Ultra-stable, iodine-locked 689 nm monolithic VECSEL
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Abstract: We explored molecular iodine as an absolute reference for frequency stabilization of a 689
nm monolithic VECSEL, achieving superior coherence and brightness with 10! stability (10 s),
suitable for strontium-based quantum technology and metrology applications. © 2025 The Author(s)

1. Introduction

The development of high-performance lasers is fundamental for the advancement of numerous quantum technology (QT)
systems with applications in computing, sensing, and position, navigation and timing (PNT) [1]. While superior
coherence, brightness and stability have direct impact in the quantum system efficiency and accuracy, compact
embodiments and improved robustness to environmental noise are needed for testing in uncontrolled environments, an
important step towards further QT adoption. An important example is neutral strontium (Sr) optical clocks [2], being
developed for precise timekeeping, where several visible (blue and red) and infra-red lasers are needed to target cooling,
repumping and clock transitions, and to create an optical lattice. Laser requirements span different linewidths, ranging
from 30.5 MHz, for the first cooling transition at 461 nm, to sub-mHz, for the clock transition at 698 nm. Semiconductor
lasers, such as external cavity diode lasers (ECDLs), are commonly employed in quantum systems, but with limited
wavelength coverage and brightness, and a broad Schawlow-Townes-Henry (STH, or fundamental linewidth) limit of few
10s of kHz [3]. External modules are often needed for enhanced brightness, linewidth narrowing and drift reduction, but
these have a detrimental impact on the size, weight, power and costs (SWaP-C), and the stability and complexity not only
of the laser but also the overall QT systems. Our group has been developing ultra-coherent vertical-external-cavity
surface-emitting lasers (VECSELSs) as an alternative to edge-emitting semiconductor lasers, with two key innovations
reported recently. First, we demonstrated a monolithic-cavity VECSEL with increased robustness to external noise, high
brightness and ultra-low-noise performance, moving towards the mHz-level STH limit of VECSELSs. In this embodiment,
sub-kHz free-running linewidth at 689 nm with a frequency stability of 1.05x107'2 (2 s) was achieved [5]. Second, we
frequency locked a 689 nm conventional VECSEL to molecular iodine transitions, targeting the Sr second cooling
transition, demonstrating highly stable and low noise performance with ultra-low frequency drift [6]. The molecular iodine
referencing, novel for deep-red wavelengths, was developed as an alternative to the high thermal and bulk demands of Sr
spectroscopy for narrow transitions. Here, we combine these approaches in the development of a monolithic-cavity
VECSEL exclusively locked to molecular iodine at around 689 nm, detuned by 1.76 GHz to the Sr transition. Low relative
intensity and frequency noise performance was measured with a 560(20) Hz linewidth, frequency stability of 2x10713 (10
s) and frequency drift of 16 kHz over 25 min, suitable for Sr-based quantum applications.
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Fig. 1 (a) Monolithic cavity VECSEL schematic with laser cavity components to scale. (b) Sub-Doppler spectrum of molecular iodine for
frequencies close to the red cooling transition of neutral strontium. (b) Error signal derived from the spectroscopy signal

2. Iodine-locked monolithic cavity VECSEL

The 689 nm monolithic VECSEL (see Fig. 1a) is built using a GalnP/AlGalnP-based gain structure, a 25 mm high
tolerance fused silica right-angle prism and a 1% planar-convex output coupler capillary-bonded to the hypotenuse of the
prism [4,5]. A shear piezo electric transducer (PZT) was mounted on top of the laser resonator spacer for wavelength
tuning and frequency stabilization purposes. An output power of 39 mW at 689.45 nm is achieved with a free-running
linewidth of 740(20) Hz and a frequency stability of 1.05x107'2 (2 s), when optically pumped by a green diode laser,
delivered to the gain structure by a multimode fiber. The molecular iodine transitions at around 689 nm were identified
via sub-Doppler saturation absorption spectroscopy, with two strong transitions observed at detunings -4.45 GHz and
+1.76 GHz from the 'So-3P; Sr transition [6]. Possible attribution of the lines are to hyperfine components of iodine
transitions R(70)4-8, R(8)2-7 and R(7)2-7 [7] (see Fig. 1b). The nearest strong transition, detuned by +1.76 GHz, was
chosen to frequency stabilize the monolithic VECSEL (see Fig. 1c).

3. Noise performance

The iodine-locked monolithic VECSEL noise performance was measured and compared to when the same laser was
frequency stabilized to a moderately high-finesse, air-spaced reference cavity (finesse = 1k, free spectral range = 300
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MHz) via the Pound-Drever-Hall technique (bandwidth = 500 Hz) [5]. While free-running, cavity- and iodine-locked, the
noise and stability performance (see Fig. 2) were measured via the in-loop frequency noise power spectral density
(FNPSD) and a heterodyne beat note measurement to another cavity-locked air-spaced VECSEL system with a linewidth
of 200 Hz, separated by a frequency difference of 250 MHz [8]. The iodine-locked monolithic VECSEL presented low
intensity and frequency noise (see Fig. 2a), with further improvements possible if the sharp peaks observed between 10
Hz and 7 kHz, related to mechanical, electronic and pump-injected noise, are reduced. Nevertheless, an integrated
linewidth of 560(20) Hz was measured via the beat note peak when averaging for 10 s (see Fig. 2b inset), representing a
reduction from the free-running linewidth of 720 Hz. The spectral width results were also confirmed via both the
reconstructed shape of the optical field from the FNPSD via auto-correlation and the Wiener-Khintchine theorem (see
Fig. 2a inset), with linewidths of 710, 610 and 420 Hz (sampling time of 20 s) estimated for the free-running, iodine- and
cavity-locked monolithic VECSEL, respectively.
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Fig. 2 (a) Iodine-locked monolithic VECSEL frequency noise power spectral density (FNPSD) while free running (blue), iodine-locked (green)

and cavity-locked (red); inset: Optical field reconstructed from FNPSD autocorrelation and the Wiener-Khintchine theorem for a sampling time

of 20 s. (b) Allan deviation measurement; inset: Heterodyne beat-note peak for 10 s averaging time. (c) Beat frequency drift of cavity- and iodine-
locked monolithic VECSELSs over 25 min.

Allan deviation was calculated by sampling the beat note measurement over different ranges of averaging times. The
iodine-locked monolithic VECSEL presented a relative stability of 2x10°'3 for an averaging time of 10 s (see Fig. 2b),
similar to the stability achieved for the cavity-locked case but for shorter averaging time (2 s). Finally, the beat frequency
drift was measured over 25 min to infer the long-term frequency stability of the VECSEL system (see Fig. 2¢). Superior
performance of the iodine-locked VECSEL was observed with a total drift of 16 kHz and a total excursion of 20 kHz over
this period. We note that this drift measurement is not yet a direct representation of the absolute iodine lock stability,
which is likely to be more stable, given that it also includes the drift contribution of the VECSEL system used for the
beat-note. Nevertheless, a substantial improvement in short- and long-term stability using molecular iodine locking is
achieved. More direct measurement of the stability is the subject of ongoing work.

4. Conclusion

We have demonstrated improved frequency stability of a sub-kHz 689 nm monolithic-cavity VECSEL when locked to a
molecular iodine reference. This result is attributed to the low noise, ultra-coherent monolithic VECSEL platform, with
enhanced stability achieved using absolute atomic/molecular references. The resulting reduction in frequency noise from
the free-running scenario resulted in a linewidth of 560 Hz (averaging of 10 s), measured via heterodyne beat note to
another VECSEL system. Minimum Allan deviation of 2x10°13 (10 s) was measured, with a drift of the beat note peak of
16 kHz observed over 25 min, illustrating the improved long-term stability of the iodine-locked monolithic VECSEL.
Though this already constitutes high-performance regarding noise, stability and linewidth, further improvements can be
made to reach higher coherence levels while retaining the benefits of reduced long-term drift. In addition, further
miniaturization of both the monolithic laser platform and iodine spectroscopy setup, will produce a compact, ultra-
coherent laser system with integrated referencing. Nevertheless, the high coherence demonstrated by the iodine-locked
monolithic VECSEL already makes it an ideal laser platform for high precision applications and for the further
advancement of quantum systems for position, navigation and timing.
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