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Reducing the pulse repetition rate of an optical frequency comb increases the pulse energy for a given average power. This
enhances the efficiency of nonlinear frequency conversion and it facilitates extending the accessible wavelength range,
for example, into the extreme ultraviolet (XUV). The resulting spectrally dense frequency comb can still be used for pre-
cision spectroscopy of narrow atomic or molecular transitions. In this paper, we demonstrate a low-noise infrared fre-
quency comb with a repetition rate as low as 40 kHz using a Yb:KYW mode-locked laser, pulse picking, and subsequent
amplification. The frequency comb structure is confirmed by generating a beat note with a continuous wave reference
laser. A comb mode is actively stabilized to the reference laser, and the integrated rms phase noise from 20 Hz to 20 kHz is
measured to be 195 mrad. ©2024Optica PublishingGroup under the terms of theOpticaOpen Access Publishing Agreement
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1. INTRODUCTION

Optical frequency combs have revolutionized the field of optical
frequency metrology [1–3] and are indispensable tools for high-
precision laser spectroscopy to study fundamental physics [4–6]
and for optical frequency standards [7–11]. The first application
of frequency combs was to measure the frequency of a continuous
wave laser that is then used for precision spectroscopy [3,12,13].
It is also possible to use the frequency comb itself to excite target
transitions and perform spectroscopy with ultra-wide spectral
coverage, fast detection times, and high sensitivities [5,14–18].

An optical frequency comb consists of many spectral modes
that are equally spaced by the repetition rate of the generating
mode-locked pulse train, which is typically in the MHz to the GHz
range for conventional solid-state and fiber-laser-based oscillator
designs. While combs with mode spacings of several tens of GHz
have found applications for calibration of astronomical spectro-
graphs [19,20], a pulse train with a relatively low repetition rate
below 10 MHz can have correspondingly higher pulse energy and
is therefore advantageous for several applications, including, for
example, driving efficient nonlinear processes [21–23]. Nonlinear
frequency conversion of optical frequency combs can enable
precision spectroscopy in wavelength ranges where continuous
wave lasers are not available, such as the extreme ultraviolet (XUV)
[24–26]. For example, our planned experiment of precision spec-
troscopy of the 1S-2S transition in He+ ions requires an optical

frequency comb at 60.8 nm [27,28]. The Ramsey-type frequency
comb, which consists of pairs of intense pulses, can be an alter-
native method to address transitions at XUV wavelengths [29].
Precision spectroscopy of the nuclear transition of 229Th at around
149 nm may find application as a nuclear optical clock [30–33].

Intra-cavity high-order harmonic generation allows the gen-
eration of high-power XUV frequency combs suitable for direct
frequency comb spectroscopy [24,34–38]. In this scheme, the
high-order harmonic generation process is performed inside an
enhancement cavity using a gaseous or solid medium placed at the
focus of the cavity. Special care must be taken to avoid detrimental
effects of the high average power and intensity, such as thermal
lensing [39], plasma phase shift [40–42], misalignment due to
elevated temperature [39], and damage to the optics [43]. In addi-
tion, enhancement cavities for ultrashort pulses have to be carefully
designed to tailor the intra-cavity dispersion [44,45].

Alternatively, by operating a comb at a lower repetition rate, a
similarly high pulse energy could be achieved with modest aver-
age power even without an enhancement cavity. Lowering the
repetition rate results in a frequency comb with a smaller mode
spacing. For precision spectroscopy, the mode spacing should be
at least several times larger than the linewidth of the transition
under investigation in order to obtain a comb mode resolved spec-
troscopy signal. For instance, a signal linewidth of about 1 kHz
is expected for the 1S-2S transition in He+ at 60.8 nm [27,28],
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while the nuclear transition of 229Th at about 149 nm has a natural
linewidth of about 20µHz [30,31]. In principle, a comb with a few
kHz mode spacing would be sufficient for these applications.

High-pulse-energy ultrafast lasers at such low repetition rates
are conventionally generated using master oscillator power ampli-
fiers (MOPAs), where the chirped pulse amplification (CPA)
scheme is employed and have found various applications including
attosecond physics [46,47], laser particle acceleration [48,49],
and ultrafast transient spectroscopy [50]. By actively controlling
the round-trip phase shift of the oscillator, each pulse can have
an identical carrier–envelope phase (CEP), which is particularly
important for the study of field-sensitive phenomena driven by
few-cycle pulses [51]. Using the balanced optical cross-correlator
method [52], the pulse-to-pulse timing jitter of the CPA laser
system can be controlled precisely. For example, in Ref. [53] a
sub-100 fs timing jitter is demonstrated at 1 kHz repetition rate.
A pulse timing jitter of 100 fs still introduces a relative frequency
uncertainty of 10−10 at a repetition rate of 1 kHz. This corresponds
to a broadening of the optical comb modes that is larger than
the mode spacing and could wash out the comb structure in the
frequency domain. Although such CEP-stabilized low-repetition-
rate laser systems have been shown to be suitable for studying
ultrafast phenomena, they do not guarantee a low-noise frequency
comb structure.

In this work, we report a low-noise optical frequency comb
that operates at tunable repetition rates from 40 kHz to 40 MHz
using a Yb:KYW mode-locked oscillator. Mode-locked lasers
oscillating directly at sub-MHz repetition rates would require very
long cavities, which may not be practical. Instead, conventional
mode-locked lasers and pulse pickers are used to generate optical
frequency combs at low repetition rates [54,55]. The associated
power loss is compensated for by re-amplifying the pulse train
such that higher pulse energy is achieved. A comb mode is actively
stabilized to an ultra-stable continuous wave (cw) reference laser.
The phase noise of the stabilized mode is characterized with respect
to the reference laser and is shown to result in a narrow linewidth
suitable for exciting narrow transitions.

2. MODELING OF THE PULSE PICKING PROCESS

In this section, we first model the pulse picking process by treating
the pulse picker as an ideal amplitude modulator.

For mathematical convenience, we model the output of the
mode-locked laser as a train of Gaussian-shaped pulses with a
repetition rate frep. The temporal pulse spacing is T = f −1

rep . The
electric field E (t) of the laser pulse train can be described as

E (t)= A
∞∑

k=−∞

exp

[
−
(t − kT)2

1t2

]
e i(ω0t+ϕ(t)), (1)

where A is the field envelope peak amplitude, ω0 is the angular
frequency of the carrier, and 1t is the pulse duration defined by
the 1/e half-width of the field amplitude. The residual phase
fluctuation after comb stabilization is represented by ϕ(t). For
simplicity, the CEO frequency of the comb is assumed to be zero
in Eq. (1) by assuming that the carrier frequency ω0 is an integer
multiple of the pulse repetition rate 2π/T. Including a finite
CEO frequency in the calculation is straightforward, and does not
change the results. We introduce pulse picking by assuming that
the laser pulses pass through an ideal amplitude modulator with

a rectangular-shaped gating that selects every m-th pulse. We call
m the pulse picking factor. The pulse picker reduces the average
power and the repetition rate by a factor m and hence the power
in each of the modes by a factor m2. Under the approximation
that the electric field amplitude at the rising and falling edges of
the rectangular-shaped gating is negligible, the pulse-picked field
E p(t) can be written as

Ep(t)= A
∞∑

k=−∞

exp

[
−
(t −mkT)2

1t2

]
e i(ω0t+ϕ(t))

≡ Ep,0(t)e iϕ(t), (2)

where Ep,0(t) is defined as the noiseless component of the pulse-
picked field. The spectrum of the pulse-picked field Ep(t) is given
by

Ẽp(ω)=

∫
∞

−∞

Ep(t)e−iωt dt ≈ Ẽp,0(ω)+
i

2π

(
Ẽp,0 ∗ ϕ̃

)
(ω),

(3)
where the approximation is valid for small rms phase noise with a
vanishing mean, i.e., e iϕ(t)

≈ 1+ iϕ(t). In Eq. (3), the convolu-
tion is defined as (Ẽp,0 ∗ ϕ̃)(ω)=

∫
∞

−∞
Ẽp,0(ω

′)ϕ̃(ω−ω′)dω′,

where Ẽp,0(ω) and ϕ̃(ω) are Fourier transforms of Ep,0(t) and
ϕ(t), respectively. The main Fourier components of Ẽp,0(ω)

and ϕ̃(ω) are in the optical and the radio frequency domain,
respectively. The spectrum of the noiseless component is given by

Ẽp,0(ω)=A
∫
∞

−∞

∞∑
k=−∞

exp

[
−
(t −mkT)2

1t2

]
e i(ω0−ω)t dt

=
2π3/21t

mT
A exp

[
−

1

4
1t2(ω−ω0)

2

]

×

∞∑
n=−∞

δ

(
ω−

2πn
mT

)
. (4)

As expected, the spectrum after pulse picking consists of comb
modes with a mode spacing of 1/mT = frep/m, as expressed by the
sum over the delta functions δ(ω− 2πn/mT). The newly created
comb modes can be considered as the sidebands at subharmonics
of the original repetition rate introduced by the amplitude modu-
lation that selects every m-th pulse (see Supplement 1 for a detailed
derivation). These additional sidebands fill in the gaps between
the modes of the original comb. The Gaussian spectral envelope is
maintained also for the newly added modes since the picked pulses
are still Gaussian in the time domain.

The spectral intensity can be calculated as Ĩp,0(ω)∝ |Ẽp,0(ω)|
2

demonstrating that the comb mode power scales with m−2 as
explained above. Note that |Ẽp,0(ω)|

2 includes the squares of the
delta functions, i.e., infinite power density at the frequencies of the
modes compatible with an infinite number of pulses. Using Eq. (4)
in the last term of Eq. (3), we find that the phase noise is convolved
into all comb modes, including the new modes created by pulse
picking. The phase noise spectrum ϕ̃(ω) for radio frequencies
|ω|> 2π/mT is folded into |ω|< 2π/mT. In the time domain,
the effect can be considered as an aliasing where the phase noise
at |ω|> 2π/mT is undersampled by the pulse train. If the phase
noise spectrum ϕ̃(ω) is flat and extends up to the original repeti-
tion rate, reducing the repetition rate by a factor of m will result in

https://doi.org/10.6084/m9.figshare.24658596
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an m-fold increase in the power spectral density (PSD) of the phase
noise in the frequency range of |ω|< 2π/mT. On the other hand,
the integrated phase noise does not change after pulse picking
because the m-fold increase in the PSD is canceled by an inverse
reduction of the maximum frequency, i.e., the Nyquist frequency
reduces by a factor m. This is consistent with Eqs. (1) and (2),
which contain identical noise terms e iϕ(t), and the rms phase noise
is expected to be identical before and after pulse picking.

The model described here shows that the phase noise already
present in the original pulse train affects the frequency comb
structure equally before and after pulse picking, regardless of
the repetition rate. A trivial requirement is that the linewidth of
the comb modes prior to pulse picking should be narrower than
the mode spacing after pulse picking to avoid washing out the
comb structure. In addition, the actual implementation of the
pulse picker and the subsequent amplification should be low-noise
to preserve the comb structure at lower repetition rates. Our work
described in Sections 3 and 4 aims to experimentally confirm that
this is possible.

Pulse picking can be implemented using an acousto-optical
modulator (AOM) or a combination of an electro-optic modulator
(EOM) and a polarizer. In Fig. 1, we show a conceptual scheme
of an AOM-based pulse picking. The AOM is driven at a car-
rier frequency fAOM (typically tens or hundreds of MHz) that
is amplitude modulated with gating pulses. Here we assume a
rectangular-shaped gate function with repetition rate fgate (time
spacing Tgate = f −1

gate) and a width of τ . In Supplement 1, we discuss
the effect of gating timing jitter. The RF drive signal for the AOM
can be described as

VRF(t)=
∞∑

n=−∞

ARF
(
t − nTgate

)
e iωAOMt , (5)

where ARF is the rectangular-shaped gate function, and
ωAOM = 2π fAOM.

The modulator diffracts every m-th pulse to the first diffraction
order, and the rest is sent to a beam dump. The Fourier transform of
Eq. (5) shows that the spectrum of the RF signal consists of narrow
lines spaced by fgate, similar to an optical frequency comb. The fre-
quency of the RF modes is given by

fRF,n′ = n′ fgate + fAOM, (6)

with an integer n′. The frequency of the optical comb modes fn,n′

after pulse picking is given by the sum of the original comb mode
frequencies and the AOM RF frequencies:

fn,n′ = n frep + fCEO + fRF,n′

= n frep + n′ fgate + fCEO + fAOM, (7)

where fCEO is the CEO frequency of the original comb. To
obtain an equidistant comb structure after pulse picking, the ratio
frep/ fgate must be an integer. In the time domain, this condition
translates to the requirement that Tgate =mT, with m introduced
in Eq. (2). The CEO of the pulse-picked comb remains unchanged
after pulse picking if fAOM/ fgate = q is an integer. With an integer
q , we can define a new mode-index ñ ≡ n′ + q + nm to find a
compact expression for the mode frequencies of the pulse-picked
comb:

f ñ = ñ
frep

m
+ fCEO. (8)

In the special case of zero CEO frequency ( fCEO = 0), a pulse
train with a constant CEP can be obtained, which finds interesting
applications in attosecond physics [56–58].

3. EXPERIMENT

Figure 2 shows our setup for generating and testing a low-
repetition-rate optical frequency comb. A home-built Yb:KYW
oscillator is mode-locked by soft-aperture Kerr-lensing and gen-
erates a 40 MHz pulse train. The output spectrum is centered at
1030 nm and has an FWHM bandwidth of 14 nm. The average
output power is 26 mW. The FWHM temporal pulse duration is
measured to be 89 fs using the intensity autocorrelation method
(autocorrelation length 137 fs), assuming sech2 pulse shape.

Two PZT-actuated mirrors are installed in the laser cavity to
control the cavity length and are used to stabilize the frequency
comb (PZT stands for lead zirconate titanate). One such mirror is a
high-reflectivity mirror fixed to a PZT (Thorlabs PA4DGW) that
is mounted on a high-damping alloy and has a bandwidth of about
10 kHz. The other mirror is the laser output coupler, which is
actuated by a linear stage (Newport 9066-X-V-M) driven by a PZT
actuator (Thorlabs PK2FVF1). This second PZT-actuated mirror
is used to compensate for slow drifts. The laser cavity is placed on

Fig. 1. Low-repetition-rate frequency comb generation using an AOM-based pulse picker. Every m-th pulse is diffracted by the AOM to the first diffrac-
tion order, while the others remain in the zeroth order and are dumped. After the pulse picking, the pulse-to-pulse time interval increases by the factor
m, while the mode spacing in the frequency domain becomes m times smaller. The AOM is driven by an RF carrier that is amplitude modulated with a
rectangular-shaped gate-pulse train.

https://doi.org/10.6084/m9.figshare.24658596
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Fig. 2. Schematic of the experimental setup. The 40 MHz optical frequency comb (dotted box) consists of a mode-locked Yb:KYW oscillator, a solid-
state amplifier using Yb:LuAG as a gain medium, and an AOM frequency shifter for fast control of the stabilized comb mode frequency. Slower control acts
on PZT-actuated mirrors of the laser cavity (PZTs). The output of the Yb:KYW oscillator is centered at 1030 nm with a bandwidth of 14 nm. The error
signal for phase stabilization of one of the comb modes is obtained from beat notes between that mode and an ultra-stable cw reference laser emitting at
1033 nm. The cw reference laser is amplified by a semiconductor optical amplifier (BOA1050P Thorlabs, not shown) before sending it to the second and
third beat note detection units. An AOM-based pulse picker reduces the comb’s repetition rate to (40 MHz)/m, where m is the pulse picking factor. After
the pulse picker, the pulses are re-amplified by a second Yb:LuAG amplifier. The third feedback loop controls a PZT-actuated mirror in the beamline and
reduces the phase noise due to fluctuations in the beam path length.

a vibration-isolated, temperature-stabilized aluminum baseplate
and installed inside an air-tight aluminum housing [59].

At the laser output, the repetition rate frep is detected with a
fast photodiode (Thorlabs DET01CFC, not shown in Fig. 2). The
laser has an auxiliary output that is taken from the reflection of
an intracavity optic element with a compromised spectral phase
compared with the main output. This second output has about
60 mW of power and is sent into a heterodyne beat detection setup
with a continuous wave (cw) reference laser. The cw reference laser
operates at 1033 nm and is stabilized to an ultra-stable reference
cavity. The rms phase noise of the reference laser was measured to
be 10.2 mrad integrated from 10 kHz to 10 MHz with respect to
the reference cavity [60].

In the heterodyne beat detection setup, about 100 comb
modes are filtered out around the frequency of the cw reference
laser using an interference filter (Alluxa A4017) and an etalon
(LightMachinery OP-6204-M, 7.3 GHz FWHM bandwidth).
The beat signal between the frequency comb and the reference laser
is detected using balanced photodetectors (Koheron PD100B),
which suppresses the contribution of classical amplitude noise
[61]. The RF beat signal is filtered to isolate the beat note between
the closest comb modes and the reference laser. Then the signal is
phase-compared to a 10 MHz signal generated by a signal gener-
ator (Marconi Instruments 2022C). The signal controls the PZT
actuators of the Yb:KYW laser via a home-built loop filter. This
way, one of the comb modes is phase-stabilized to the cw reference
laser.

The frequency comb is amplified by a solid-state double-pass
Yb:LuAG amplifier pumped by a multimode diode laser oper-
ating at around 935 nm. With an input seed power of 26 mW,
we obtain 250 mW at the output when the pump power is set
to 7.2 W. Since the gain bandwidth of Yb:LuAG is about 5 nm
[62,63], a significant gain narrowing effect reduces the bandwidth
of the amplifier output to 2.7 nm. The peak gain at 1030 nm is

approximately 16.6 dB. The amplifier output is sent to an AOM
(AA Opto Electronic MT110) that is used to stabilize one of the
comb modes in combination with the PZTs in the laser cavity. The
first-order diffraction of the AOM downshifts the entire frequency
comb of the laser by about 110 MHz. The diffraction efficiency
of the AOM is about 70%. The second beat signal between the
frequency comb and the reference cw laser is obtained after the
AOM. The beat signal is compared with the 10 MHz frequency
reference and is sent to a loop filter (Vescent Photonics D2-125).
The loop filter’s output is sent to a voltage-controlled oscillator
(VCO, Pasternack Enterprises Inc. PE1V31008), which generates
the RF signal that drives the AOM. The control bandwidth is
estimated to be >100 kHz, limited by the time required for the
acoustic wave inside the AOM to reach the laser beam. In principle,
it would be possible to control the slow feedback using the error
signal obtained from the second beat detection unit, thus elimi-
nating the first beat detection unit. We find our scheme technically
convenient because the accidental failure of the second feedback
does not affect the first one.

The following pulse picker AOM (AA Opto Electronic
MT200-A0.4-1064) is driven at a carrier frequency of
fAOM = 200 MHz. It selects every m-th pulse by amplitude
modulating the carrier with a rectangular-shaped envelope. A rect-
angular gate signal with a pulse width of τ = 32 ns at a frequency
of fgate = frep/m is used. The gate pulse width is less than 2T as
required to select individual pulses. An RF switch (Minicircuit
ZASWA-2-50DR+) is used for the modulation. The diffraction
efficiency of the AOM is measured to be >60%, and the pulses
remaining in the zeroth order are sent to a beam dump. The gate
signal is generated by a delay generator (Alphanov Tombak) using
the repetition rate signal from the Yb:KYW oscillator as the timing
source. The RF carrier signal to drive the AOM is derived from
the fifth harmonic of the repetition rate, which is generated in
the detection with a high-bandwidth photodiode. A band-pass
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filter with a 3 dB bandwidth of 10 MHz is used to isolate the fifth
harmonic. In this way, the gate signal, the repetition rate, and the
AOM RF carrier are phase synchronized. The RF switch produces
a modulation with 10%–90% rise/fall times of 5 ns. Measuring the
energy of the picked pulses for different gating delays with respect
to the pulses reveals the time response of the AOM. The 10%–90%
rise and fall time of the AOM was measured to be 7.5 ns. This is
dominated by the time it takes for the acoustic wave to cross the
focused laser beam at the point of interaction. From the speed of
sound within the modulator material (TeO2) of 4200 m/s and the
laser beam diameter of 2w0 = 39 µm, the rise/fall time is estimated
to 6 ns.

The picked pulses are sent to a second Yb:LuAG amplifier that
is similar in design to the first amplifier. When the pump power is
set to 14 W, the amplifier output power is 2. 5 W, 374 mW, 43 mW,
and 8 mW at a repetition rate of 40 MHz, 4 MHz, 400 kHz,
and 40 kHz, respectively. The output pulse train of the second
amplifier is measured by a fast InGaAs photodiode (Thorlabs
DET01CFC, 1.2 GHz bandwidth) and a 2.5 GHz oscilloscope
(LeCroy WavePro 7Zi). The results are shown in Fig. 3 at repetition
rates of 40 MHz, 4 MHz, 400 kHz, and 40 kHz.

We find that the pulse-picked beam still contains a tiny frac-
tion of the pulse train at the original repetition rate of 40 MHz.
This is not due to incomplete suppression of the RF carrier, but is
caused by scattering within the AOM material. We could suppress
the optical power of this component by 28 dB compared to the

picked pulses. This was achieved by carefully adjusting the size and
position of an iris surrounding the pulse-picked laser beam.

A PZT-actuated mirror is introduced in the beamline after the
second amplifier to compensate for possible low-frequency phase
fluctuations due to free-space parts of the setup, e.g., mirrors or
breadboard vibrations. In addition, the phase noise introduced
by the pulse picker and amplifier is partially compensated for. A
portion of the beam after the PZT actuated mirror is sent to the
third beat detection setup. The beat signal is then phase compared
to a reference at 11.3 MHz from an electronic synthesizer (Marconi
Instruments 2022C) and is used as an error signal to drive the PZT
via a home-built loop filter. The in-loop error signal shows a peak
at about 4 kHz when the feedback gain is too high, indicating a
control bandwidth of approximately 4 kHz. This is fast enough
to significantly suppress low-frequency phase noise caused by
mechanical and acoustic vibrations. Supplement 1 shows a com-
parison of the beat note spectra with path length stabilization on
and off.

4. RESULTS AND DISCUSSION

The evaluated beat note spectra are obtained from the third beat
note detection unit (Fig. 2) and shown in Fig. 4. The acquisi-
tions were made at repetition rates of 40 MHz (no pulse picking),
4 MHz, 400 kHz, and 40 kHz with resolution bandwidths of
10 kHz, 1 kHz, 100 Hz, and 10 Hz, respectively. A clear comb
structure is maintained even at the reduced repetition rate of

Fig. 3. Time domain traces of pulses after pulse picking and the second amplifier (“Output” in Fig. 2). The negative signal is due to ringing. (a) At a rep-
etition rate of 40 MHz without pulse picking (m = 1). (b) At a repetition rate of 4 MHz, which corresponds to a pulse-to-pulse interval of 250 ns and a pulse
picking factor of m = 10. The magnified inset shows a trace averaged over 1000 acquisitions where residual 40 MHz pulses are visible with about 28 dB of
suppression. (c) Pulses at a repetition rate of 400 kHz, corresponding to m = 102 (2.5µs pulse-to-pulse interval). (d) Pulses at 40 kHz repetition rate, corre-
sponding to a pulse-to-pulse interval of 25µs and m = 103. The oscilloscope sampling rate is 40 Gs/s for all traces.

https://doi.org/10.6084/m9.figshare.24658596
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Fig. 4. Beat note spectra acquired from the third beat note detection unit at different repetition rates of (a) 40 MHz, (b) 4 MHz, (c) 400 kHz, and
(d) 40 kHz. A resolution bandwidth (RB) of 10 kHz, 1 kHz, 100 Hz, and 10 Hz was used, respectively. In all plots except for (d), two peaks that correspond
to frep/m and 2 frep/m are visible in addition to two peaks that correspond to the beat frequencies. The repetition rate signal is strongly suppressed by bal-
anced photodetection. The trace acquired for 40 kHz shows frequencies between the 17th and the 18th harmonics of frep to avoid the elevated noise floor of
the measurement setup at low frequencies. The RF spectrum at 40 MHz repetition rate without pulse picking shown in (a) contains several peaks between
the repetition rate peaks and the beat notes. Most of these are due to the mixing of the strong repetition rate and beat note signals on the photodiode.

40 kHz, where a narrow beat note peak is still visible with a signal-
to-noise ratio above 30 dB. For all repetition rates, the linewidth
of the beat signal is limited by the resolution bandwidth of the
spectrum analyzer (Agilent E4445A).

Figure 5 shows the RF power of the beat notes for different pulse
picking factors m. The electrical beat note power is proportional to
the optical power contained in a single comb mode and scales with
1/m2, as expected from the spectral intensity Ip,0(ω) of our model
in Eq. (4).

The power spectral density (PSD) of the phase noise is obtained
by Fourier transforming the recorded time trace, assuming that
ϕ(t) is small. Analyzing the heterodyne beat note allows to bring
optical phase noise to the RF domain, where it can be recorded and
analyzed. In a sense, the convolution of Eq. (3) converts the RF
noise of ϕ̃(ω) into the optical domain, while heterodyning brings it
back into the RF domain. The time traces contain 2.05× 108 sam-
ples, and the Blackman window was applied before performing the
Fourier transform to minimize the contribution of sidelobes. The
sideband spectrum of the Fourier transform trace around the beat
frequency gives the PSD of the phase noise after normalization to
the peak amplitude of the beat note. Since the beat signal becomes
weaker when lowering the repetition rate of the comb, the phase
noise PSD experiences a relative increase in the noise floor. To
overcome this issue, the gated optical noise reduction (GATOR)
technique described by Deschênes and Genest in Ref. [64] was
used to evaluate the data. In the time domain, the beat note of a

Fig. 5. Beat note power level as a function of the pulse picking factor m.
The dashed line shows a trend proportional to m−2, as expected from the
pulse picking model. The trend line is drawn assuming the 40 MHz point
as reference.

frequency comb with a cw laser can be understood as the pulse train
sampling the cw wave, i.e., the beat note signal is available only for
the duration of the pulses. The GATOR technique strongly sup-
presses the noise from the cw reference laser and the detection setup
by evaluating the beat signal only within narrow time windows
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Fig. 6. Power spectral density (PSD) of phase noise at different rep-
etition rates obtained by the GATOR technique (solid traces). Straight
horizontal lines indicate the average of the noise floor of the measurement
(only cw reference processed in the same way as the beat signal) for each
PSD trace. The rms integrated phase noise is also shown (dashed lines).
The endpoint of the integration is at the Nyquist frequency, i.e., frep/2m.
Higher-frequency-noise contributions are aliased such that the endpoints
of the dashed lines give the total phase noise. These endpoints are compa-
rable for all the picked pulse trains. The strong peak at about 20 MHz on
the 40 MHz repetition rate trace is due to a neighboring beat note.

around the comb pulses. In the frequency domain, the GATOR
method effectively averages the spectrum of the beat notes between
the cw laser and several different comb modes. This increases the
signal-to-noise ratio compared to beat detection with a single
comb mode. We used a software implementation of GATOR by
introducing temporal gate windows around each of the pulses. The
width of the gate windows was set to 40 ns for all repetition rates,
limited by the bandwidth of the detector. The resulting phase noise
PSDs are shown with solid lines in Fig. 6. To evaluate the noise
floor, we repeated the same measurement without comb pulses and
reperformed the same analysis. Since for traces in which the pulse
separation time is lower than the gate window width the GATOR
does not affect the data, we used for simplicity the ungated data to
compute the 40 MHz of Fig. 6.

The PSD of the original frequency comb at 40 MHz repetition
rate contains low-frequency phase noise up to about 1 kHz due to
uncompensated environmental vibrations. Two broad noise peaks
at about 20 kHz and 100 kHz are servo bumps from feedback loops
controlling the fast PZT actuator in the laser cavity and the AOM
used for phase stabilization, respectively. The servo bump of the
PZT for path length stabilization is around 400 Hz. The peak at
17.3 MHz in the 40 MHz trace is due to the neighboring beat note.
Other spurious signals that we attribute to radio frequency pickups
are visible at frequencies beyond 100 kHz. The noise floor is deter-
mined by the amplitude noise of the cw reference laser, the noise of
the photodetectors, and the electronics used in the beat detection
setup. It increases for lower repetition rates due to reduced carrier
power of the beat signal. The low-frequency noise below 1 kHz is
the same for repetition rates of 40 MHz, 4 MHz, and 400 kHz. At a
repetition rate of 40 kHz, some of the noise structure below 1 kHz
appears 5–10 dB higher than other repetition rates, which con-
tributes to the increase of the rms integrated phase noise of about
50 mrad. This might be due to the different gain settings of the
path length stabilization feedback to compensate for the different

beat note power levels for various repetition rates. No other sig-
nificant increase in phase noise was observed above the noise floor
for the pulse-picked frequency combs. The FWHM linewidth of
the frequency comb is limited by the resolution bandwidth of the
measurement (10 Hz) for all repetition rates investigated.

The rms phase noise integrated from 20 Hz to half the rep-
etition rate frep/2m was calculated from the PSD spectra. They
are 100 mrad, 190 mrad, 156 mrad, and 195 mrad for repetition
rates of 40 MHz, 4 MHz, 400 kHz, and 40 kHz, respectively. The
contributions of the harmonic peaks of frep and the beat notes
are not representing the phase noise of the comb mode and are
therefore excluded from the integration. For all repetition rates,
the measurement noise floor contributes significantly to the rms
integrated phase noise. Therefore, our measurement gives the
upper limit of the phase noise of the pulse-picked comb.

The measurements presented here are based on in-loop signals.
In our case, this is sufficient to determine the noise of the low-
repetition-rate laser relative to the cw reference laser. The phase
noise is not less than the measurement noise floor at any frequency.
Therefore, our in-loop phase noise measurement adequately
reflects the upper limit of the phase noise of our low-repetition-
rate laser system relative to the cw reference laser. Note that the
path length stabilization used here should be implemented in any
application of the low-repetition-rate frequency comb.

It is interesting to consider what limits the lowest possible
repetition rate. In the laser system discussed here, the high-
repetition-rate frequency comb is stabilized before pulse picking
using a method described in Section 3. The amplifier setup after
pulse picking is prone to additional noise and more difficult to
actively stabilize. This is because the error signal for path length
stabilization is taken from low-repetition-rate pulses and the avail-
able feedback bandwidth is limited to half the repetition rate. In
the time domain, the servo system needs to receive at least two
pulses before it can know if the phase shift has changed. As a result,
the phase noise at Fourier frequencies significantly lower than
half the repetition rate can be efficiently suppressed, while noise
at higher frequencies remains unsuppressed. Note that feedback
systems based on proportional–integral–differential (PID) con-
trollers require their control bandwidth to be much larger than the
frequency of the noise in order to achieve a small phase delay that
allows high feedback gain at lower frequencies while suppressing
oscillation at higher frequencies [65]. The amazing accuracy of
optical frequency combs comes from their steady-state operation,
i.e., a regular pulse train that finds the same environment for each
pulse. Steady-state operation is disturbed when the pulse-to-pulse
interval is longer than the typical time scale of the phase noise
introduced by the environment, and the disturbance cannot be
actively stabilized due to limited feedback bandwidth. This prob-
lem is significant for repetition rates below 10 kHz where acoustic
vibrations of many standard optical components are significant.
The lowest possible repetition rate depends on the type of amplifier
and the design of the setup. Our amplifiers are pumped with a cw
pump source and therefore pulse-to-pulse phase variations are
minimized. It also does not rely on the CPA scheme, which can
introduce wavelength-dependent phase fluctuations. Our demon-
stration shows that the compact and simple solid-state amplifiers
used here introduce sufficiently low phase noise to maintain the
comb structure at a repetition rate as low as 40 kHz.

To increase the feedback bandwidth significantly beyond the
repetition rate after pulse picking, a probe laser with a higher
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repetition rate or even a continuous wave laser could be superim-
posed on the beamline to monitor the phase variations. However,
we expect limitations of this method because the probe beam
would have a different peak intensity and spectrum. Intensity and
spectrum-dependent phase shifts expected in an optical amplifier,
pulse compressor, and nonlinear frequency conversion cannot be
easily accounted for in this way.

5. CONCLUSIONS AND FUTURE PROSPECTS

In this paper, we have demonstrated a low-repetition-rate optical
frequency comb based on a Yb:KYW solid-state mode-locked
oscillator using an AOM pulse picker. The repetition rate is adjust-
able over three orders of magnitude from 40 MHz to 40 kHz.
One of the modes of the frequency comb is tightly phase-locked
to a cavity-stabilized ultra-low-noise cw laser by measuring the
heterodyne beat note between them and providing feedback to
the cavity length of the oscillator, an external AOM, and a PZT
actuated mirror in the beamline. We have characterized the phase
noise of the frequency comb at repetition rates of 40 MHz, 4 MHz,
400 kHz, and 40 kHz with respect to the reference cw laser. The
results confirm that a narrow linewidth comb structure is preserved
even after pulse picking. Using the power spectral density of the
phase noise obtained using the GATOR technique, the integrated
rms phase noise was evaluated to be 195 mrad at 40 kHz repetition
rate. For the first time, to the best of our knowledge, we demon-
strate optically stabilized low-noise frequency combs at repetition
rates as low as a few tens of kHz.

The pulse energy and average power were 200 nJ and 8 mW at
a repetition rate of 40 kHz. A solid-state amplifier similar to the
one used in this work can be added to increase the pulse energy
to a >10 µJ level. Frequency combs with such high pulse energy
and moderate average power are expected to be useful for driving
high-order harmonic generation processes and generating XUV
frequency combs [66]. The low-noise and narrow linewidth comb
modes shown here indicate that low-repetition-rate frequency
combs are a promising option for high-resolution spectroscopy at
exotic wavelengths. Dual comb spectroscopy at XUV wavelengths
can be an interesting application of the low-repetition-rate XUV
frequency combs.

When direct frequency comb spectroscopy is performed using
frequency combs with a low repetition rate, it may be difficult to
determine the comb mode number. If the pulse picking factor is
large and the uncertainty of the line center determination is small
enough, the comb mode number can be unambiguously deter-
mined by repeating the measurement for different pulse picking
factors.

The single-pass pulse picking scheme used in this study is
inefficient for reducing the repetition rate because most of the
original pulses are unused. In the future, we plan to perform pulse
picking in a femtosecond buildup cavity to avoid the loss of average
power [67,68]. Intracavity pulse picking will also serve as a narrow
spectral filter to efficiently suppress phase and amplitude noise at
frequencies greater than half the resonance width.
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