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Abstract: We report about a setup for carrier-envelope phase (CEP) control and stabilization in
passive systems based on difference frequency generation (DFG). The principle of this approach
relies on the amplitude to phase modulation transfer in the white-light generation process. A
small modulation of the pump laser intensity is used to obtain a DFG output modulated in CEP.
This technique is demonstrated in a CEP-stable system pumped by an Yb-doped fiber amplifier. It
is first characterized by measuring CEP modulations produced by applying arbitrary waveforms.
The CEP actuator is then used for slow drifts correction in a feedback loop. The results show the
capability of this simple approach for OPA/OPCPA CEP-stabilized setups.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Carrier-envelope phase (CEP) stabilization is an essential feature allowing access to complete
control over the electric field generated by femtosecond lasers. This control opens a wide range
of applications going from frequency combs applications [1], such as spectroscopy [2], to strong-
field physics using few-cycle pulses [3,4]. A CEP-stable femtosecond laser source is, indeed,
required to obtain isolated attosecond pulses via the high-harmonic generation phenomenon [5].

Several approaches have been proposed for the stabilization and control of the CEP of oscillators
[6,7] and amplifiers [8]. These approaches can be divided into active and passive stabilization
whether an electronic feedback loop is used or not to lock the CEP.

Active stabilization has been used both for oscillators and amplifiers stabilization setups.
For oscillators, the carrier envelope offset frequency (fCEO) is detected at the oscillator output
and a feedback loop acting on a CEP active element inside or outside the cavity achieves the
stabilization [9]. A commonly and widely used approach is to detect fCEO at the oscillator
output and modulate the pump laser intensity to stabilize it [10]. Another technique denoted
as feed-forward stabilization [6] consists in using the -1 diffraction order of an Acousto-Optic
Frequency Shifter (AOFS) driven at the measured fCEO at the oscillator cavity output. Using this
technique, CEP fluctuations lower than 30 mrad over 24 hours have been reported by Luecking et
al. [11]. Long-term CEP stabilization is, however, difficult using only the feed-forward approach,
because of fCEO drifting out of the AOFS bandwidth. Recently, a hybrid approach combining the
feed-forward technique and a slow feedback loop has been proposed to overcome this limitation
[12].

Active CEP-stable amplified setups are realized starting with a CEP-stable oscillator and using
a feedback loop to correct the CEP fluctuations acquired along the amplification chain. The CEP
fluctuations are measured at the laser system output and corrected using a CEP actuator. For
example, an electro-optic modulator can be used [13,14]. The complexity and cost of an all
active stabilization approach is a main drawback for these CEP-stable systems.
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On the other hand, passive CEP stabilization is an all-optical approach based on the difference
frequency generation (DFG) [15,16] process. The fCEO is to set to zero by performing DFG
between two pulses carrying the same CEP. The main advantage in this case is to avoid any
feedback and locking electronics, simplifying the setup and reducing system costs. For oscillators,
a non CEP-stable oscillator is spectrally broadened in a photonic crystal fiber to produce an
octave spanning spectrum and DFG is performed between two parts of the spectrum to obtain
a CEP-stable signal [17]. Passive stabilization can also be applied to amplified pulses, in
Optical Parametric Amplifier (OPA) and Optical Parametric Chirped Pulse Amplifier (OPCPA)
architectures. Also in these cases, the oscillator is not required to be CEP-stable [18,19]. The
DFG can be realized in the last OPA stage [20] or at an intermediate amplification stage and the
CEP-stable signal is amplified through successive stages [21]. For reliable CEP-stable sources,
an active stabilization loop must be added even in passive stabilization architectures to ensure an
application-ready setup. Indeed, CEP-stable OP(CP)A systems often require an active slow-loop
CEP correction for compensating the interferometric (thermal, acoustic) drifts of the setup. As
the power and energy of these sources is continuously increasing [22–25], the impact of these
fluctuations tends to increase as well. To this end, another active element is usually inserted in
the laser chain to act on the CEP in the slow-loop. For instance, an Acousto-Optic Programmable
Dispersive Filter (AOPDF, Dazzler, Fastlite) is used by Budriunas et al. [21] for this purpose but
comes at the expense of increased system complexity and additional losses.

Moreover, it is commonly required for the applications to change and modulate the CEP. For
all-actively stabilized setups, this is obtained by using the stabilization electronics. In passively
stabilized systems, a new element must be added for this purpose, such as a motorized pair of
wedges [26]. The added active element must be carefully chosen given the required bandwidth of
the CEP modulation.

In this article, we present a simple way to control the CEP in passively stabilized sources. The
technique exploits the white light generation (WLG) process, already present in DFG schemes,
and only requires to modulate the pump laser intensity, which is a possibility often included in
commercial laser sources. We describe the concept and demonstrate it experimentally. We first
use it to control and modulate the CEP at the system output. In a second step, the technique is
used in a feedback loop to correct slow CEP fluctuations in an OPA. The proposed actuator results
in a lossless, simple active element to be used for CEP slow-loop feedback drift compensation in
OPA/OPCPA setups.

2. Principle

The principle of the proposed CEP actuator relies on the amplitude to phase coupling occurring
in the WLG process. This phenomenon has been studied in details by Baltuska et al. [27]. It
is possible to find a WLG condition such that the pump laser intensity modulation is linearly
transferred to phase on the WLG output. The WLG process is used in the OPA/DFG based
passive CEP stabilization to generate the signal. Let us consider the principle depicted in Fig. 1.
If two pulses originating from the same pulse train are used in a DFG process, it results in an
inherently stable CEP output because the phase terms φCEP cancel out. In a more realistic model,
the WLG process, as well as all differential phases accumulated between the separation of both
pulses and the DFG, have to be included. As shown in Fig. 1, modifying the WLG-induced phase
results in a signal carrying a new phase term φCEP,WLG.

If the pump laser intensity is modulated, the DFG output is modulated in CEP because of the
WLG dependent added phase term. Let us, for example, consider a sinusoidal modulation with
amplitude σI/2 , as shown in Fig. 2. The DFG output is modulated sinusoidally in CEP with an
amplitude of α ∗ σI. The parameter α is dependent on the WLG conditions. Carefully choosing
the WLG conditions, a CEP modulation over 2π at the DFG output is obtained with a pump
intensity variation of a few percent. The DFG output can be highly modulated in CEP while
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Fig. 1. CEP actuator principle. DFG scheme where a WLG process is involved for the
signal generation.

maintaining small enough intensity fluctuations for the system application. Moreover, the output
intensity fluctuations are often further reduced in the case of subsequent saturated amplification
or nonlinear conversion stages [28]. For instance, this applies when the DFG is the first of several
amplification stages in an OPCPA source.

Fig. 2. Principle scheme for the intensity to CEP modulation coupling in the WLG process.

3. Experimental setup

The experimental setup is depicted in Fig. 3, and is similar to part of the system described in [14].
It is a passively CEP-stable high repetition rate laser system including the proposed actuator. It
starts with a commercial Yb-doped laser delivering 40 µJ, 300 fs pulses at 100 kHz (Satsuma,
Amplitude), with a typical relative intensity noise of 0.5%. This laser source is used to pump a
white light-seeded OPA. The laser is frequency doubled to obtain a 515 nm central wavelength.
A fraction of the energy is used to generate a signal centered at 690 nm via the WLG process.
The OPA output idler is emitted at 2060 nm and is inherently CEP-stable. It is frequency-doubled
in order to obtain a CEP-stable signal centered at 1030 nm. This choice is due to an easier
availability of characterization tools at 1030 nm with respect to 2060 nm. The CEP stability
measurement is realized using an inline f-2f interferometer [29]. The f-2f is composed of a 3
mm-thick YAG crystal to generate the octave spanning spectrum and a 1 mm-thick BBO for
frequency-doubling. A polarizer cube is used to maximize the fringe contrast, projecting the
two interfering beams on the same polarization axis. The obtained CEP-dependent fringes are
detected at the output of the f-2f interferometer using a commercial fast CEP detector (Fringeezz,
Fastlite) allowing to measure single shot CEP values at 100 kHz repetition rate with 10 kHz
maximum sampling rate. A spectrometer is used as an alternative method for measuring the
CEP. The CEP actuator is first characterized in terms of its ability to modulate the CEP. The
pump intensity modulation is obtained by operating on the transmittance of an Acousto-Optic
Modulator (AOM) included at the output of the pump laser, before the compressor unit. This
element is standard in most of commercially available industrial-grade pump laser. A waveform
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generator is used to apply different signals to the AOM, and assess how this is translated to the
output CEP. In a second step this method is used in a CEP feedback loop using the Fringeezz
obtained error signal, and a commercial PID unit connected to the AOM transmittance efficiency.

Fig. 3. Experimental setup. AOM= Acousto-Optic Modulator; SHG=Second Har-
monic Generation; WLG=White-Light Generation; P=Polarizer cube; PID= Proportional-
Integrative-Derivative controller.

4. Optimal WLG operating point

The crucial point of the proposed approach is to operate the WLG in conditions that result in
a linear transfer between the pump laser intensity and the output CEP. This condition is met
when a stable filament is obtained in the crystal used for the WLG. Studying the amplitude noise
[30] transfer through the WLG process allows to determine unambiguously the stable filament
condition. For this scope, the RMS pulse-to-pulse stability of the WLG signal is measured using
a 10 nm bandpass filter centered at 690 nm, a fast photodiode and an oscilloscope. 10,000 pulses
are acquired for each stability measurement. The pulse-to-pulse stability with respect to the
energy used for the WLG is reported in blue in Fig. 4. No modulation is applied on the AOM at
the pump laser output. The measured pulse stability at the WLG output depends only on the
pump laser amplitude noise and on the WLG conditions. For energies ranging between 520 nJ
and 560 nJ, the measured pulse-to-pulse variation is minimum with a stability of 1.2% rms. This
range corresponds to the stable filament condition. The DFG output pulse-to-pulse stability is
measured and plotted in red in Fig. 4 to complete the system analysis. For the DFG output, the
best stability conditions are found between 525 nJ and 550 nJ WLG input energy, with a recorded
stability of 0.5% rms. Both WLG signal and DFG output must have the highest pulse-to-pulse
stability for optimum CEP actuator operation. The grey-shaded area in Fig. 4 outlines the optimal
operating zone, ensuring linearity of the amplitude to phase coupling in the WLG process and to
the DFG output [27].

The CEP at the output of the system is measured using an f-2f interferometer, that also
involves a WLG process. Intensity-to-phase coupling is unavoidable in the f-2f WLG process, so
that input intensity fluctuations are coupled to the measured CEP values [31]. The measured
CEP value in the free-running case is therefore both affected by the “true" CEP resulting from
intensity-to-phase coupling in the DFG stage and by intensity-to-phase coupling in the f-2f
interferometer. In the presented setup, the DFG process is saturated, so that the intensity variations
of the CEP-stable idler are reduced by 40% with respect to the pump laser. The intensity-to-phase
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Fig. 4. Pulse-to-pulse stability with respect to the WLG input energy. (Blue) WLG
pulse-to-pulse stability, (red) DFG output pulse-to-pulse stability.

coupling induced by the WLG process in the f-2f interferometer is therefore lower than the one
observed in the DFG stage WLG. More generally, high energy CEP-stable systems will necessarily
require the implementation of further amplification stages, which leads to stronger saturation
and further reduced intensity fluctuations. This will decrease the impact of intensity fluctuations
induced by the actuator on the CEP value measured by the f-2f device. Ultimately, the specific
intensity-to-phase coupling coefficient of the implemented f-2f interferometer could be calibrated
and subtracted from the f-2f measured value by performing simultaneous energy measurement,
as suggested in [32,33]. This coupling coefficient depends on the specific parameters of the WLG
and the f-2f interferometer, such as the focusing conditions inside the WLG material.

5. Results

5.1. CEP actuator

The CEP actuator is characterized by measuring the CEP at the output of the passively stabilized
system. We apply a modulation on the AOM transmission efficiency. Three different signals are
applied. First, we use a sine wave at 50 Hz with an amplitude corresponding to 1.2% peak-to-peak
of the laser power. Second, we apply a sinusoidal signal at 25 Hz with an amplitude corresponding
to 4.6% peak-to-peak of the laser power. Third, we apply a triangle-shaped signal with the same
frequency and amplitude as in the first case. We measure the CEP values at the output of the
passively stabilized system. We use the spectrometer with an integration time of 1 ms and a
sampling rate of 3 ms over a 0.15 s measurement time. In Fig. 5 (left) the measured fringe patterns
for the three cases are reported. It is clear that the applied pump laser intensity modulations
are measured as CEP modulations on the passively-stabilized output. In Fig. 5 (right) the CEP
variations are retrieved using a Fourier Transform Spectral Interferometer (FTSI) algorithm [34].
In case (a) of Fig. 5, the relative power to CEP transfer coefficient has a value of 1.3 rad/%
corresponding to a CEP modulation amplitude of 1.6 rad peak-to-peak. The linearity of the CEP
actuator is tested in case (b). The applied sinusoidal signal has a peak-to-peak amplitude about
4 times that of case (a). The measured CEP amplitude is 6 rad peak-to-peak, which confirms
the linearity of the transfer. The actuator operation bandwidth is also characterized applying
a sinusoidal waveform at different frequencies spanning from 1 Hz up to 10 kHz. Linear and
constant transfer of the pump laser intensity modulation to the CEP output is measured for all
applied frequencies.
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Fig. 5. Left: spectrometer acquired fringe patterns over 0.15s. Right: Extracted CEP as a
function of time via a FTSI algorithm.

5.2. CEP feedback loop

The CEP actuator is now tested in a feedback loop scheme to correct the slow CEP fluctuations
at the output of the passively stabilized system. The feedback loop is composed of the CEP
detection (f-2f and Fringeezz), a commercial PID unit, and the proposed actuator. The detector
integration time is 10 µs, at a sampling rate of 10 kHz.

In Fig. 6(a), the measured CEP is displayed over 7.4 s, with the feedback loop being tuned on
at 4.3 s. In Fig. 6(b)(top) the CEP noise power spectral density is plotted over [0.1 Hz; 5 kHz] for
the feedback off case (blue line) and the feedback on case (red line). The integrated CEP noise
is shown on the bottom of Fig. 6(b). The integrated CEP noise over the measured bandwidth
is reduced from 900 mrad to 300 mrad when the feedback loop is activated. The CEP noise in
the low frequency range is efficiently suppressed by the feedback. The correction bandwidth is
limited to 5 kHz by the detector sampling rate and can be improved using a faster detector.

The long-term action of the feedback loop is measured to complete the system analysis. In
Fig. 7, the CEP fluctuations over more than 50 minutes are reported. The measured CEP noise is
380 mrad. This result confirms the reliability of the method on the long-term time scale.
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Fig. 6. (a) CEP fluctuations measurement without and with feedback loop. (b) (Top) Power
Spectral Density (PSD) and (Bottom) integrated phase noise for CEP fluctuations with
feedback loop on (red plot) and off (blue).

Fig. 7. CEP fluctuations measurement over 52 minutes.
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6. Conclusions

We propose a CEP actuator for passively stabilized source architectures. It is based on the use
of the WLG process and the associated amplitude to phase coupling. Modulating the pump
laser intensity allows to act on the CEP. A method to optimize the operation conditions of the
WLG, required to implement the method efficiently, is reported. An experimental demonstration
of the idea is realized using an AOM at the output of the Yb-doped fiber amplifier that pumps
a DFG-based CEP-stable source. The actuator is characterized by modulating the pump laser
intensity with different waveforms, showing the linearity of the amplitude to CEP transfer.
The CEP actuator is then used in a feedback loop to correct fluctuations of the passive CEP
stabilization scheme. The results show efficient attenuation of the CEP noise up to 5 kHz, limited
by the detection sampling rate. The proposed CEP actuator relies on a very simple and easily
applicable concept. It can be used for a large number of purposes. The modulation of the WLG
pump laser intensity can be realized using different active elements such as a Pockels cell or
a liquid crystal modulator instead of the AOM. We believe that the demonstrated scheme is a
perfect fit for amplified passively-stabilized sources such as high energy and high power OPCPA
CEP-stable laser systems.
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