

Optical frequency combs provide a convenient route to prepare the frequencies of the multiple
lasers needed in a lattice clock scheme, as well as enabling the stability of a single optical
reference to be transferred to other frequencies in the optical and microwave domains [17–19].
A comb stabilized to an atomic standard can provide an absolute frequency reference for a
narrow-line cw laser, which is routinely achieved by heterodyne beating between the cw laser
and the comb modes in an open-loop configuration [20–22], in which precision and repeatability
are limited by the inherently higher frequency noise in the cw laser. A typical approach to
transfer the temporal coherence of the comb to the cw laser is to derive an error signal from a
phase-frequency detector supplied by a stable reference frequency and the beat note between the
cw and comb lasers, and to use this in a servo loop to control (via feedback) the cavity length or
current of the cw laser [23–27]. Effective suppression of laser frequency noise using feedback
to the cw laser therefore requires a fast, wide-bandwidth servo loop or a high-gain slow servo
capture. The former poses a challenging task, involving careful design compromises and tuning
of the servo loop, while the latter can lead to increased frequency jitter. Feed-forward approaches,
of the kind we describe later in Section 3, typically offer higher bandwidths than servo feedback
loops, and so represent an attractive option to achieve tight locking between a cw laser and a
frequency comb.

An early example of acousto-optic feed-forward locking was in frequency comb synthesis [28],
where the carrier-envelope offset frequency of a free-running mode-locked laser was subtracted
through an acousto-optic frequency shifter (AOFS), bringing the comb offset to zero. This
approach has successfully achieved attosecond level timing jitter without any servo lock feedback
to the laser. Since then, owing to its simplicity, excellent noise reduction as well as its real-time
frequency correcting ability, zero-offset combs using the feed-forward configuration have been
demonstrated across different comb architectures [29–35]. The application of the feed-forward
technique has also emerged in different fields of spectroscopy, such as dual-comb spectroscopy
and cavity ring-down spectroscopy [36,37]. Another robust utilization is to phase-lock a cw laser
to an optical frequency comb and vice versa, which was reported in 2012 by Gatti et al. [38].
With a fast response time of the order of several hundred nanoseconds, the feed-forward method
has demonstrated effective transfer of the comb coherence properties to external cavity diode
lasers (EDCL), distributed feedback diode (DFB) lasers and diode-pumped solid-state (DPSS)
lasers [39–43]. With reported linewidth narrowing of between several hundred kHz and MHz
levels, the feed-forward technique has been shown to be capable of producing stable cw laser
beat notes comparable with the fundamental frequency comb mode linewidth. These previously
reported examples of feed-forward phase-locking have been mostly in the telecom band, however
extending this robust phase-locking technique into the visible region is beneficial not only for
quantum clock applications but also for providing comb-referenced monochromatic light for use
in astronomical spectrograph calibration [44].

In the remainder of this paper, we present a compact, two-stage cw laser based on Cr:LiCAF,
which is capable of operating at the magic wavelength of 87Sr optical lattices (813.42 nm / 368.56
THz) [45,46]. We demonstrate that a feed-forward configuration can be implemented between
the cw laser and an optical frequency comb, reducing the linewidth of their heterodyne beat note
to 65 kHz. Combining slow servo feedback control with fast feed-forward correction enables
long term stabilization to be achieved.

2. Diode-pumped, single-frequency Pr:YLF-Cr:LiCAF laser

The two main platforms emerging to accommodate the increasing demand for narrow-linewidth
lasers for applications in atom cooling, metrology and sensing are DPSS lasers and external cavity
diode lasers. In an earlier study [47] we compared the spectral purity of several commercial
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DPSS lasers and ECDLs and found that, due to the stronger suppression of side bands typically
present in DPSS sources, the total output power within the specified linewidth of a DPSS laser
can be considerably higher than in an ECDL, which can be explained by the greater contribution
of spontaneous emission in an ECDL [48]. This observation motivates the development of new
DPSS narrow-linewidth lasers, even at wavelengths where ECDL sources are already available.

When selecting a gain material for use in a DPSS single-frequency laser, colquiriite materials,
such as Cr:LiSAF, Cr:LiCAF and Cr:LiSGaF, show good potential for efficient, tunable cw
operation as a result of their relatively low saturation intensities when compared to conventional
Ti:sapphire laser sources. Consequently, colquiriite lasers do not require high levels of pump
power, which significantly reduces engineering complexities and hence the overall size and
footprint of the laser head. Cr:LiCAF and Cr:LiSAF can both be pumped using a red light
source, achieving a smaller quantum defect and lower thermal overhead than in Ti:sapphire
lasers. Examples of previous work are summarized in [49] and include pumping by single-mode
diodes [50], single-emitter multi-mode diodes [51] and tapered diodes [52]. Due to their broad
gain bandwidth, Cr:colquiriite materials have been extensively studied for femtosecond pulse
generation [53–55], however to our knowledge the results we present here are the first example of
a Cr:LiCAF laser optimized for operation at the strontium magic wavelength of 813.42 nm. A
clear advantage of choosing Cr:LiCAF over Cr:LiSAF is the mitigation of excited-state absorption
(ESA) and upconversion related lifetime reduction at higher pump powers, which suggests the
potential for good scalability [56].

Illustrated in Fig. 1, the laser employed a two-stage pumping arrangement in which a 6 W
diode operating at 444 nm was used to pump a Pr:YLF crystal in a short cavity, resulting in over
2 W of 640 nm output. The excellent beam characteristics of this source (M2≈1.5 on both axes)
enabled efficient beam delivery and pumping of a close-coupled Cr:LiCAF laser. The Cr:LiCAF
crystal was 3% doped with dimensions of 3×1.5×6 mm3. Frequency selection was achieved
using the combination of a commercially available single-wavelength reflective volume Bragg
grating (OptiGrate Corp., Florida) and a solid intracavity etalon (2 mm, 25% reflectivity). A 2%
output coupler was used to achieve over 130 mW of single-frequency output power, with a slope
efficiency (laser output versus absorbed power) measured to be 29%. For peak single-frequency
performance, 1.15 W of the 640 nm pump was absorbed. This pump power was generated
using 4 W of incident 444-nm pump light, hence the overall optical efficiency of the system was
3.25%. No roll-over effects were experienced, which is mostly due to the low doping level of the
Cr:LiCAF crystal, which leads to an absorption estimated to be 67%. The entire laser platform
was one liter in volume on a 220×80 mm2 footprint.

Fig. 1. Single-frequency Pr:YLF-Cr:LiCAF laser, pumped by one 444-nm laser diode. A
piezo-electric actuator (PZT) on the end mirror allows fine tuning of the output wavelength.

The laser frequency could be coarsely tuned using an intracavity oven over 50 GHz. Fine-tuning
and frequency stabilization was achieved using a low-capacitance piezoelectric transducer (PZT)
attached to the end mirror of the Cr:LiCAF laser cavity. The laser was tuned to the strontium
magic wavelength and the free-running wavelength stability was measured on a High Finesse
WS-8 wavemeter, presented in Fig. 2(a), showing a variation of <1 pm in over one hour.

The linewidth of the free-running system was estimated using the beta-separation method
[57,58]. The measurements were done using a High Finesse linewidth analyzer (LWA-1k). This



Research Article Vol. 30, No. 24 / 21 Nov 2022 / Optics Express 42905

Fig. 2. (a) Free-running wavelength stability measured on a High Finesse WS-8 wavemeter,
showing a change of 900 fm in one hour. (b) Linewidth estimates using the β-separation
method at various sampling speeds, recorded using a High Finesse LWA-1 k linewidth
analyzer and indicating an instantaneous (100 kHz sampling rate) linewidth of 700 Hz.

analyzer uses a high-speed digitizer with a noise frequency range of up to 10 MHz. The device
samples the noise components for 100 ms; it can then estimate the linewidth of the laser at
various sampling speeds by ignoring noise terms that are slower than the selected sampling
speed. As such, the intrinsic linewidth of the laser was estimated to be 700 Hz, which is
within the resolution of the device. The measurement was done at a 10-µs sampling time, and
hence it considered frequency noise components >100 kHz. This was a useful indicator, as
frequency noise components lower than this cut-off frequency can generally be compensated
for in a feed-forward arrangement using a high-speed frequency shifter. Using the two-stage
cavity structure and a relatively low saturation gain crystal, such as Cr:LiCAF, provides an
efficient way of achieving the optical requirements of a strontium lattice laser. In fact, with added
improvements in the frequency selection process and better utilization of the available 640-nm
pump, a power level in the range of 1 W could be achieved using a single 444-nm diode and the
640-nm pump cavity. This power level would be sufficient for lattice applications, whilst optical
amplification can also be considered, as demonstrated in previous work [5,8].

3. Feed-forward correction using an acousto-optic modulator

3.1. Concept

Feed-forward correction works by sampling a heterodyne beat note between a free-running laser
and a stable optical frequency, which in our implementation is one comb tooth from a Ti:sapphire
frequency comb. A replica output from the free-running laser can then be frequency shifted by
an acousto-optic modulator (AOM) driven by a carrier derived from this beat note in such a way
as to demodulate the frequency instability and maintain a phase lock with the reference frequency.
Here, we present the details of our particular scheme, illustrated schematically in Fig. 3.

The free-running laser (frequency fcw) is heterodyned with a lower-frequency comb mode
(frequency fcomb) to yield a beat note with a frequency f1. We manually adjust fcw to produce a
beat note of approximately 40 MHz which is filtered and amplified before being summed with the
output of a 40-MHz oscillator (fosc) in a double-balanced mixer to give an AOM drive frequency
of f1 + fosc ≈ 80 MHz. In this arrangement, a positive excursion in fcw also causes f1 to increase,
and the AOM drive frequency rises. A replica beam from the free-running laser diffracted by the
AOM into the +1 Bragg order has this frequency excursion written onto it again, however light
diffracted into the -1 order has this excursion removed, leaving the single-frequency laser locked
to the comb mode with an offset of fosc = 40 MHz. This offset is not fundamentally necessary



Research Article Vol. 30, No. 24 / 21 Nov 2022 / Optics Express 42906

Fig. 3. Feed-forward correction scheme used to phase lock the cw laser to a single comb
mode. See text for full details.

and is only incorporated to enable the feed-forward correction to be verified experimentally by
observing a second heterodyne beat note at non-zero frequency.

3.2. Experiment

The optical frequency reference for the feed-forward correction was a 35-fs, Ti:sapphire laser
(Novanta) which we configured as a fully-stabilized frequency comb by locking its repetition rate
(frep = 999.931 MHz) and carrier-envelope-offset frequency (fCEO = 30 MHz) to a Rb-referenced
synthesizer. Around 20% of the laser power was used for the f-to-2f interferometer (Fig. 4(a),
f-to-2f), while the rest of the power (∼1.5 W) was equally divided between two beat detection
units (Fig. 4(a), BDU1 and BDU2). Both modules were configured in a similar manner, where the
polarization-orthogonal cw and comb beams were each multiplexed in a polarizing beam splitter
(PBS), with one difference in that the second cw beam passed through a traveling-wave AOM
(bandwidth 80 MHz ± 7.5 MHz) before being combined with the comb beam in BDU2. Each
BDU comprised a 1200 lines mm−1 diffraction grating, after which a narrow spectral portion
around 813.4 nm was selected by a pinhole, projected into one polarization by a linear polarizer
and focused onto an avalanche photodiode (APD).

The beat signal detected at BDU1, frequency f1, was separated into signal paths, illustrated in
Figs. 4(b) and 4(c). One path (Fig. 4(b)) was configured for slow servo feedback stabilization of
the beat note to f1 ≈ 40 MHz by down-mixing it with a 30-MHz signal to 10 MHz and referencing
the resulting frequency to a 10-MHz synthesizer by using a digital phase-frequency detector
(PFD) [59]. The PFD output was conditioned by a proportional-integral (PI) servo-controller
and then amplified before being used to actuate the end-mirror PZT in the Cr:LiCAF laser. A
second signal path (Fig. 4(c)) implemented the feed-forward scheme already described in Section
3.1. The beat note from BDU1 was up-mixed with a 40-MHz oscillator (frequency, fosc) then
bandpass filtered to provide a frequency within the acceptance bandwidth of the AOM. This
signal was sent to the AOM after suitable amplification in a radio-frequency power amplifier.
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Fig. 4. (a) Light from the 813.42 nm Cr:LiCAF laser is interfered with the output of a
Ti:sapphire frequency comb in BDU1 to provide a beat note of frequency f1 which is then
conditioned to drive the AOM. The phase-stabilized m = −1 Bragg order output of the AOM
is interfered with the comb in BDU2 to evaluate the quality of the feed-forward correction by
producing a second beat note of frequency f2. The Ti:sapphire comb is locked by deriving
its mode spacing (frep) and carrier-envelope offset frequency (fCEO) by direct photodiode
detection and f-to-2f interferometry respectively. PCF, photonic crystal fiber; P, polarizer.
(b) Signal conditioning used to implement slow servo feedback control of the Cr:LiCAF
laser frequency. COM, comparator; PFD, phase-frequency detector. (c) Feed-forward signal
conditioning path.

3.3. Results

In Fig. 5 we present power-spectrum and phase-noise characterizations of the radio-frequency
(RF) beat in different free-running and phase-locked configurations. The power spectrum of
the free-running beat (Fig. 5(a)) showed a -3-dB linewidth of 365 kHz, with excursions of
several MHz over a few seconds. For longer term performance, a servo feedback loop was
required to stabilize the first beat within an appropriate frequency range for AOM modulation.
Due to the frequency jitter of the Cr:LiCAF laser, a high servo gain was needed, leading to
a broadened beat-note bandwidth of 4.6 MHz, as shown in the power spectrum of Fig. 5(b).
Implementing feed-forward control while the Cr:LiCAF laser was also servo stabilized achieved
a considerable linewidth reduction, with a measured -3-dB value of 165 kHz (Fig. 5(c)). Finally,
we implemented feed-forward control without servo feedback stabilization and achieved a -3-dB
beat-note linewidth of 65 kHz, shown in Fig. 5(d).

In Fig. 5(e) we present phase-noise measurements which correspond to the power spectra in
Figs. 5(b)–5(d). With only servo-feedback stabilization, the phase-noise properties of the beat
are poor, reflecting the limited control of the cw laser frequency. Adding feed-forward control
achieves a 40- to 50-dB reduction in phase noise at all frequencies below ≈2 MHz. The rise time
of the AOM used in the feed-forward scheme (Gooch and Housego M080-1F-GH2) is 150 ns,
corresponding to a bandwidth of several MHz, however the phase noise increases considerably
above 1 MHz, suggesting that the modulation bandwidth is perhaps limited further by other
components, for example the RF power amplifier used to supply the AOM.

Long-term stabilization was possible by combining servo-feedback with feed-forward control.
In Fig. 6 we present the average beat frequencies recorded over a 140-second observation time
using a frequency counter with a gate time of 500 ms. With no control, the direct beat between
the Ti:sapphire comb and the Cr:LiCAF laser (Fig. 4, frequency f1) varied over 20 MHz, with
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Fig. 5. Power spectra (resolution bandwidth1 kHz; sweep time 15 ms) of the beat-note
between the Ti:sapphire frequency comb and the cw Cr:LiCAF laser when (a) free-running,
(b) PZT servo-feedback-stabilized, (c) PZT servo-feedback-stabilized with AOM feed-forward
correction and (d) with only AOM feed-forward correction. (e) Phase-noise spectra for the
signals represented in (b)–(d), recorded over 16 ms with a sampling rate of 1 GS/s.

an rms fluctuation of 5.5 MHz. Adding servo-feedback stabilization considerably improved
the frequency stability, constraining the average value of f1 to 40 MHz ± 88 kHz. The further
addition of feed-forward control produced a nearly six-fold improvement, with the beat note after
the AOM, f2, maintained at 40 MHz ± 15 kHz. Long term operation was not possible using only
feed-forward control.

Fig. 6. Average beat frequencies between the Ti:sapphire frequency comb and the output
of the Cr:LiCAF laser before (f1) and after (f2) feed-forward correction. Frequencies were
measured by a frequency counter sampling at 1 Hz and with a gate time of 500 ms.
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4. Conclusions

Feed-forward control provides a means of achieving high-bandwidth phase stabilization between
independent coherent sources. In this work we have introduced a promising new Pr:YLF-Cr:LiCAF
solid-state laser with potential applications in quantum technology, and have demonstrated how
feed-forward stabilization can be used to tightly lock this laser to a second optical frequency
reference, specifically a Ti:sapphire frequency comb. The upper-state lifetime of Cr:LiCAF is
170 µs [60], which limits direct pump-diode-current modulation of the laser to bandwidths of a
few kHz, which are not sufficient to ensure tight phase locking and are similar to the bandwidth
expected from the intracavity PZT element. Consequently, feed-forward control uniquely enables
tight phase stabilization to an external optical reference, despite the absence of high-bandwidth
actuators in the laser itself. In the future we expect that feed-forward control could be applied in
a similar way to lock a Cr:LiCAF laser to an external reference cavity to directly achieve line
narrowing of the laser output.
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