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We present a carrier-envelope phase (CEP)-stable Yb-doped
fiber laser system delivering 100 µJ few-cycle pulses at a
repetition rate of 100 kHz. The CEP stability of the system
when seeded by a carrier-envelope offset-locked oscillator is
360 mrad, as measured pulse-to-pulse with a stereographic
above-threshold ionization (stereo-ATI) phase meter. Slow
CEP fluctuations have been suppressed by implementing
a feedback loop from the phase meter to the pulse picking
acousto-optic modulator. To the best of our knowledge, this
is the highest CEP stability achieved to date with a fiber-
based, high-power few-cycle laser. © 2019 Optical Society of
America

https://doi.org/10.1364/OL.45.000097

The emerging field of strong-field and attosecond physics [1]
has resulted in a demand for lasers with high carrier-envelope
phase (CEP) stability. Besides, since many applications in
metrology [2], spectroscopy [3], microscopy [4], and physical
chemistry [5], to name a few, would strongly benefit from a high
photon flux (which ultimately improves the signal-to-noise ratio
and shortens the data acquisition time), and there is growing
interest in high average power, CEP-stable lasers.

State-of-the-art few-cycle laser systems based on titanium-
sapphire (Ti:Sa) regenerative amplifiers, [6–8] as well as optical
parametric chirped-pulse amplifiers (OPCPAs) [9,10], have
demonstrated a high CEP stability of around 300 mrad which,
in rare cases, has even reached the sub-100 mrad range [11–13].
However, the average-power scaling potential of such systems is
limited to a few tens of watts due to thermal effects [14,15].

In contrast, chirped pulse amplifiers (CPAs), based on
ytterbium-doped fibers (Yb:fiber) have demonstrated their
capability in scaling the average power of the emitted radiation
to the kilowatt-level and beyond [16] and the pulse energy to

the multi-millijoule range [17], but historically they have not
shown a high level of CEP stability [18,19]. For example, a
Yb-doped fiber laser-driven two-optical-cycle source delivering
more than 200 W of average power at a high repetition rate of
1.27 MHz has been demonstrated [20]. Therefore, if the CEP
stability is improved, high-power, high-repetition rate fiber
lasers will become an ideal source for many applications relying
on phase-stable few-cycle pulses. In this context, the question
is whether Yb:fiber laser systems are able to produce a highly
CEP-stable emission.

This question has been recently answered by the report of
a Yb:fiber laser delivering multi-microjoule, multi-10 MHz
repetition rate, 30 fs pulses (roughly nine optical cycles) with
a very high carrier-envelope offset (CEO) stability of 88 mrad
in the frequency range of 0.4 Hz to 400 kHz [21]. Results like
this clearly demonstrate the feasibility of achieving a good CEP
stability with low peak power fiber laser systems. In the same
vein, another very recent report [22] describes a Yb:fiber system
seeded by an optical parametric amplifier which delivers 30 µJ,
100 fs pulses (i.e., about 30 optical cycles) at 100 kHz repetition
rate with a CEP stability of 375 mrad.

In this Letter, we present a high-performance, sub-8 fs pulse
(2.2 cycles) Yb:fiber laser system delivering 100 µJ pulses at a
repetition rate of 100 kHz with a CEP stability of 360 mrad
which, to the best of our knowledge, is the highest reported to
date for this kind of systems. The noise properties of the system
are carefully characterized up to half of the pulse repetition rate
in a frequency range of 10 Hz to 50 kHz.

The reported system is based on a commercially available
Yb:fiber CPA followed by a hollow-core fiber (HCF) compres-
sion stage (Fig. 1). The setup is essentially a CEP stability test
bed for the ELI-ALPS HR1 and HR2 lasers [23], which are
targeting more than an order of magnitude higher pulse energy
and average power.
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Fig. 1. System description: AMP, amplifier; AOM, acousto-optic
modulator; CFBG, chirped fiber Bragg grating; CM, chirped mirror;
HWP, half-wave plate; MCP, micro-channel plate; PBS, polarizing
beam splitter; PD, photodetector; PH, pinhole; SLM, spatial light
modulator; W, wedge pair.

The CEO-stable seed source is a commercial Kerr-lens
mode-locked Yb:KGW oscillator, delivering 0.8 W of average
power at a pulse repetition rate of 63.7 MHz with an optical
bandwidth of 32 nm. About 10 mW of this output radiation
are coupled into a delivery fiber (PM980) for seeding the
fiber-based CPA system. The all-fiber front end of the system
employs polarization-maintaining components, which allow for
environmentally stable operation. The pulses are stretched to
approximately 700 ps by a chirped fiber Bragg grating. A spatial
light modulator (SLM)-based phase shaper is used to improve
the pulse quality at the CPA output.

The pulse repetition rate is reduced in the front end to
100 kHz by an acousto-optic modulator (AOM). At this point,
it is worth mentioning that any acousto-optic device in a trans-
verse configuration can change the frequency of the light going
through it due to the Doppler effect [24]. Such a frequency
change directly affects the CEO frequency. This effect can be
circumvented with synchronous picking [25] by controlling
the frequency of the Doppler shift. The basic idea is to drive the
AOM with a harmonic of the pulse repetition frequency. As a
result, the optical frequencies of the mode-locked comb lines are
shifted by an integer multiple of the pulse repetition frequency,
thus maintaining the original CEO frequency fceo [Fig. 2(a)].

The schematic of the synchronous AOM driver employed in
the system is shown in Fig. 2(b). Hereby, the pulse train from
the oscillator is detected by a fiber-coupled photodiode (PD),
and the 4th harmonic of the repetition rate ( frep) at 254 MHz is
then selected by a bandpass filter.

The filtered signal is amplified and fed to a limiter, which
stabilizes the output power against amplitude fluctuations of
the optical signal. Later on, a low-pass filter is used to remove

Fig. 2. Synchronous picking. (a) Principle: the RF carrier of the
AOM driver is a multiple of the pulse repetition rate, which preserves
the CEO frequency of the pulse train. (b) Setup: AMP, amplifier;
BPF, bandpass filter; LIM, limiter; LPF, low-pass filter; PA, RF power
amplifier; PD, photodiode; PM, phase modulator.

the harmonics that appear after the limiter. The generated RF
carrier is sent to a phase modulator to shift its phase, which
serves as an actuator for the CEP feedback. Subsequently, the
RF carrier is amplitude-modulated by a logical “window” signal
that corresponds to the desired pulse repetition rate ( f ′rep).
Finally, a high-power RF amplifier boosts the output power up
to approximately 3 W, which is necessary to drive the AOM.

In order to generate a CEP-stable pulse train, the picking
factor N should fulfill the equation N = fceo/ f ′rep ∈N. In other
words, the ratio of the CEO frequency fceo of the oscillator to
the new pulse repetition rate f ′rep should amount to a natural
number (N). With the repetition rate frep of 63.7 MHz and the
CEO lock frequency ( fceo) of frep/6, a picking factor of 636 was
selected, resulting in a pulse repetition rate at the CPA output of
100.2 kHz.

The two-stage power amplifier employs rod-type, large mode
area large-pitch fibers (LPFs) [26]. The output of the main
amplifier is sent to a compressor, which is based on dielectric
transmission gratings. The CPA delivers 240 fs, 300 µJ pulses.
These pulses are further compressed to 2.2 optical cycles in a
two-stage noble gas-filled HCF setup [27]. Both stages employ
capillaries with a length of 1 m and an inner diameter of 250µm.
The first stage is filled with argon at 4.5 bars and delivers 190
µJ pulses, which are compressed to 30 fs by chirped mirrors
with a total group delay dispersion (GDD) of −2100 fs2. The
capillary in the second stage is filled with neon at 14.5 bars,
which allows obtaining 7.6 fs pulses after a subsequent compres-
sion with 2 sets of chirped mirrors. One mirror pair produces a
total GDD of −54 fs2 to compensate for the dispersion of the
3 mm fused silica laser window, and the second pair has a total
GDD of −67 fs2. Finally, a pair of wedges was employed for
fine adjustment of the dispersion. The output spectrum of the
system is shown in Fig. 3(a). The good quality of the compressed
pulses is confirmed using both an interferometric autocorrelator
[Fig. 3(b)] and the D-Scan measurement [28] [Fig. 3(c)].

First, some sources of phase noise are evaluated to gain an
insight into the challenges and to provide an estimation of the
lower limit of CEP noise performance of the entire system.

The CEO stability of the oscillator, as well as of the CPA
system, was characterized out-of-loop with a fast, high dynamic
range f-to-2f interferometer [29]. As can be seen in Fig. 4, the
integrated phase noise of the oscillator amounts to 56 mrad in
the frequency range from 10 Hz to 21 MHz. The CEO noise
of the CPA operating at a pulse repetition rate of 63.7 MHz
shows an increased level of high-frequency noise and amounts
to 160 mrad, which is a very good result for a high-power laser
system.

It is important to note that the AOM was set to constantly
transmit the optical pulses, and an attenuation was imple-
mented to mimic the power levels corresponding to operation
at 100.2 kHz. The reduction of the pulse repetition rate in the

Fig. 3. Spectral and temporal characterization of the output pulses:
(a) optical spectrum, (b) interferometric autocorrelation function
(ACF), (c) pulse profile retrieved by the D-Scan measurement.
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front end of the CPA leads to aliasing of the noise spectrum
due to which the high-frequency components are folded onto
the lower frequencies. Hence, for a proper comparison, the full
information about the CEO noise in the bandwidth of frep/2
is necessary. Thus, by extrapolating the white noise in Fig. 4
up to 31.8 MHz, a total integrated CEO noise of the CPA of
180 mrad is expected.

Since pulse post-compression by means of nonlinear effects
demands a high amplitude stability, the conservation of the
noise performance cannot be taken for granted. The rea-
son is that the amplitude-to-phase noise coupling [30,31]
can quickly lead to noise penalties, even with small ampli-
tude fluctuations at the CPA output. To estimate the excess
phase noise induced by amplitude-to-phase noise coupling,
the spectral broadening factor due to self-phase modula-
tion for a Gaussian pulse can be calculated by the equation

1ωrms/1ω0 =

√
1+ (4/3

√
3)φ2

max, where 1ωrms is the rms
width of the broadened spectrum, 1ω0 is the rms width of
the original spectrum, and φmax is the maximum accumulated
nonlinear phase [32]. The rms spectrum width in our system
increases from 5.7 nm at the CPA output to 227 nm after the
post-compression stage, resulting in an estimated frequency
broadening factor of 45 and a maximum estimated phase shift
φmax of 51 rad.

This is a key difference to systems starting with shorter pulse
durations, such as those presented in Refs. [7,10], or systems
using lower compression factors [21,22], since they operate
at significantly lower values of the nonlinear phase shift in the
spectral broadening stage.

In fact, in the case of high pulse compression factors there
are stringent requirements to the amplitude noise of the CPA.
For example, in the fiber CPA system described in this Letter,
the relative intensity noise (RIN) amounts to 0.13% [Fig. 5(a)]
in the frequency range between 10 Hz and 50 kHz. Despite a
large spectral broadening factor, the peak excess phase noise
induced by coupling via nonlinearity in the HCF compres-
sion stage estimates at only 65 mrad due to a remarkably low
amplitude noise.

The estimated worst-case CEP performance of the system
taking into account the noise measured at the CPA and the
excess noise due to amplitude-to-phase coupling in the nonlin-
ear compression stage is 245 mrad. It is worth mentioning that
there are other noise sources that are not covered by that analysis,
e.g., due to operation of the CPA at higher pulse energies (lower
repetition rate) and ionization effects in the post-compression
stage.

The CEP noise at the output of the system is measured with
a stereographic above-threshold ionization (stereo-ATI) phase
meter, capable of single-shot measurement of the absolute phase
at repetition rates up to 400 kHz [10]. The pulse energy at the
input of the stereo-ATI device was reduced to 40–45 µJ by
clipping the beam with a pinhole.

Fig. 4. CEO noise characterization of the CPA and the oscillator
performed out-of-loop with an f-to-2f interferometer. The pulse
repetition rate for both measurements frep is 63.7 MHz, and the CEO
lock frequency fceo is 10.6 MHz.

Fig. 5. (a) Amplitude noise of the CPA. The peak at 1.8 kHz
and its harmonics are artifacts due to aliasing and were excluded
from the analysis. (b) CEP noise of the CPA (only the oscillator is
CEO-stabilized).

The measured CEP values are displayed in Fig. 6 as a func-
tion of time. The pulse-to-pulse phase fluctuations on a short
time scale are shown in Fig. 6(a), whereas a time trace recorded
over 10 s is represented as a two-dimensional histogram plot in
Fig. 6(b). These plots demonstrate a good short-term stability
and a relatively low drift rate of−0.23 rad/s. Figure 6(c) shows a
histogram of the CEP values over the 10 s trace, where the linear
drift mentioned before has been removed for a better representa-
tion of the results. The standard deviation of CEP over 1 million
samples is 400 mrad.

The power spectral density (PSD) plot of the CEP noise
of the system with only the oscillator CEO-locked is shown
in Fig. 5(b). The integrated CEP noise amounts to 360 mrad
in the frequency range of 10 Hz to 50 kHz. Only 40 mrad are
contributed within 10 Hz to 1 kHz and 40 mrad below 10 Hz
(not shown). The largest part is accumulated above 10 kHz due
to white noise. This corresponds well with the pulse-to-pulse
deviations observed in Fig. 6(a).

The characterization of the CEP noise up to the Nyquist
frequency is very important in the presence of white noise and
high-frequency contributions. This is only possible by employ-
ing single-shot measurement techniques without any averaging
of the results, since it would effectively reduce the integration
bandwidth and lead to a significant underestimation of the
measured noise.

The uncertainty of the measurement by the stereo-ATI phase
meter depends on the pulse duration and amplitude stability of
the pulse train. In our case, it is estimated at 140 mrad, based on
the method described in Ref. [33]. By subtracting the variances,
the best-case CEP stability of the system can be estimated to be
330 mrad, which is close to the performance of few-cycle Ti:Sa-
based systems [6–8].

Fig. 6. Evaluation of the CEP stability of the system measured
by the stereo-ATI phase meter when only the oscillator is CEO-
stabilized: (a) short-term trace over 150 µs, (b) density plot over
10 s, and (c) histogram plot [for best representation, the linear trend
of −0.23 rad/s observed in (b) has been removed]. The standard
deviation of the CEP is 400 mrad.
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Fig. 7. Density plot of the CEP noise time trace as measured by the
stereo-ATI phase meter: (a) when only the oscillator is stabilized and
(b) when the “slow loop” feedback is active. False colors: number of
counts.

In order to suppress the slow drifts of the carrier-envelope
phase due to, e.g., coupling and environmental fluctuations, a
feedback loop from the stereo-ATI phase meter to the RF phase
modulator in the synchronous picking setup was employed.
Figure 7 demonstrates, as a proof of principle, how the slow
phase drifts could be completely removed over 20 s. The sys-
tem maintained in a locked state for several minutes, limited
only by the dynamic range of the actuator (2π ). Extending the
operation time is possible, e.g., by employing an actuator with a
higher dynamic range.

To conclude, a compact and robust Yb:fiber laser system
delivering 100 µJ, 100 kHz, few-cycle pulses with a CEP sta-
bility of 360 mrad in the frequency range of 10 Hz–50 kHz
(measured pulse-to-pulse without averaging) is demonstrated.
To the best of our knowledge, this is the highest CEP stability
reported so far for this kind of systems. Our few-cycle Yb-doped
fiber CPA is followed by a HCF nonlinear compression stage,
which represents a highly performance-scalable concept. This
system offers CEP performance comparable to state-of-the-art
Ti:Sa and OPCPA systems. The high stability of the system is
achieved in spite of a large frequency broadening factor of 45
in the nonlinear compression stage by employing a CPA with a
low amplitude noise of 0.13% RIN (10 Hz–50 kHz). The inte-
grated CEP noise is dominated by broadband, high-frequency
noise, showing the importance of noise characterization up to
the Nyquist frequency. A feedback loop from the stereo-ATI
phase meter to the synchronous picking setup suppressing the
slow phase drifts has been demonstrated in a proof-of-principle
experiment.

The ongoing research is focused on reducing the white noise
content, together with a further optimization of the feedback
loop, targeting for an integrated rms noise in the range of
100 mrad. In the near future, it is planned to implement the
developed techniques at the ELI-ALPS HR1 and HR2 systems,
employing similar components and aiming at more than an
order of magnitude higher pulse energy at the same repetition
rate. Recently, multi-millijoule, < 10 fs pulses at 300 W of
average power delivered by the HR2 laser system have been
demonstrated [34].
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