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Abstract: Continuous-wave optical parametric oscillators (OPOs) are widely tunable and
powerful sources of narrow-linewidth radiation. These properties make them suitable for a
wide range of spectroscopic studies - but so far not at the metrological level. Indeed, although
important technical OPO developments occurred more than two decades ago, and commercial
devices have been available for nearly as long, the long-hoped-for the potential of these devices,
providing simultaneously ultralow linewidth, ultrahigh frequency stability, ultrahigh frequency
accuracy, and wide wavelength coverage has not yet become a reality. Here, we present an OPO
metrology system suitable for optical spectroscopy with ultra-high resolution and accuracy in
the 2.2 - 3.9 um range. The system relies on the second-harmonic generation of the idler wave
to bridge the gap to the near-infrared regime where frequency combs are readily available. By
actively controlling the pump laser frequency, the idler radiation is phase-locked to an optically
stabilized frequency comb, enabling a full transfer of the frequency comb’s spectral properties
to the idler radiation and measuring the idler frequency with ultra-high precision. We reach
fractional line widths and Allan deviations of the idler radiation at the level of 4 x 1074 and
1 x 1074, respectively. We also perform a thorough characterization of the stabilized OPO
via a comparison with a second, independent optically stabilized frequency comb and thereby
determine an overall idler frequency systematic uncertainty of less than 1.2 x 1074, Sources of
residual frequency noise are identified. The system delivered excellent results in high-accuracy
spectroscopy.

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

High-resolution laser spectroscopy of atoms and molecules is a key branch of physics and physical
chemistry. The spectroscopic study of many species can be performed with semiconductor lasers
emitting in the near-infrared (NIR) spectral range and even in the visible range. But these sources
do not satisfy all needs. An important area of laser spectroscopy is rovibrational spectroscopy,
where one often wishes to measure a large set of transitions of a given molecular species, or of
several different species, hence requiring a wide tuning range. The mid-infrared (MIR) range
provides the most important window on rovibrational spectra. In this range, continuous-wave
(cw) optical parametric oscillators (OPOs) are a unique type of spectroscopy source; their output
can cover more than an octave in frequency, and the output power can be 1 W or higher. The
combination of these properties sets them apart from other important MIR sources, such as DFB
and quantum cascade lasers or difference-frequency generation.

Key developments in the design and performance of cw OPO devices and spectroscopy
demonstrations, occurred more than two decades ago, with the first demonstrations of mode-hop-
free oscillation [1-8]. Soon, the first commercial OPO devices became available. Since then,
many groups have successfully used cw OPOs for diverse applications in molecular spectroscopy
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[9-21], and in some instances atomic spectroscopy [22]. Only in the past decade has there
been a greater need to achieve ultra-high resolution and corresponding frequency accuracy
with OPOs. Metrology-grade OPOs would be useful, for example, in fundamental physics to
probe the hyperfine transition of highly charged ions [23], the rovibrational transitions of simple
(few-electron) molecules (such as the molecular hydrogen ions [24,25], the neutral hydrogen
molecules [26-31], and the helium hydride ions ([32,33] and references therein)), or to search for
a time-drift of molecular vibrational frequencies [34—37].

The wide tuning range of cw OPOs immediately raises the question of how to precisely
determine the actual emission frequency. With the invention of the optical frequency comb
(OFC) [38,39], a new tool emerged for measuring optical frequencies with an accuracy improved
by many orders of magnitude compared to previous means. Already early studies explored
how to combine an OPO with an OFC in order to enable OPO output frequency determination.
Importantly, an OFC also offers the possibility to serve as a reference for stabilizing the OPO
frequency by feedback control [40]. The latter option is superior to locking the frequency to
molecular absorption lines because they do not offer a continuous wavelength coverage. An
additional benefit would be a link of the visible and NIR regimes with the MIR regime [41].
These early demonstrations have been followed by further studies, and Table 1 presents a selection
of those performed over the past decade and aimed at metrology. It is evident that it has not yet
been possible to imbue an OPO with the four key properties of a metrology-grade spectroscopy
source: ultralow linewidth, ultrahigh frequency stability, ultrahigh frequency accuracy, and wide
wavelength coverage. The contrast with what has been achieved with diode lasers is striking: the
first three properties are achieved in many metrological studies (mostly for atomic spectroscopy,
e.g. for optical atomic clocks [42,43]). Clearly, there appears to be an unrealized potential for
OPOs, i.e. the opportunity for developing methods capable of pushing both the linewidth and the
long-term frequency instability down to the Hertz level.

Table 1. Comparison of some features of the present source in comparison to selected
published works of other groups. The acronyms are defined in the text. 7 is the integration time.

Frequency stability of idler
Ref. Technique Idler range radiation Idler
(um) output
power
Short-term Long-term (Allan
(linewidth) deviation or other)
Ricciardi et al. | Frequency lock [2.7, 4.2] <200kHzat | oy, <3X 10712/ for >1W
[14] of pump and 100 ms 7 €[1, 200] s
signal to NIR
OFC
Peltola et al. Frequency lock 2.7, 3.4] ~ | MHz oy € [10, 200] kHz for >0.5W
[44] of idler’s SH to <108
NIR OFC
Ricciardi et al. | Direct cavity 2.7, 4.2] 920 Hz at not stated ~05W
[45] stabilization 100 ms
Karhu et al. OPO lockedtoa | [2.5, 4.4] 0.5MHz at Standard deviation of up to
[46] MIR OFC 0.15s, 90kHz over 20 min 0.8W
1.5MHz at
1s
Zhang et al. Pump locked to [2.6, 4.3] <20kHz at oy<lkHzfor7>1s ~04W
[20] NIR OFC, OPO 1-5s
cavity locked to
ULE resonator
This work PLL of idler’s [2.2, 3.9] < 5Hzat oy <3Hzforr>1s >1W
SH to NIR OFC 1-10%s
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Here we present a general and effective method of OPO frequency stabilization that is fairly
independent of the desired output wavelength. By locking the OPO’s idler frequency to an OFC,
we simultaneously achieve all four of the key properties above, improving these parameters
by a combined factor of more than 10*. We thereby demonstrate a MIR spectroscopy source
with a fractional frequency instability < 1 x 1074 on timescales between 1 and 10° s, an idler
linewidth on the order of a few Hertz, and an SI-traceable frequency. Our frequency stabilization
scheme can be operated at different idler wavelengths. This demonstrates that the method is
wavelength-independent.

1.1. Frequency stabilization approaches

Since the frequency conversion process in an OPO must satisfy energy conservation at the photon
level, the frequencies w),, ws and w; of pump, signal and idler waves, respectively, are related by

wp = ws + w;. (D)

If the idler wave is the main interest for a spectroscopic application, two different approaches
to stabilize its frequency w; may be distinguished.

Consider first the approach where both w, and wy are actively stabilized, so that according
to Eq. (1) the idler frequency is also stabilized. To do so, both the pump and the signal wave
frequencies must be stabilized separately. Both these frequencies usually fall into the NIR
range (e.g. A, = 1.06 um and A, € [1.45 um, 2.07 um] in this work), where narrow-linewidth
and ultra-stable optical frequency combs (OFCs) can be realized with relative routine. These
two properties can be achieved by phase-locking the OFC to a reference laser, which is itself
frequency-locked to an ultra-stable reference cavity.

The frequency of the pump wave can be stabilized to such a comb. It is more difficult to do so
for the signal wave because its frequency is determined by the resonance of the OPO cavity. One
needs the ability to control the optical path length of the cavity with high bandwidth. This is
challenging in view of the typical design of the OPO cavity and the cavity length actuator. The
task could be eased by employing either an OPO cavity that exhibits good passive stability or
an intra-cavity electro-optic modulator for fast path-length control [20]. However, both options
come with technical challenges.

For the most advanced applications, not only the provision of a narrow-linewidth spectroscopy
wave (idler), but also the determination of its absolute frequency w; is required. Therefore,
a second approach to idler frequency stabilization appears better suited: measure the idler
frequency and act only on the pump frequency to control the idler frequency (see Fig. 1(a)).
This control works by exploiting the 1:1 transfer coefficient from pump frequency change to
idler frequency change when the signal frequency is not acted upon, Eq. (1). The frequency of
the signal wave is at all times determined by the optical length of the OPO cavity, following its
variations due to perturbations. This is a source of frequency noise that needs to be compensated.
The pump frequency will be regulated so as to keep the idler frequency precisely fixed at a desired
value, compensating for both the OPO cavity length fluctuations as well as the pump laser’s own
fluctuations. Note that with this approach, neither the pump frequency nor the signal frequency
will exhibit a particularly low frequency instability.

An example of this approach is the work of Peltola et al. [44]. They used second-harmonic
generation (SHG) to bridge the gap between the idler frequency and the NIR, where the frequency
of the second-harmonic (SH) wave 2 w; can be compared to mode of an OFC. In that work,
the OFC was stabilized by locking the repetition rate to a hydrogen maser (H-maser) and the
frequency 2 w; was determined using a frequency measurement of its beat with the OFC. A servo
system acting on the pump frequency allowed obtaining a long-term stable idler wave frequency
with Allan deviations at the sub-MHz level, but no reduction of its linewidth. The achieved
frequency stability is summarized in Table 1.
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Fig. 1. Concept of the setup. a: The equation summarizes the concept. w), is regulated
in order to keep the measured w; constant in time, while wy is left unstabilized and is
affected by perturbations. b: An optically phase-locked OPO is implemented. The OPO is
pumped at a frequency wj, to generate the signal (ws) and idler (w;) frequencies. w; is then
frequency-doubled in an SHG stage and mixed with an optically stabilized OFC, possessing
a mode at frequency w, ~ 2w;. The generated beat is mixed with a local oscillator (LO)
having a radio-frequency wy o in order to generate an error signal. It is the input to the servo
that controls the pump frequency. Colored and black arrows are used for optical and analog
signals, respectively. More details follow in Fig. 2.

In this work, we expand on this method, by implementing an ultrastable OFC and a phase-locked
loop (PLL) of the idler frequency to this OFC, allowing to achieve not only long-term frequency
stability but also excellent linewidth narrowing. The principle is shown in Fig. 1(b).

2. Experimental setup

Our apparatus consists of three main units, shown in Fig. 2. Unit 1 (top) comprises the OPO
as well as the optical and electronic components of the locking subsystem. Unit 2 (center left)
contains a first OFC (OFC1) and its reference laser (LL1). These are used for the stabilization
of the OPO’s frequency. Unit 3 (bottom) serves to characterize the OPO in the locked state,
and therefore includes a second OFC (OFC2) with its own reference laser (L2). Unit 4 (center
right) provides the H-maser as a reference clock in the radio-frequency (RF) domain. It delivers
ultrastable RF signals to the other three units and is also required for the optical frequency
measurement. The H-maser is continuously compared to the national time standard PTB
(Physikalisch-Technische Bundesanstalt, Braunschweig) via a common-view Global Navigation
Satellite System (GNSS) technique. This ensures SI-traceability of the absolute frequencies. All
units are computer-controlled and connected via a network. We now describe the units in more
detail.

Unit 1 contains the actual OPO with its pump laser, a SHG stage to convert the idler radiation,
a wavelength meter (High Finesse WS-7 IR Super Precision), locking and monitoring electronics.
The OPO is a commercial system (TOPTICA DLC TOPO, [47]), that generates >1 W of output
power over the idler wavelength range of 2.2 — 3.9 um. The corresponding signal range is
1.45 —2.07 um. The system consists of the OPO laser head and a ytterbium-doped fiber amplifier
(Yb-FA) with up to 10 W output power. To seed the amplifier, we employ a separate commercial
semiconductor laser (1.06 um, TOPTICA CTL 1050) to benefit from its narrower free-running
linewidth (<10kHz at 5 us according to the manufacturer). When unstabilized, the linewidth
of the OPO’s idler was previously determined to be 1 — 2 MHz on a 25 ms timescale [47]. On
similar timescales, but with the above seed laser, we observe a linewidth of ~ 100 kHz, which
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Fig. 2. Schematic of the setup. The individual black-framed boxes designate different
units. Top: The OPO unit contains the OPO including pump and amplifier, the idler SHG
unit and the wavelength meter, as well as the locking and monitoring electronics. Center
left: The L1/OFC1 unit with the main reference laser L1, used to stabilize fiep1 of OFCI. A
pick-off from OFC1 (shown here as an example centered at 1.2 um) is sent to the OPO unit
for idler frequency stabilization. Bottom: The L2/OFC2 unit, with L2 as the reference laser
for frep2 of OFC2. Center right: A hydrogen maser (H-maser) serves as the reference for all
relevant RF sources. Individual wavelengths are shown in the figure by mapping the visible
color spectrum to the wavelength range of the setup ([1.0 um, 2.4 um] — [purple, red]).
Performance and measurements are monitored by computer control, connected to the
individual components via network. Optical fibers are labeled for lengths >5m. The
H-maser analog signal, network connections, and other analog signals are shown in pink,
brown, and black, respectively. Free-space parts of the setup are indicated as dashed-frame
boxes. The padlocks symbolize active stabilization of the indicated frequency by a servo
system (not shown). The padlock color gold denotes either a PLL lock or a PDH lock,
while pink refers to a servo that implements a low-bandwidth frequency stabilization to the
H-maser frequency. More details in the text. BS: beam splitter. FC: fiber coupler. AOM:
acousto-optic modulator. EOM: electro-optic modulator. SA: spectrum analyzer.
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increases to 3 — 5 MHz on timescales of a few seconds, due to jitter. Typical frequency variations
are 200 MHz over several hours, with drift rates on the order of 0.6 MHz/min.

The seed laser can be frequency-modulated with a high bandwidth (several ten MHz) via its
current, which is crucial for realizing our locking scheme where the pump laser current is the
actuator. Before being sent to the experiment, the full power of the OPO’s idler wave is sent
through a single-pass SHG setup containing a periodically poled lithium niobate crystal. In order
to be able to generate the harmonic wave of the whole idler spectral range, we employ a crystal
containing multiple grating periods, with periods between 33.3 ym and 36.0 um, and operating
temperature in the range 20 — 200 °C. This combination of parameters allows us to find a suitable
phase-matching condition for any wavelength in the idler’s wavelength range. Owing to the high
power of the idler radiation, a few milliwatts of the second-harmonic wave are generated in the
single-pass configuration. This power is sufficiently high that the wave can be split into one part
for generating a high-signal-to-noise-ratio beat with OFC1 and a second part for the wavelength
meter, whose measurements are necessary for absolute frequency determination. To produce
the beat, a fraction of the OFC1 output, spectrally centered around the idler’s second-harmonic
wavelength, is sent to the OPO unit via a 35 m long optical fiber, and there overlapped with
the second-harmonic wave within the fiber, using a fiber combiner. The combined radiation is
coupled out of the fiber, reflected off a grating, and directed onto the photodetector (PD). The
signal-to-noise ratio of the beat generated in the PD is optimized by proper alignment of the
grating. This beat signal is phase-locked to a RF signal of stable frequency (local oscillator, LO).
To this end, the beat signal is mixed with the local oscillator (LO), and the low-frequency output
of the mixer is the input to an appropriate servo that controls the pump laser’s current, closing
the loop. Overall, the idler frequency is phase-locked to a mode of the OFC.

Unit 2 contains the reference laser L1 (1.06 um, Mephisto Innolight Nd:YAG) and OFC1
(Menlo Systems FC1500-250-ULN). Its repetition rate frp,1 is stabilized by phase-locking one
comb mode to L1, while the carrier envelope offset frequency fco,1 is stabilized to the H-maser.
L1 itself is stabilized to a ULE resonator with a finesse of ~ 500 000 (resonator 1) using the
Pound-Drever-Hall (PDH) technique, with the modulation applied to the laser’s frequency
actuator, a piezo-electric transducer.

Finally, in the lower part of Fig. 2, unit 3 contains the second OFC (OFC2) and a separate
reference laser L2 at a wavelength of 1.53 um (NKT Koheras Basik E15). Similar to above,
the comb’s repetition rate frep 2 is phase-locked to L2, while feeo,2 is stabilized to the H-maser.
Except for the shared H-maser that provides f., stabilization, the two combs are completely
independent systems. L2 is also locked via the PDH technique to the resonator 2, a NEXCERA
resonator [48] with a finesse of 700 000. NEXCERA is a novel spacer material for resonators
[49], designed to be operated at room temperature. In contrast to L1, an acousto-optic modulator
(AOM) is required for providing fast control of the frequency of the L2 output wave, since the
laser itself does not have a high bandwidth modulation input. A sideband lock is implemented
[50,51], where the laser wave is phase-modulated using an electro-optic modulator (EOM), and
one of the modulation sidebands is locked to the resonator instead of the carrier. The sideband
lock is used in order to be able to compensate the drift of the resonator. A detailed explanation is
given in section 3.3. To characterize the performance of the two reference lasers, a portion of the
radiation of L2 is sent to OFC1 and then measured against it.

3. Performance

In order to characterize the spectral properties of the OPO’s idler radiation, beats between several
sources were produced. In Fig. 2 these beats are indicated by red circles together with their
corresponding optical frequency differences. First, a beat between OFC1 and L2, fi» — forci,
gives the combined instability level of the employed reference lasers L1, L2. Additionally, it
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includes the locking performance of the PLL of OFC1 to L1 and any fiber noise originating from
the 30 m long fiber used to send L2 radiation to OFCI.

In a second step, the PLL of the OPO is examined by monitoring the beat fsg — forc: in
the locked state. Finally, the absolute stability of the OPO’s idler frequency is investigated, by
measuring a beat between its SH wave and OFC2, fsy — forcz. This simultaneously gives the
most accurate upper limit of the frequency instability for the system as a whole, including all
fiber noise and other noises. The analysis for short timescales is presented in Section 3.1, and
the analysis for long timescales follows in section 3.3. These analyses were performed with the
OPO set to an idler wavelength of 2.81 um, corresponding to a signal wavelength of 1.71 ym
and an idler second-harmonic wavelength of 1.40 ym. In Sec. 3.5 we argue that the described
performance can be achieved at all wavelengths within the output range of the OPO.

3.1.  Short-term performance of the idler radiation

The beat f;i » — forc1 shown in Fig. 3, panel 1a, is an average of many consecutive sweeps of
the spectrum analyzer, each of duration 5s and measured at a resolution bandwidth (RBW)
of 1 Hz. Note that the individual traces could be averaged without any consideration of either
resonator’s drift, since the center frequency drifted by less than 1 Hz over the course of the entire
data acquisition. This has two different reasons: in the case of resonator 1 the drift is negligible
on the timescale of the measurement, and in the case of resonator 2 it is actively compensated,
see sec. 3.3. From the beat we deduce a full-width half-maximum (FWHM) linewidth of 9 Hz.
In the phase-noise spectrum of fi» — forci, Fig. 3, panel 1b, small sidebands at frequencies of
50Hz and 510 Hz can be observed. We believe that the origin is fiber noise occurring in both
fibers that deliver the radiation from L1 and L2 to OFC1. Due to the modest strength of the
sidebands, they are not significant for the current analysis and also have not impacted a recent
spectroscopic study [25].

Data on the OPO’s phase-locked loop performance, i.e. the frequency and phase noise of the
beat fsg — forci, is displayed in Fig. 3, center column. This data on the beat does not yet yield
any information on the absolute stability of the idler frequency, but rather on how well it follows
OFC1. The measured linewidth, 3 Hz FWHM, is caused by the RBW of the employed spectrum
analyzer - as is expected for a properly working phase lock. From the phase-noise spectrum,
panel 2b, we determine a signal-to-noise ratio of 70 dB in a RBW of 1 Hz. Additionally, a single
significant sideband is observed, at a frequency of 810 Hz. The source for this is intrinsic to
the setup: it is caused by acoustic noise originating from the Yb-FA, as was confirmed by a
comparing the acoustic noise spectrum in the proximity of the OPO with the Yb-FA turned on
and off.

Next, we consider the beat fsy — forcz. Its analysis is shown in Fig. 3, right column. Similar
to panel 1a, panel 3a shows consecutive beat spectra measured over a total time of more than 30
min, averaged without any re-centering of individual traces. A Lorentzian fit finds a linewidth of
10Hz (FWHM). This is only 1 Hz larger than the linewidth of the beat of the reference lasers
(panel 1a). The spectrum (panel 1b) also exhibits several sidebands with frequencies in the range
10 - 50 Hz. These sidebands are not observed in the beats in panels 1a and 2a. The reason for
this is that they are caused by fiber noise occurring in the 35 m long fiber guiding OFC1 radiation
to the OPO (see Fig. 2), which only contributes to the measurements underlying panel 3, see
section 3.2. In the phase-noise spectrum 3b, the sideband observed in the PLL signal at 810 Hz
is again visible.

3.2. Fiber noise

To investigate the noise observed in the beat of the idler’s second-harmonic and OFC2 (Fig. 3,
panels 3a and 3b), the optical path between OFC1 and the OPO was investigated. To this end, a
round-trip propagation path for the idler’s second-harmonic was set up, by using two fibers similar
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Fig. 3. Analysis of the beats between different units, marked by red circles in Fig. 2.
Left column: beat fj , — forc1 between L2 and OFC1 locked to L1, showing the combined
instability of the two reference lasers. Center column is the PLL of the OPO, specifically
the beat between the second-harmonic of the idler and OFC1 in the phase-locked state, here
at a second-harmonic wavelength of 1.4 um. Right column shows the beat fsy — forca
between the second-harmonic and OFC2, at the same wavelength 1.4 ym. This is a direct
determination of an upper bound for the instability of the OPO’s idler wave frequency
and includes all noise sources of the system (e.g. noise of the lasers themselves and fiber
noise). Each column is split into a determination of the linewidth of the beat (top) and
the phase-noise power spectral density (bottom, PSD). For the linewidth plots of the first
and last columns, the data are an average of many consecutive sweeps (order 10%) of 55
duration each, at 1 Hz RBW. The error bars are the standard error of the mean. The data
are fit by a Lorentz function, giving a FWHM linewidth of 9 Hz and 10 Hz, respectively.
For the middle column, the data is from a single spectrum analyzer sweep. It is fit by a
Gauss function (FWHM 3 Hz), the appropriate form considering the digital band-pass of the
spectrum analyzer.

to the one shown in Fig. 2 connecting OFC1 and OPO. The pick-off of the second-harmonic,
previously sent to OFC2, is now sent to OFC1 and then back to the OPO. There, a self-beat
is generated with a reference wave (the part that is usually sent to the wavelength meter).
Additionally, sidebands are modulated onto the OPO’s pump laser at 10 MHz, allowing a beat
signal to be obtained at an RF frequency rather than at DC.

The result is shown in Fig. 4. As can be seen, multiple side-peaks are observed at different
frequencies ranging from a few Hz to 80 Hz. This is not surprising, since the fiber is exposed to
the environment and thus transfers acoustic and mechanical perturbations onto the light passing
through it. Since the offset frequencies corresponding to the spectral peaks match well with the
sideband frequencies observed in the beat between the idler’s second-harmonic and OFC2, we
infer that the sidebands are caused by this fiber noise. Additionally, a minor broadening of the
carrier’s linewidth is observed, 2 Hz. This can also explain the small broadening observed in the
comparison of Fig. 3, panels 1a and 3a. We thus conclude that the fiber noise due to this fiber
is the main source of frequency instability of the entire OPO metrology system, apart from the
instability of the reference lasers themselves.
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Fig. 4. Fiber noise of the longest fiber path in the system (35 m), connecting unit 1
and unit 2. The self-beat of the SH, sent on a round-trip to OFC1 and back, is shown in red.
The blue curve is a Lorentzian fit to the central peak, yielding a FWHM linewidth of 2 Hz.
The data was recorded using a spectrum analyzer with a sweep time of 200 s at a RBW of
1Hz.

3.3. Compensation of the resonator drifts and frequency stability of the idler wave on
long time intervals

As mentioned above, we actively compensate for both resonators’ slow drifts. In the case of
resonator 1, this is done in order to keep the idler frequency at a fixed absolute value, which is
necessary for ultra-high precision spectroscopy. In the case of resonator 2, the OFC2 comb lines
are kept at fixed values.

The drifts of resonator 1 and 2 are compensated independently and at a different stage of the
optical setup. For laser L1, and consequently for OFC1, the resonator drift is not compensated.
Instead, the LO frequency of the PLL of the idler to OFC1 is corrected; therefore, only the OPO’s
idler frequency will maintain a fixed absolute value. For resonator 2, the compensation is instead
implemented via the EOM shown in the bottom unit in Fig. 2. Therefore, both the L2 output
frequency (after the AOM) and the entire OFC2 are drift-compensated.

For both units, the compensation is implemented in a similar manner: the drift of each resonator
is calculated from the absolute frequency value measured by each comb every 1 s relative to
the H-maser. A moving average of the frequency data is computed and compared to a target
frequency. The deviation of this average from the target is the error signal delivered to a digital
PID loop that acts on the LO frequency or on the EOM frequency, respectively, for OPO and L2.
Averaging times of 30 s for resonator 1 and 20 s for resonator 2 were found to lead to the best
performance.

As a consequence of the two drift compensations, the idler frequency instability on long
timescales shown in Fig. 5 (red) has to be interpreted in the following way. Since both of
our combs measure the absolute frequency of the lasers relative to the H-maser frequency, the
drift compensations described above effectively reference the idler’s second-harmonic and the
reference laser L2 (and thus also OFC2) to the H-maser. Since all RF devices used to record the
shown data are also referenced to this H-maser, we are effectively measuring one maser-referenced
frequency against another. Therefore, the instability averages down as the integration time
increases.

Determining the absolute value of the optical frequency relative to the atomic unit of frequency
(SI-traceability) requires that we continuously compare our H-maser frequency to a H-maser of
PTB that is steered to the international atomic time. Our comparison occurs via common-view
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Fig. 5. Fractional Allan deviations of different signals. The magenta, blue and red traces
show Allan deviations of an optical frequency. For magenta and red, the underlying data is
the beat frequency between two waves, while for the blue trace it is the data calculated from
Eq. (2), with feeo1s frep1 and fpear] measured simultaneously. All RF frequencies are either
measured by a frequency counter or a spectrum analyzer, both of which are referenced to the
H-maser. The green and orange traces show Allan deviations of the H-maser, evaluated by
different methods. The upper limit of the blue shaded area depicts a conservative estimate of
the fractional instability of the OPO’s idler wave, inferred from the individual measurements.
See text for explanations.

GNSS. The comparison determines the frequency offset of our H-maser’s nominal 10 MHz
signal and also the time drift of the offset. With this information, we can finally compute the
lasers’ absolute frequencies and their instabilities relative to the atomic frequency standard.

To demonstrate that our system is stabilized over long time intervals and to summarize the
performance, we show in Fig. 5 six different fractional modified Allan deviations o.

The dashed orange trace is the instability of the comparison of the frequency of our H-maser
and the international atomic frequency standard at PTB. The upturn after approximately 1 day is
due to the drift of the maser. The time-varying offset of our maser is recorded and taken into
account in the OPO frequency data analysis in post-processing or in a feed-forward correction.
The fractional drift rate is approximately 3 x 10~!> per day for this H-maser. The full orange
line is obtained by removing the linear drift from the measured data and re-evaluating the Allan
deviation. Since the GNSS receiver provides one reading every 15 min, no Allan deviation can
be determined for short integration times.

The green trace is the Allan deviation of a comparison of the H-maser with a similar device,
recorded at a different time. The Allan deviation reflects the combined instability of the two
masers. Since both are nominally equal, the instability of the maser used in the OPO stabilization
is expected to be slightly less than the values of the trace. This trace extends to integration times
shorter than 15 min. The low instability verified on such shorter timescales is an important
feature, since the drift compensation described above relies on locking the lasers’ frequencies to
the maser with time constants on the order of 10" — 107 s.

The magenta trace shows the Allan deviation of the drift-removed beat fi» — forci. This is
the relative instability of the two independent reference lasers. Note that OFC1 is not drift-
compensated, so that similar to the maser data, a linear function was fitted to the raw beat data
and subtracted from it, before computing the Allan deviation.

Finally, the red and blue traces refer to the Allan deviation of fsy, and are obtained by two
different methods. The first trace (blue) is the absolute frequency value fsy determined by OFCI1.
This is achieved through the classic frequency comb equation for a to-be-determined optical
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frequency f,
Jo = feeol + nfrepl + foeatt» ()

where feeo1 = 35.600 000 00(1) MHz for OFC1, n is the index of the comb mode used for locking
and determined using the wavelength meter, and fiea1 = fsg — forc: is the beat frequency
between the SH of the idler and the closest mode of OFC1. Under phase-lock, fyeq is equal
to the local oscillator’s frequency, typically in the range of 40 — 100 MHz. The repetition rate
Jrept = 250 MHz is here measured once per second by a high-resolution frequency counter
(Microsemi 3120A) referenced to the H-maser. The blue trace for fsy averages down with
increasing integration time. These Allan deviation values do not reflect the actual (absolute)
instability of the idler frequency, but indicate that it is locked well to the OFC1 on the short time
scale and to the H-maser on the long time scale.

The second trace for fsy (red) is the normalized Allan deviation o(fsu — forc2). Here, the
data was recorded with another frequency counter, also with 1 s integration time. In this
measurement, and for short averaging times, the Allan deviation results from the independent
frequency fluctuations of the idler SH wave and the OFC2 comb mode. Thus, the plotted
red values represent an upper bound for the instability of the idler SH wave. This bound is
oy(fsn) < 1x 10~'# and applies also to the idler frequency itself. The red trace is not extended
to longer integration times because it then no longer reflects the actual instability of the idler
frequency. As explained, fsg and forco are not independent on long timescales.

3.4. Absolute frequency comparison

The two employed combs OFC1, OFC2 may be used not only to characterize the instability of
the system, but also to compare and verify that the same absolute frequency is measured by
both combs and associated equipment. The task is accomplished by measurements similar to
those presented in sections 3.1 and 3.3. Equation (2) is now applied to the two independent
combs, and (fceo, frep) are measured by independent frequency counters, 7 is calibrated using
a common wavelength meter, and the two beat frequencies foeat1, foearz are measured with a
spectrum analyzer and a frequency counter for OFC1 and OFC2, respectively. All counters and
the spectrum analyzer are referenced to the common H-maser. Thus, in this characterization we
focus on the optical metrology, and not on the performance of the RF reference. In a variation to
the previous sections, the data in this context was taken for an idler SH wavelength of 1.20 um.
Additionally, a different reference laser L3 and ULE resonator, at 1.53 um, were used to stabilize
OFC1. We confirmed that the stabilized laser L3 had a similar level of frequency instability as
the laser L1 used in the above sections, by characterizing it in a similar manner as is described
for the comparison of L1 and L2 in sections 3.1 and 3.3.

The result is shown in Fig. 6. The data underlying the figure was taken simultaneously with
the two combs and spans a duration of 2330 s. The raw fsy data were averaged with different
averaging times, and the mean of the averaged values is displayed in the figure. The statistical
error associated with the points is the standard error of the means. The frequency counter
used to count fre, with OFC2 has a lower precision than the counter for OFCI, causing the
larger statistical uncertainty, particularly apparent for small averaging times. The systematic
uncertainty is given by the combined inaccuracy of the RF devices used in both measurements.
The dominant contribution is from the spectrum analyzer used in the OFC1 measurement, which
contributes 1.2 Hz uncertainty. All other contributions are on the order of a few millihertz or
smaller. We found that for all averaging times, the two frequency values obtained with the
two measurement systems based on OFC1 and OFC2 agree within the combined uncertainty.
For the longest averaging time 7 = 500 s, the difference between the two measured values is
((fsmorct)r) — {(fsnorc2)r) = (0.2 + 1.4) Hz, or (0 + 6) x 10713 fractionally. Thus, 6 x 10713
is a conservative estimate for the total fractional uncertainty of the idler frequency measurement
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procedure by a single comb, excluding the uncertainty of the RF reference. (The latter is estimated
to be at a similar level.)

!
N 4r X
Lz
5 2 ]
2 |
>
> il
2
q_)—2’ 05 " 7
oy 0.0 .
L -4 ) 05
-1.0 50‘0
-6k, ‘ ‘ ‘ ‘ ]
1 5 10 50 100 500

Averaging time 7 (s)

Fig. 6. The optical frequencies fgig measured with OFC1 (red) and with OFC2 (blue),
for different averaging times. The data are shown relative to an (arbitrary) offset frequency
(approximately 249 THz). Two error bars are shown for each data set. The crosses represent
the statistical standard error of the measurement, while the error bars denote the combination
of statistical errors and systematic uncertainties. For clarity, the blue data points and errors
are shown with a horizontal offset.

3.5. Stabilization of different idler wavelengths

As mentioned, the idler SHG sub-unit has been implemented in a way that it is capable of
generating the second-harmonic wave over the entire tuning range of the idler. When changing the
idler wavelength, it is necessary to change either the SHG crystal temperature, the grating period
through which the laser wave propagates, or a combination of both. The crystal temperature is
controlled by a commercial oven and an oven controller unit, obtained together with the crystal.
We mounted the oven on a translation stage to allow for a fine adjustment of the crystal position
perpendicular to the laser propagation direction. With this setup, a temperature change is possible
within a few minutes, while a change of the grating period takes approximately thirty minutes
due to the need for minor alignment optimization.

Therefore, the actual limiting factor of our method is the output range of the comb. For our
OFCl, itis 1.0 — 1.6 um, thus limiting the overall system’s operation to the range 2.2 — 3.2 um.
Note that this could be extended by using OFC2 instead as the reference for the OPO, since
it has a larger wavelength range than OFC1, reaching up to 2.0 um. This potential exchange
should not have a significant effect on the stability of the OPO, since both combs possess similar
performance. For this reason, we believe that the full idler range of our OPO is lockable using
our method.

We have phase-locked the OPO when tuned to the wavelengths 2.40, 2.60, 2.70, 2.81 um,
corresponding to 1.20, 1.30, 1.35, 1.40 um for the SH. In all cases, we observed phase noise
spectra and linewidths of the PLL similar to those shown in Fig. 3. These are provided as a
supplemental document (see Supplement 1). We thus infer a similar level of idler frequency
instability for these cases. For the specific cases of 2.40 ym and 2.60 um, we have verified the
performance by a beat with OFC2/L2, in the same way as was done for 2.80 um, see sections
3.1 and 3.3. Therefore, we believe that our scheme will work well at any idler wavelength (even
untested ones) and will provide similar frequency stability as the one presented above.


https://doi.org/10.6084/m9.figshare.27044743
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3.6. Long-term operation of the system

For providing long-term stability of the idler, we rely on the following procedure. After a
thermalization of the setup, the range of the OPO’s fast lock is sufficient to maintain the lock
for a few hours. During operation, the SH frequency is measured by the wavelength meter,
denoted fwym. Due to an imperfect calibration of the wavelength meter, the value fyyy is offset
from the correct value measured by the comb, by an amount Afwm = fwm — fsH,0Fc1, typically
10 — 30 MHz. Therefore, while the OPO is in the locked state, Afww is calibrated. When the
OPO falls out of lock, fivm will change. A digital control loop then pushes the frequency back
to the calibrated offset, with feedback applied to the pump laser’s piezo actuator. When the
frequency is close to the lock point, the fast lock automatically re-engages, restoring the locked
state. This procedure effectively re-centers the fast lock output and typically takes a few seconds.
We show in Fig. 7 fiym over the course of a day. In the locked state, the idler accurately
maintained the same target frequency, as confirmed by the continuous measurement with OFCI.
Occasionally, wavelength jumps were detected by the wavelength meter. These are situations,
where the OPO fell out of phase-lock and was quickly re-locked by the digital loop described
above. The jumps are a result of the thermal drift of the OPO, which in our current setup is not
compensated for by a slow lock, e.g. by controlling the piezo actuator of the pump laser.
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Fig. 7. Long-term stability of the system during of a typical measurement day. The
red trace shows the wavelength of the idler’s second harmonic measured by the wavelength
meter (converted to frequency) relative to the value measured by OFC1. The nearly constant
trace shows that the OPO was operating in the locked state nearly all the time. The offset
(Afwwm = 18 MHz) and its drift (3 MHz over 1 day) are systematic errors of the wavelength
meter, consistent with its specifications. The green trace shows the voltage applied to the
piezo actuator of the pump laser, which is used to re-lock the OPO. Jumps in the recorded
wavelength meter reading correspond to instants when the OPO fell out of phase-lock and
was subsequently automatically re-locked by changing the piezo actuator voltage. Typically,
the out-of-lock periods lasted a few seconds.

The total unlocked time in Fig. 7 (67 s) relative to the measurement interval of 26 h corresponds
to a duty cycle of 99.93 %. Importantly, we have operated the system in this configuration at
multiple wavelengths daily over the course of more than two years, proving the stability and
robustness of the setup. No major flaws or issues arose during this time.

4. Conclusion, application, and perspectives

We have developed an optical frequency metrology system based on an optical-parametric-
oscillator. It exhibits a fractional frequency instability at the 1 x 10~'* level or smaller for
integration times between 1 and 10° s and a linewidth of similar magnitude. Both of these
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properties represent more than a hundredfold improvement over the previous state-of-the-art
[20,45]. Our scheme was employed at several wavelengths within the idler range, proving the
flexibility of the method. Additionally, the system has been operated long-term with a duty cycle
above 99.9 %. The idler frequency is SI-traceable through a hydrogen-maser-referenced optical
frequency comb that is continuously calibrated to the national standard via common-view GNSS.
The total uncertainty of the idler frequency measurement relative to the RF reference is less
than 6 x 10715 and the RF frequency accuracy is approximately 1 x 10714, resulting in a total
uncertainty of less than 1.2 x 1074, The system has been thoroughly analyzed and sources of
noise have been identified. We find that the performance of the system is limited by the instability
of the reference lasers and of the H-maser, as well as by fiber noise. In principle, these limits
could be overcome by implementing a more stable reference laser [52,53], an optical fiber link to
a national metrology laboratory [54-56], and active fiber noise cancellation [57], all of which
have been demonstrated elsewhere.

In separate work, this system enabled the first Doppler-free spectroscopy of electric quadrupole
vibrational transitions in a molecular ion, and furthermore permitted a SI-referenced measurement
of their frequencies. Owing to the exceptional stability of the idler frequency, frequency scan step
sizes as small as 5 Hz could be taken. This enabled measurements of spectroscopic lines with
linewidths as small as ~ 6 Hz, corresponding to line quality factors of up to 2.2 x 10'3 [25,58].
This application example provides a separate confirmation of the results presented here. We have
thus realized a powerful tool for mid-infrared precision spectroscopy, in particular when high
power is required.

Based on the present work, we expect that the system can be expanded to alternatively stabilize
the OPO’s signal wave frequency (1.45 - 2.07 um) to a similar stability level as shown here for
the idler wave. Most of the wavelength range of the signal can be beaten directly with OFC2. A
SHG unit is thus not required to bridge to the NIR regime, which simplifies the setup. However,
the locking scheme employed here does not work for the signal wave, due to the OPQO’s cavity
being resonant for the latter. Instead, we propose to implement a feedback control scheme using
an AOM in the output path of the signal wave, which will act as a fast frequency shifter. A
down-stream beat with the OFC would enable both the generation of an error signal for a PLL
with feedback applied to the AOM as well as an absolute frequency measurement. Note that
long-term stability requires the absence of mode-hops. The mode-hop free tuning range of the
signal radiation is on the order of 10> MHz, which is similar in magnitude to its drift over a few
hours (inferred from the observation of the idler drift, see Sec. 2). Therefore, we expect that
long-term stability can be achieved by incorporating a slow servo that controls the OPO cavity
length. Note that in this case, the idler locking scheme does not need to be operated and that the
pump and idler radiations remain unaffected since the AOM frequency shift is applied once the
signal radiation has left the OPO. With such a scheme, it should be possible to extend the output
spectral range of the metrology system to include 1.45 - 2.07 um.

Longer wavelengths than those presented in this work should also be realizable as an extension
of our setup, as follows. With the use of an additional laser source in the NIR range, e.g. an
amplified fiber laser at 1.5 um, phase-locked to the same OFC, and a suitable crystal that allows
for difference-frequency generation (DFG), the generation of cw radiation up to ~ 8 um is
straightforward [59,60]. The 1.5 um radiation can be mixed with either the frequency-stable idler
wave or the frequency-stable signal wave, resulting in far-IR radiation with frequency stability
expected to be similar to that presented here for the idler.
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