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Frequency combs present a unique tool for high-precision
and rapid molecular spectroscopy. Difference frequency
generation (DFG) of near-infrared sources is a common
approach to generate passively stabilized mid-infrared
combs. However, only little attention has been paid so far to
precisely measure the coherence properties of such sources.
Here, we investigate these using a Raman-soliton based DFG
source driven by an Yb:fiber frequency comb. A hetero-
dyne beat between the second harmonic of the phase-locked
DFG comb near 4 pm and a 2 um Tm:fiber frequency comb
locked to the same optical reference is performed. Using this
method, we measure the relative phase noise power spec-
tral density of both combs. This results in a sub-Hz relative
linewidth between the DFG comb and the Tm:fiber comb.
We also introduce a new pump/seed delay locking mecha-
nism based on interferometry for long-term stable intensity
noise suppression.

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

https://doi.org/10.1364/0L.491684

Mid-infrared (MIR) optical frequency combs have become an
important tool in science, industry, and health as the “molecu-
lar fingerprint” spectral region between 3 and 15 pum is filled
with specific vibrational transitions in molecules. Frequency
combs provide coherent light with orders of magnitude nar-
rower linewidth and higher brightness compared with thermal
light sources, enabling the detection of trace amounts of var-
ious molecules [1-5]. For vibrational spectroscopy, nonlinear
frequency conversion is often used to downconvert the output
of near-infrared (NIR) frequency combs into the MIR region.
By employing x® nonlinearities, the NIR “pump” photons are
split into “signal” and MIR “idler” photons [6,7]. This is done
in optical parametric oscillators (OPOs) which can provide sub-
Hz linewidths relative to the pump light [8—11]. However, OPOs
require cavity length stabilization and excellent active control
of the carrier-envelope-phase (CEP) to keep the intensity noise
and the widths of the comb lines small. In contrast, difference
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frequency generation (DFG) or optical parametric amplification
(OPA) sources come with passive carrier-envelope-offset sta-
bility [12] and do not require the synchronization of cavities.
However, seed generation is neccessary to initiate the down-
conversion process. Setups generating the pump radiation by
blueshifting the driving laser were shown to be highly coherent
down to Hz-level optical linewidths [13—15]. In other exper-
iments, the seed was generated by coherently redshifting the
pump laser, e.g., via Raman soliton self-frequency shifting or
broadening in all-normal dispersion fibers [16,17]. However,
comb linewidths of the generated DFG sources were not meas-
ured [18,19], showed linewidths in the 20—400 kHz range, or no
coherent signal at all [20-23].

In this Letter, we characterize the coherence of a Raman-
soliton based DFG frequency comb at 4 pm [18] by performing
a heterodyne beat with a 2 pm Tm:fiber frequency comb locked
to the same optical reference [24], measuring sub-Hz relative
linewidths. Previously, we found that the relative intensity noise
(RIN) of the MIR comb drops sharply in a small window around
the perfect pump/seed temporal overlap. By implementing a
dither locking scheme, we were able to reduce the RIN by
approximately 30 dB and to increase the signal-to-noise ratio
(SNR) in the measured spectra by a factor 1.7 compared to the
free-running state [3,25]. However, dither-locking also gener-
ates sidebands to the comb lines. To circumvent this adverse
effect, a different Ar locking mechanism based on interfer-
ometry is presented here. We show that with this method,
sideband generation can be suppressed while the SNR of the
measured spectra is slightly improved compared with the dither
lock.

The MIR source is shown in the light-gray box of Fig. 1. It is
based on an Yb:fiber laser frequency comb at Ay, = 1060 nm
with a repetition rate of f; = 151.65 MHz and 1.5 W of aver-
age power. It is optically phase-locked by beating a comb line
with a kHz-linewidth continuous wave Nd:YAG NPRO laser
(Coherent Mephisto). The resulting radio frequency f..c as well
as the carrier-envelope-offset frequency f;, measured via self-
referencing in an f—2f interferometer, are stabilized by feedbacks
to the cavity length and oscillator pump current/temperature,
respectively. An additional feedback loop is used to correct
drifts in the reference for f; stabilization as well by controlling its
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Fig-1. Schematic overview of the experimental setup for the 4 pm
frequency comb generation with both pump/seed delay locking
schemes. HWP, half-wave plate; (P)BS, (polarizing) beam splitter;
HNLF, highly nonlinear fiber; DM, dichroic mirror; PPLN, period-
ically poled lithium niobate; POL, polarizer; LP, lowpass filter; BP,
bandpass filter; BPD, balanced photodiode; RIN, relative intensity
noise detection; FG, function generator; PID, proportional-integral-
derivative controller; FTIR, Fourier-transform spectrometer; FM,
flip mirror.

cavity length and temperature. The laser output is split in pump
and seed with the latter being coupled into a highly nonlin-
ear suspended core fiber for tunable Raman soliton redshifting
[26]. Its output is collinearly recombined with the pump using
a dichroic mirror (DM), and focused into a periodically poled
lithium niobate (PPLN) crystal for DFG. Temporal overlap At
between pump and seed is achieved using a piezo-driven delay
stage in the pump arm of the setup. The generated idler is colli-
mated and separated from the pump and seed using a germanium
wedge. The MIR beam is then either sent to a home-built FTIR
spectrometer or a heterodyne beat setup. The wedge is also used
to combine the beam with a red HeNe laser for alignment and
FTIR calibration. For this work, the MIR source was set to
3.84 um by means of the crystals poling period (29.09 um),
temperature (120°C), and Raman soliton wavelengths
(1460 nm).

To characterize the coherence properties of the MIR comb, we
beat its second harmonic (SHG) with a self-referenced Tm:fiber
comb centered at 1.92 um [27,28]. The setup is shown in Fig. 2.
The Tm:fiber comb is also phase-locked to the kHz-linewidth
NPRO reference. This is achieved by Raman-shifting the ampli-
fied Tm comb and subsequent frequency-doubling. Moreover,
the repetition rate is adjusted to f, = 2.5 -f; = 379.125 MHz
such that every fifth pulse is coinciding with every second pulse
of the Yb-based comb. They are overlapped by a delay stage in
the MIR beam path [Fig. 2(a)] and a fiber interferometer. The
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Fig. 2. Heterodyne beat setup for the linewidth measurement of
the generated 4 um frequency comb relative to a 2 wm Tm:fiber
comb referenced to the same CW laser. ZGP, nonlinear crystal for
SHG; TIA, transimpedance amplifier; SSA, signal source analyzer.
(a) Temporal overlap occurs for every second pulse of the Yb-based
comb and every fifth pulse of the Tm comb for repetition rates
matching a ratio 2.5. (b) Measured beat note RF spectra both with
(blue line) and without (red line) temporal overlap (Atz). The spectra
were measured with 10 kHz resolution bandwidth (RBW). A small
arrow denotes the beat note used for phase noise measurements.

beat is detected with a home-built balanced photodiode (BPD)
connected to a transimpedance amplifier using either an RF
analyzer (Agilent E4402B) or a signal source analyzer (SSA,
Agilent ES052B). In Fig. 2(b), we show the measured RF spec-
trum at Atz # 0, showing no beating, and at Atz = 0 with beat
notes 10 dB above the noise floor.

While the active delay stabilization of the DFG scheme
showed a clear MIR RIN reduction, its impact on the combs
phase noise has not been studied. Here, we study this impact
using the setup of Fig. 2 and compare measured beat notes
with free-running, dither, and the new interferometric lock. For
the dither lock (red box in Fig. 1), At is modulated using a
small sinusoidal signal on the piezo stage. The MIR BPD of
the FTIR measures its output continuously. The BPDs output is
bandpass-filtered (1-30 kHz) and amplified by a demodulating
logarithmic amplifier to determine a RIN-proportional signal.
This signal is coupled into a lock-in amplifier (SRS SR530)
generating an error signal for a proportional-integral-derivative
(PID, SRS SIM960) controller, and the PIDs output is added to
the input modulation to lock Az to the RIN minimum. As Az is
modulated via a moving retro-reflector, we noticed that the setup
is affected by the Doppler effect shifting the optical frequency of
the pump by approximately 1 kHz per 0.5 mm/s of stage travel
speed, close to the linewidth of the reference laser [29]. In addi-
tion, the sinusoidal movement gives rise to a phase modulation
and subsequently to the generation of sidebands [Fig. 3(c)]. An
analogous effect is targeted in electro-optical combs [30], but
leads to an undesired distortion of the comb lines in our case.
For this reason, a different delay locking scheme is implemented
based on interference of residual 1060 nm light on the fourth
port of the DM (green box in Fig. 1). This light is filtered in both
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Fig. 3. Overview over the different spectral regimes of the Yb-
based comb. (a) Measured normalized optical spectra in the THz
range. (b) Comb structures for the optical fields, showing offset
and spacing in the MHz regime. (c) Modulating the pump with
Hz-level frequencies results in modulation of both the idler and
its SHG. (d) Measured 2 pm beat notes with different pump/seed
delay locking modes, showing significant sidebands for the two
ditherings (red/blue, 160 Hz) and no changes between unlocked
(yellow) and interferometrically locked (purple) states. Measured
with 10 Hz RBW.

spectrum and polarization, and coupled into a Michelson inter-
ferometer to counteract the group delay caused by the HNLFs
dispersion difference between 1060 nm and the redshifted soli-
ton. This ensures temporal overlap for both wavelengths and is
visualized with small pulse symbols along the beam paths. The
interferometer is setup such that the backreflection can be picked
up with a mirror and used for balanced detection, reducing the
influence of intensity fluctuations on the measured interference.
The signal is then fed into a PID to drive the stage toward the
interference fringe center with a locking bandwidth of approx-
imately 250 Hz, residual optical path difference fluctuations of
less than 10 nm (Ayump/100) rms.

To elaborate further on the coherence properties of the Yb-
based comb, we show its spectrum on three different frequency
scales in Fig. 3. In Fig. 3(a), the measured optical spectra
in the 100s of THz range are shown. In Fig. 3(b), the fre-
quency comb structures for input and output fields are visualized
schematically. The Yb-based comb lines are multiples of the
repetition rate f; ~ 150 MHz with pump and seed being off-
set by f, = 122 MHz. The dither lock generates sidebands to
the pump comb lines. As Fig. 3(c) explains, these are trans-
ferred to the frequency-doubled MIR comb and thus observed
in the heterodyning experiment. Figure 3(d) compares beat note
measurements near 6.9 MHz without jitter compensation to
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Fig. 4. Measured phase noises L¢(f) of the beat note (-6 dB)
between the Tm comb and frequency-doubled MIR comb with (blue
line) and without (red line) interferometric stabilization. Further-
more, the phase noises of the beats between the NPRO reference
and the Yb comb (yellow line) and Tm comb (violet line) are shown.
The inset shows the SNR of the MIR spectra measured with a home-
built FTIR spectrometer increasing with the number of integrated
spectra. Both the dither mechanism and the presented interferomet-
ric locking were used, showing a slightly better SNR with the new
method.

those applying interferometric locking or a sinusoidal modu-
lation as used in the dither lock. This data was taken with the
RF spectrometer. For the dithering, we also show two different
modulation amplitudes (0.1 V and 0.5 V) with the modulation
frequency f..q = 160 Hz, resulting in increased sideband gen-
eration at higher voltage. In all cases, the measured linewidth
for the central beat note is limited by the spectrometer’s reso-
lution of 10Hz. As expected, the dithering introduces clearly
visible sidebands with f;,,q spacing. For the stabilization of the
MIR comb, peak voltages of 0.1 V are typical. These induce
sidebands which are visible within a +0.5 kHz span around the
central beat frequency. In contrast, we do not observe differ-
ences between the beat notes with interferometric and without
locking. We note that the stabilization is not primarily expected
to reduce the linewidth but to significantly decrease the RIN of
the MIR comb [25].

Eventually, we characterized the phase noise L4 (f) of the beat
notes with the SSA [31]. For these measurements, we filter out
the beat note at 221 MHz [shown in Fig. 2(b) with a small arrow]
using a tunable bandpass filter. The results are shown together
with the phase noise measurements of the beats with the NPRO
reference for both Yb and Tm combs in Fig. 4. These show
similar performance with an integrated phase noise (1 MHz
to 1 Hz) of 330 mrad and 347 mrad for the Tm laser and the
YD laser, respectively. For the 2 pum signals, we subtract 6 dB
to get the phase noise for the fundamental MIR comb before
the SHG [32], halving the integrated phase noise. Above offset
frequencies of 1 kHz, the data shows good agreement in the
noise spikes between the comb’s heterodyne signal and the fi.,
locks. Below 1 kHz , acoustic noise dominates the phase noise
with significant peaks at 258 Hz and 388 Hz, most likely caused
by mechanical resonances of the pump/seed delay stage. The
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integrated phase noise (1 MHz to 1Hz) is 328 mrad for the
interferometric lock and 368 mrad for the free-running state.
Following [33], this translates to a sub-Hz linewidth for the
4 um MIR comb relative to the reference. As the setup was built
for high-resolution absorption spectroscopy, we also measure
the spectral quality of the MIR beam in a home-built FTIR
spectrometer. Previously, a significant increase in spectral SNR
was demonstrated when the free-running comb was locked by
the dither method [25]. Here, we use the same approach to
directly compare the spectral SNR of the comb locked by the
dither and the interferometric method. We collect 200 spectra
for both locks over an hour and average two subsets consisting of
increasing numbers of spectra. The two subsets are then divided
and the ratio’s inverse standard deviation within the spectra’s
FWHM is calculated. The resulting number is a figure-of-merit
for the SNR of features with 100% absorption. It is shown in the
small inset in Fig. 4. These data prove the long-term stability of
the interferometric lock by showing a slight improvement over
the dither-lock after averaging over the full data set.

In conclusion, we have directly measured the optical linewidth
of our DFG-based frequency comb relative to a 2 pm Tm:fiber
comb using the same kHz-linewidth reference laser. Using
the heterodyning setup, we were able to compare two differ-
ent schemes to stabilize the relative delay between pump and
seed beams to At = 0. By dithering, we measured a signifi-
cant generation of sidebands at the dithering frequency which
effectively reduce the resolution in MIR comb spectroscopy.
Compared with this, the new interferometric lock shows no dis-
cernible difference to the free-running state on a short time scale.
Furthermore, the phase noise measurements of the beat notes
yields a sub-Hz linewidth of the generated MIR comb relative
to the reference laser. In addition to this, the new method is
also tested in a comb spectroscopy setup with our home-built
FTIR and was proven to enable long-term operation as well. The
interferometric locking thus enables both high-resolution and
high-sensitivity MIR frequency comb spectroscopy. As such,
the system would be able to provide insights into e.g., molecu-
lar parity violations [34] or nuclear-spin-forbidden rovibrational
transitions in water [35]. Beyond that, the method can be gen-
eralized to other cases where temporal overlap between two at
least partially interfering beams is critical.
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