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Frequency-stable lasers form the back bone of precision measurements in science and technology. Such lasers typically
attain their stability through frequency locking to reference cavities. State-of-the-art locking performances to date had
been achieved using frequency modulation based methods, complemented with active drift cancellation systems. We
demonstrate an all passive, modulation-free laser-cavity locking technique (squash locking) that utilizes changes in
spatial beam ellipticity for error signal generation, and a coherent polarization post-selection for noise resilience. By

comparing two identically built proof-of-principle systems, we show a frequency locking instability of 5 x 10~ relative
to the cavity linewidth at 10 s averaging. The results surpass the demonstrated performances of methods engineered over
the last five decades, potentially enabling an advancement in the precision control of lasers, while creating avenues for
bridging the performance gaps between industrial grade lasers with scientific ones due to the afforded simplicity and
scalability. © 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

https://doi.org/10.1364/OPTICA.507451

1. INTRODUCTION

Laser frequency stabilization is indispensable in the science and
engineering of atomic time keeping [1], gravitational wave detec-
tion [2], tests of relativity [3], atom interferometry [4], and in the
quantum control of various systems such as atoms [5], nanopar-
ticles [6], and mechanical oscillators [7]—to name a few. As
an example, contemporary atomic clocks require milliHertz-
linewidth lasers to probe long-lived optical atomic transitions,
and the level of precision in stabilization of laser frequencies to
reference optical cavities plays a crucial role in reaching the state-
of-the-art performance levels [8,9]. On the other hand, there has
been a growing interest in scientific grade lasers that are compact
and field-deployable for industry applications [10,11]. Such
high-performance lasers typically operate on the principle of self-
injection locking, and further utilize reference optical cavities [11].
Achieving a large mode-hop-free tuning range while maintaining
spectrally low-noise operation in these systems requires multi-
ple instances of relative frequency monitoring and stabilization
[12-14], favoring simple and scalable techniques. A number of
methods have been developed over the decades to address the task
of locking lasers to cavities. These include: side-of-fringe intensity
methods [15], polarization based methods [16-18], frequency
modulation techniques including transmission modulation
[19,20] and the Pound—Drever—Hall (PDH) reflection method
[21], and lastly, spatial mode interference methods [22-25].
Preference for a specific method could be application
dependent, but due to its stability and versatility, the PDH
technique—utilizing radio-frequency modulation/demodulation
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of an optical carrier—has become a general standard. Achieving
the most demanding locking stabilities of one part in 10°-10° of
a cavity linewidth has further required additional layers of active
feedback mechanisms to reduce the residual amplitude (RAM)
modulation [26], which typically limits the lock point stability of
a PDH setup. A purely passive and reduced-complexity method
that could compete with these highly engineered setups could
be beneficial for all applications, especially when electro- and
acousto-optic devices used for modulation are particularly unde-
sirable [27,28]. The simplicity and scalability of such a method for
laser-cavity locking is also paramount to bridging the gap between
scientific and industrial laser standards.

Here we develop a precision laser frequency stabilization
scheme that utilizes completely passive optical elements. The main
method consists of monitoring the change in the spatial ellipticity
of a beam reflected from a cavity. This method is further enhanced
with a pre- and a post-selection of the beam polarization to coher-
ently suppress technical noise that limits system performance.
Notably, through this enhancement technique, we also uncover a
curious physical phenomenon where the post-selection gives rise to
an effective cavity with variable loss or gain.

Our scheme differs from previous spatial mode methods in its
robustness of implementation and insensitivity to alignment drifts.
Further, it differs from previous polarization based methods in its
utilization of polarization only to reject noise. These aspects enable
us to realize the true potential of modulation-free schemes. Both
aspects of the scheme are cavity geometry independent, applicable
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to linear or ring cavities (see Supplement 1), and can be used inde-
pendently of each other. To hint at the versatility of this developed
method, we note that it is already spinning a separate application
that could fill a void in laser industry: high-quality monitoring and
stabilization of laser diode injection locking [29-31].

2. CONCEPTS

To understand the main stabilization method, one needs to recall
the Hermite—Gaussian (HG) spatial modes supported by an opti-
cal cavity [32]. Here, of interest are the fundamental HG mode
labeled “00” and a specific second-order mode that we label “+”
(due to its visual appearance—Fig. 1(a), which is a superposition
of the more familiar “02” and “20” HG modes (see Supplement 1).
A slightly elliptical beam with a horizontal/vertical orientation can
mathematically be decomposed into a main “00” component and
a small “4+” component [Fig. 1(b)]. For such a beam, the phase
difference between these two components encodes the informa-
tion about ellipticity. When incident on the cavity near a “00”
resonance, only the “00” component builds up inside the cavity,
acquiring a phase shift in the process, and giving rise to a change
in the relative phase between the two components outside of the
cavity. Through this mode-dependent phase shift, the reflected
beam can be made to acquire opposite ellipticities on opposite sides
of the resonance [Fig. 1(c)]. From the perspective of cavity design,
the only requirement for proper operation is for the “00” mode not
to be spectrally degenerate with the second-order modes. To har-
ness this effect we use a quadrant photodiode (QPD), subtracting
the sums of the diagonals to obtain an error signal proportional

(@)

00 mode

to the spatial ellipticity of the beam [Figs. 1(b) and 1(c); see also
Supplement 1 for QPD electronics].

The detected signal can be thought of as an interference
between the resonating “00” mode that leaks out of the cavity,
and the second-order “+” mode that promptly reflects from the
cavity to form a phase reference. This detection modality is insensi-
tive to alignment drifts and fluctuations, since small misalignments
simply generate first-order modes in the mode decomposition
[23]. A limitation to stability is still posed, for example, by residual
fluctuations in the incident beam shape, attributable to the alter-
ation of second-order mode components—affecting the phase
reference. To help alleviate this residual limitation, we utilize the
mentioned polarization pre- and post-selection procedure—or
simply put, the polarization filtering process.

Intuitively, the polarization filtering allows one to directly
perform a differential measurement between the signals that would
be generated by two separate polarization components of light
incident on the cavity. With polarization-resolved cavity reso-
nances, one polarization component can build up resonantly in the
cavity while the other orthogonal polarization component reflects
promptly, serving as a reference for the noise originating prior to
the cavity. Following polarization filtering, the overall signal comes
about through an interference between the amplitudes from the
two polarization components. This effective differential mea-
surement implemented by the polarization filtering then isolates
the cavity signal. Curiously, this phenomenon affords a simple
universal description in the form of an effective loss-tunable cavity.
From an application point of view, however, the final filtering set-
ting adapted for this work simply enforces a complete destructive
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Fig.1. Conceptual illustration. (a) Geometry of the utilized cavity, and its relevant modes within one free spectral range (mirrors: two plane, one 5-cm
radius-of-curvature). Inset: spatial amplitude structure of the “00” and the “+” modes. In terms of the native cavity modes, the “+” mode appears as a super-
position of the “02” and “20” modes. Alignment drifts populate the “01” and “10” modes. The unusual spectral ordering of the “10” mode originates from
the odd number of mirrors in conjunction with geometric reflection phases. QPD, quadrant photodiode; g, longitudinal mode number; vg g9, frequency of
the qth “00” mode. (b) Beam ellipticity detection using a QPD, and mode decomposition of a slightly elliptical beam. €, a small complex number; AMP,
transimpedance amplifier. (c) Laser frequency dependence of the QPD signal near the “00” mode resonance. «, cavity full-linewidth.
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interference between the two amplitudes when the cavity is exactly
on resonance.

We describe the polarization filtering effect efficiently using the
weak-value concept [33]. This concept has been utilized over the
last decade to amplify small signals in optical settings [34—37] with
mostly a good understanding of its benefits [38,39]. Nevertheless
an understanding of this formalism is not required to follow the
rest of the article. We will summarize the result here and utilize the
effect as intended—interested readers can find more information
in Supplement 1.

In this formalism, with the polarization degree of freedom
included, the cavity reflection coefficient is replaced by a reflec-
tion operator 7 acting on the input polarization state |/1). When
a post-selection onto state |1,) is made, the resulting effective
reflection coefficient 7, [Fig. 2(a)] is given by the weak-value of the
reflection operator (see Supplement 1):

Wl _ o, 1
T S g W

This effective reflection coefficient is of the same form as a reflec-
tion coefficient from a regular high-finesse cavity, except with a
variable effective loss parameter y’ (at fixed cavity linewidth «).
The imaginary part of this equation gives the mathematical form
of the error signal generated by the QPD. Here 8 is the laser-cavity
frequency detuning, « is the full-width cavity linewidth, and
y" = Ay. The true loss parameter y is a dimensionless constant
characterizing the roundtrip losses in the cavity, where y <1,
y =1,y >1,and y > 2 can be identified respectively with the
under-coupled, impedance-matched, over-coupled, and cavity-
gain regimes. The “amplification” parameter A depends on the
specific post-selection, and it is real-valued for linear polarization
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Fig. 2. Weak value enhancement: effective cavity under polarization

pre- and post-selection. (a) Input/output polarizers are used to obtain
the weak-value 7,, of the reflection operator 7, resulting in an effective
cavity with tunable reflection. LP, linear polarizer. (b) Measured normal-
ized reflection power for different post-selection configurations. Curves
are labeled by their off-resonant remaining power fraction |{y2)v[*.
1/2-curve, same as original cavity reflection curve; ~1/60-curve, effec-
tive impedance matched (y’=1) configuration. Dashed-dotted line:
intensity contribution level from the non-“00” mode components. For
a discussion on observed asymmetries in the curves, see Supplement 1.
(c) Real and imaginary parts of 7, for an input mode matched to the “00”
mode (theory), illustrating the advantages of post-selection: effective
increase in the slope of the error signal, and minimization of optical power
on the QPD near the locking point.
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states |1) and |y,). While it is a function of polarizer angles,
operationally it can be related to the remaining power fraction
[{(W1]|¥2)| = 1/(2A + 1)? after post-selection when the light is
off-resonant (see Supplement 1).

3. RESULTS AND DISCUSSION

We first experimentally demonstrate the variability of the effective
cavity loss parameter Y in Fig. 2(b) by observing the post-selection
dependence of the reflected power from the cavity. Tuning the
post-selection to the effective impedance-matched configuration
reduces noise for the purposes of frequency stabilization. In this
configuration, the non-signal-generating beam components inci-
dent on the QPD are strongly filtered out, while signal generating
parts are attenuated less. In other words, although the actual signal
magnitude drops, the slope of the normalized error signal increases
[Fig. 2(c)], and sensitivity to beam shape or intensity fluctuations
reduces. See Supplement 1 for additional details.

To demonstrate the performance of our stabilization scheme
itself, we build two identical copies of the locking setup [Fig. 3(a)],

(a)

feedback 1 i i feedback 2

(b) FC cLp cam DL QPD
€ 500 T T t
= 400 ——
& 300 ;
" .
£ 200 \ in-plane ==
o ® out-of-plane ===
& 100¢ = U cen— resonator mode ===
0 I 1 1
0 10 20 30 40
Position (cm)
(©) 20 - T T 5
15 _
£ 10 s
w c
5 05 33
(2] 2
g ¢ 2 5
w05 g
1 =
-1.0 20
A5 P, . 0
0.6 0.7 0.8 0.9 1
Laser frequency (vegg)
Fig. 3. Experimental setup. (a) Setup for locking two identical lasers

to a common optical cavity. At the beatnote setup (not shown), one path
is frequency shifted by 80 MHz with an acousto-optic modulator before
combining the paths on a beam splitter leading to a fast photodiode.
Except the lasers, the setup is enclosed in a metal box for temperature
stability and reduced air flow. CLP, cylindrical lens pair, 150-mm convex
each, one oriented with axis in-plane the other out-of-plane; FC, fiber
collimator with adjustable focus; “50:50,” polarization maintaining fiber
splitter; PZE polarizing fiber; PBS, rotatable polarizing beam splitter;
CIM, cavity input mirror; DL, detection lens, 100-mm convex spheri-
cal; QPD, quadrant photodiode (Fig. 1b). (b) Location of the relevant
elements, and resulting beam properties. Black dotted line: 74-pum mean
cavity mode waist (84 m in-plane, 65 um out-of-plane). Precise location
of DL is not important; DL to QPD distance matters. (c) Typical error sig-
nal along with cavity transmission. Inset: zoom-in to the “00” resonance
region after fine tuning the positioning of the elements for minimizing
asymmetries in the error signal.
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and stabilize two separate lasers to two degenerate counter-
propagating “00” modes of a triangular ring cavity. Locking two
independent lasers to a common cavity has been the standard
method of isolating and evaluating the performance of the locking
methodology irrespective of cavity properties [20,40,41]. To assess
stability, we split-off 50% of the power from the lasers to monitor
the beating frequency of the lasers on a fast photodiode using
a frequency counter (SRS FS740). Additional details on cavity
construction and alignment can be found in Supplement 1.

The implementation of the locking scheme relies on beam
shaping for achieving opposite beam ellipticities on opposite sides
of the resonance [Fig. 1(c)]. This goal requires the phase difference
between the “00” and the “+” components of the beam at the
QPD location to be /2 radians when the frequency is matched
to the “00” resonance. In this configuration the interference of
the two components results in a circular beam profile at the QPD,
yielding a zero error signal. When the frequency is detuned from
resonance, the reflected “00” component acquires an additional
phase shift determined by Eq. (1), directly altering the phase dif-
ference at the QPD location. For detunings of opposite sign, the
phase-shifted interference results in opposite beam ellipticities,
yielding opposite sign error signals. Note that the phase shift
recedes to its on-resonance value for large detunings, rendering the
beam circular once more far off-resonance. This allows us to do
alignmentand tuning while off-resonance.

The required beam shaping is achieved using a cylindrical
lens pair (CLP), through which a circular input beam is astig-
matically focused. The distance between the CLP determines
the amount of light in the “+” mode, amounting to 10% of the
total power (400 pW) in our demonstration. Lens positions are
aligned such that, as the beam propagates it reaches back to a cir-
cular profile at the QPD location when the light is off-resonance
[Fig. 3(b)]. The size of this circular beam needs to match that of
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the forward-propagated cavity “00” mode to maximize the signal.
For additional details on the design principle of the CLP and its
relation to the error signal size, see Supplement 1.

The cavity utilized in this work has a full-linewidth of 22 MHz
and a finesse of 195 for the “00” mode (and a corresponding free
spectral range of vy, =4.28 GHz). Two independent external
cavity diode lasers at 780 nm are employed to probe the cav-
ity. Each laser has an intrinsic-linewidth of 500 KHz. A typical
error signal from this setup is shown in Fig. 3(c) as one varies
the frequency of one of the lasers. For reference, the largest peak
of the signal here corresponds to a beam aspect ratio of about
1.3. To independently lock the frequencies of the two lasers to a
common resonance, the obtained error signals are fed back to the
currents of the respective lasers through feedback controllers (see
Supplement 1).

A comparison between different optical frequency stabilization
systems can be made by characterizing the performance as a frac-
tional instability with respect to the cavity linewidth. In Fig. 4(a),
we present the performance of the implemented scheme while
locked to a “00” mode resonance, and compare it to the best known
implementations of other stabilization methods. It can be seen
that we enter the 1077 locking instability regime for averaging
times between 0.25 and 100 s, surpassing previous state-of-the-art,
and reaching 5 x 1077 instability at 10 s averaging. The explicit
improvement brought by the post-selection is also illustrated
in Fig. 4(b). Note that prior to this work, the tightest demon-
strated laser-cavity locking was achieved using the transmission
modulation method [20] [Fig. 4(a)].

When extrapolating the results obtained in this work to differ-
ent applications and cavity parameter ranges, it should be noted
that absolute instabilities will scale down together with the cavity
linewidth. This is due to the fact that typical sources of problematic
instabilities originate from fluctuations in the error signal shape.
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Laser frequency locking performance. (a) Achieved frequency locking instability for an individual laser relative to cavity linewidth (filled circles).

Allan deviation of a 10-h recorded beatnote is taken and equal instabilities for the two locks is assumed. Comparison of locking instability with previous
work: Salomon [20]: transmission modulation method; Slagmolen [40]: double-passed “tilt locking” method; Matei [9,42]: PDH method, and its inferred
limit due to RAM; Kessler [8]: PDH method out-of-loop noise floor characterization with and without RAM stabilization (arXiv:1112.3854 for these
data); Chen [41]: PDH method, all elements inside vacuum. Dotted lines [43]: recent engineering of RAM levels—no demonstration of an actual laser-
cavity locking at such levels. Data are extracted and expressed relative to cavity linewidths utilized in each work (see Supplement 1). (b) Top: comparison of
achieved instability for operation with (red) and without (black) post-selection; bottom: corresponding beatnote traces. Throughout, error bars indicate 1
standard deviation. (c) Estimated limitations to stability for the two cases: “with” post-selection (everything red), and “without” post-selection (everything
black). Each case is further split into two: the dominant contribution (solid lines), and the subdominant contributions (dashed lines). The dominant contri-
bution is the input beam shape noise: a comparison with part (b) shows this is the main limitation to the performance. The subdominant contributions are
additionally detailed for each case through the utilized symbols: measured in-loop error signal noise (crosses)—prominent at short timescales; QPD dark
noise (diamonds)—prominent at intermediate timescales; laser intensity drift noise (circles)—prominentat long timescales (circles).
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For example, in the case of absolute optical frequency stabiliza-
tion to very narrow linewidth cavities [9], the achievable locking
performance relative to the cavity linewidth should be preserved.
Nevertheless there will clearly be other challenges to the overall task
coming from factors that are not related to the locking method,
such as keeping the absolute length of the cavity stable.

A characterization of various noise sources [Fig. 4(c); see
Supplement 1] reveals that the residual fluctuations of the incident
beam shape constitute the dominant limitation to the currently
achieved instability level. A major source of this instability is the
thermal-stress-induced polarization changes inside the launch-
ing fibers, which we observed to directly translate into spatial
beam ellipticity fluctuations. In fact, we note that switching from
polarization maintaining fibers to polarizing fibers [Fig. 3(a)] had
provided nearly an order of magnitude improvement, allowing us
to reach the current results. Further stability improvements will
require better control over the input beam shape stability. For a
discussion of additional effects on achievable performance, such
as the long-term temperature drifts or initial laser linewidths, see
Supplement 1.

4. CONCLUSION

A generic optical-cavity application can integrate “squash lock-
ing” as a plug-and-play method, benefiting from simplicity,
robustness, and performance. The lack of RF modulation, which
avoids spectral contamination and electromagnetic interference,
makes the technique particularly suited for applications like opti-
cal frequency conversion [44] or stabilization of laser injection
locking [29,45]. For high-performance applications, such as
space based laser ranging (including gravitational wave detec-
tion) or development of optical frequency standards [9], there
are often additional requirements that the technique is capable
of delivering: direct compatibility with low-light-level measure-
ments (see Supplement 1), and direct integration compatibility
with ultralow-vibration-sensitivity cavities (see Supplement 1).
Recently, utilizing the “tilt locking” technique [23], a modulation-
free laser locking system for ranging applications was demonstrated
[46], showing compatibility with demanding space mission
requirements. With the current technique, such systems could
be implemented or improved more easily. Lastly, given its direct
compatibility with on-chip systems such as dielectric whispering-
gallery cavities (see Supplement 1), the technique can benefit
industrial optical communication systems requiring narrow
linewidth lasers [47], and help put scientific grade laser per-
formances at the disposal of industry due to its simplicity and

scalability.
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