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Abstract: In this work we demonstrate the development of a complete
analog feedback loop for the control of the carrier-envelope phase (CEP) of
a high-average power (20 W) laser operating at 10 kHz repetition rate. The
proposed method combines a detection scheme working on a single-shot
basis at the full-repetition-rate of the laser system with a fast actuator based
either on an acousto-optic or on an electro-optic crystal. The feedback loop
is used to correct the CEP fluctuations introduced by the amplification
process demonstrating a CEP residual noise of 320 mrad measured on
a single-shot basis. The comparison with a feedback loop operating at a
lower sampling rate indicates an improvement up to 45% in the residual
noise. The measurement of the CEP drift for different integration times
clearly evidences the importance of the single-shot characterization of the
residual CEP drift. The demonstrated scheme could be efficiently applied
for systems approaching the 100 kHz repetition rate regime.
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1. Introduction

The control of strong-field phenomena down to the attosecond regime relies on the genera-
tion and application of ultrashort intense laser pulses characterized by a well-defined and re-
producible wave-form, i.e. by a stable and controllable carrier-envelope-phase (CEP) [1]. Tai-
loring the electric field of few-cycle pulses allows one to steer the electronic motion inside
atoms and molecules with unprecedented temporal resolution thus offering control over dif-
ferent processes such as above threshold ionization [2], non-sequential double ionization [3],
and high-order harmonic generation [4]. The application of these sources for the investigation
of strong-field phenomena is triggering the development of high repetition rate lasers (from
few kHz up to the MHz range) with high energy per pulse (from hundreds ofµJ up to tens of
mJ) leading to high average powers (> 10 W) that challenge the possibility to control the CEP
through the entire amplification process. The control of the CEP in amplified laser systems is
usually based on the combination of two feedback loops operating on the oscillator and on the
amplifier(s), respectively, that compensate for the CEP drift, i.e. the variation of CEP between
two consecutive pulses. The train of pulses delivered by a mode-locked oscillator is charac-
terized by a constant CEP drift determined by the difference between the group and the phase
velocities in a round trip of the cavity. Intensity noise fluctuations induce variations of the CEP
drift due to the intensity-phase coupling inside the active medium of the oscillator [5]. The CEP
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variation between consecutive pulses delivered by the oscillator can be fixed making use of a
feedback loop based on a nonlinear interferometer, that measures the CEP drift, and either an
acousto-optic modulator or a piezo-stage that modulates the power of the pump laser [6] or tilts
an end mirror of the cavity [7], respectively. Recently, a new approach based on a frequency
shifter has been developed [8, 9].

The amplification process introduces additional CEP noise mainly due to mechanical insta-
bilities in the stretcher-compressor setup, beam pointing instabilities or power fluctuations of
the pump laser [10]. A second feedback loop is required for the compensation of this noise.
High repetition rate, high average power lasers call for large correction bandwidth of the CEP-
feedback loop that is limited either by the detection system or by the actuator. The CEP drift
at the output of the amplifier can be characterized using a visible-infrared spectrometer that ac-
quires the interference pattern generated by a spectrally broadened continuum and by its second
harmonic in a nonlinear interferometer (f-2f interferometer) [11, 12] after the final compression
stage. In this scheme the CEP drift is measured by applying a Fourier-based algorithm on the
interference pattern. Alternatively the interference pattern can be sampled using two photomul-
tipliers [13], a photodiodes array [14] or a single photodiode [15] replacing the visible-infrared
spectrometer thus ensuring a faster acquisition rate. Strong-field effects such as ATI have also
been used for single-shot CEP drift characterization of kHz-rate laser systems [16].

Several actuators acting only on the amplifiers have been proposed and experimentally
demonstrated to correct the CEP noise induced by the amplification process including the ad-
justment of the distance between gratings in the stretcher/compressor [17], the variation of the
amount of glass in the beam path by moving a glass wedge [18], or the modulation of the
pump-power of the oscillator [4]. In the first two cases, as massive moving mechanical parts
are included in the loop, the feedback bandwidth is limited to few Hertz; instead, in the last
case, as two feedback loops (one for the oscillator and one for the amplifier) are acting on the
same parameter, possible cross-talk might be unavoidable. Recently a new method, based on
the use of a programmable acousto-optic dispersive filter (Dazzler) [19] inserted into the beam
path, was proposed for the stabilization of the CEP of amplified pulses [20]. An electro-optic
modulator was also successfully implemented in the correction of the CEP drift introduced by
the amplification chain [21, 22]. The main advantage of these devices is the absence of moving
parts, that could allow feedback bandwidths up to few tens of kHz.

In this work we demonstrate a complete analog feedback loop for correcting the CEP drift
introduced by a high-average power amplifier by combining a fast single-shot detection system
and a fast actuator. In section 2 we present the experimental setup. In section 3 we compare the
results obtained for the in-loop measurements using different approaches and the data acquired
using an independent out-of-loop measurement of the CEP drift, discussing the importance of
a single-shot characterization of CEP noise for high repetition rate laser systems. Finally, in
section 4 we present our conclusions.

2. Experimental setup

The amplified laser system delivers ultrashort pulses (FWHM=25-30 fs) at 10 kHz repetition
rate with a pulse energy of 2 mJ after compression. The system is based on a commercially
available CEP-stabilized oscillator (Rainbow-Femtolasers) with a residual CEP standard devi-
ationσ = 90 mrad. The pulses are strechted by anÖffner triplet up to 360 ps; a programmable
acousto-optic modulator (Dazzler) is placed after the stretcher to control the high-order phase
dispersion terms. The pulses are then injected into a regenerative amplifier with an output power
of about 1.2 W. A second acousto-optic modulator (Mazzler) [23] is inserted in the cavity for
shaping and broadening of the amplified spectrum. At the output of the regenerative amplifier,
a first water-cooled 4-pass pre-amplifier and a second 4-pass amplifier boost the energy up to
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4.5 W and 29 W, respectively. The latter amplification stage is based on a cryo-cooled (-180◦ C)
crystal mounted in a vacuum chamber; at this low temperature the thermal lens introduced by
the pump-laser is on the order of few meters and can be easily corrected. The pulses are fi-
nally injected in a grating-compressor with a throughput of about 70% for an output power of
20 W. The pulse duration was characterized using the second harmonic frequency-resolved
optical gating technique. For the experiment, a small fraction (fewµJ) of the compressed
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Fig. 1. Experimental setup. WL: white light; SHG : second harmonic generation crystal;
Pol: polarizer; PMT: photomultiplier; PID: proportional-integrative-derivative.

pulses is directed to a f-2f nonlinear interferometer (see Fig. 1), similar to the setups shown
in refs. [11, 12, 13]. The pulses are focused in a 2-mm-thick sapphire plate for the generation
of white-light (WL), corresponding to the signal at frequency f, which is collimated and then
focused by two 100-mm focal length spherical mirrors in a 500-µm-thick BBO crystal cut for
second harmonic generation at 1064 nm. The infrared part of the WL is frequency doubled lead-
ing to a new component (2f signal) around 500 nm with perpendicular polarization with respect
to the initial WL. The lens placed after the second harmonic crystal focuses the diverging beam
in correspondence of the slit position. A polarizer projects the polarization of the two pulses
along the same direction and a 50 % broadband beamsplitter separates the signals in two parts:
the first one is focused in a spectrometer coupled with a line scan kHz camera that measures the
spectral interference pattern between the f and the 2f components. The position of the fringes
is directly related to the CEP of the laser pulse at the input of the f-2f interferometer. The line
scan camera and acquisition software allows single-shot acquisition up to a sampling rate (i.e.
the maximum frequency at which single-shot data can be acquired) of 180 Hz. It is important
to point out that a single laser pulse is sufficient to determine the CEP, avoiding average over
consecutive pulses that might wash out fast CEP variations. The sampling rate of the system
drops to 100 Hz when the acquisition software is also used to feedback the laser system to
stabilize the CEP; it is mainly limited by the time required by the algorithm to retrieve the CEP
drift ∆ϕ that determines the error signal∆ε, and by the communication with the control card
which sends the correction voltage to the proportional-integrative-derivative (PID) device.
The second part of the radiation is diffracted by a grating, that spatially resolves the spec-
tral fringes along the direction indicated with x in Fig. 1. We have verified that the fact that
a non-collimated beam is diffracted by the grating does not appreciably deteriorate the spatial
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dispersion of the different spectral components at the slit position. A single fringe is selected by
a slit, separated in two parts by the apex of a prism, and sent to two photomultipliers (PMTs)
that integrate the signal over two ranges(x1,x2) and (x3,x4). Then, on a single-shot basis,
the outputs of the PMTs are analogically integrated and subtracted, providing∆S= S2 −S1

and the signal error∆ε. For a symmetric alignment of the prism with respect to the slit (i.e.
x4−x3 = x2−x1 = ∆x andx2 = x3), it is possible to demonstrate analytically that the difference
signal depends on the CEP,ϕ , according to the relation:

∆S(ϕ) ∝
1
α

sin2(α∆x/2)sin(αx1+ϕ) (1)

whereα is determined by the grating dispersion and by the distance between the grating and the
detectors. Calculations simulating this detection scheme show that a misalignment up to 20%
of the slit from the symmetric configuration introduces a negligible error in the estimation of
the CEP. Experimentally, we took care that the slit misalignment from symmetric configuration
was less than 10%.

The error signals∆ε, delivered either by the kHz camera or by the PMTs detection system,
is sent to a PID controller whose output drives either the Dazzler or an electro-optic (EO)
crystal (LiNbO3) [21] introduced between the stretcher and the regenerative amplifier. In the
first case, the voltage applied to the analog input of the board driving the Dazzler selects
a suitable acoustic wave that is sent to the acousto-optics for the correction of the CEP
variation. In the second case, the signal drives a voltage amplifier connected to the EO crystal
modulating the refraction index experienced by the laser pulses. The two systems allow to
pre-compensate for the CEP drift measured at the output of the system. It is important to
point out that in the case of the PMTs-based feedback the complete analog manipulation
of the signal and the absence of any Fourier-based algorithm for the retrieval of the CEP
drift make the scheme scalable to laser repetition rates up to a few hundreds of kHz. As
stated in the introduction, the combination of a fast CEP detector (already exploited in
refs. [13, 15]) with fast actuators, like the Dazzler and the EO crystal, should allow for
a larger correction bandwidth of CEP noise, while avoiding cross-talk issues that might
occur when the feedback loops compensating for the noise introduced by the amplifier
and by the oscillator operate on the same actuator [13, 15]. The combination of the two
detection and analysis systems allows one to compare the performances of the feedbacks
based on the kHz camera and on the PMTs acquisition devices. Great care was paid in mini-
mizing air vibrations and mechanical instabilities occurring between the two detection systems.

3. Experimental results

The single-shot CEP drift measured by the kHz camera using the feedback loops based on the
PMTs and kHz camera acquisition systems are shown in Fig. 2. The CEP noise introduced
by the amplification process is controlled using either the Dazzler (Fig. 2(a),2(b)) or the EO
crystal (Fig. 2(c),2(d)). When using the kHz camera to feedback the Dazzler or the EO crystal
(Fig. 2(b),2(d)), the sampling rate is reduced to 100 Hz, due to the software processing time; a
higher sampling rate (180 Hz) can be achieved when the kHz camera only detects the single-
shot CEP variations (Fig. 2(a),2(c)). The measured CEP standard deviationsσ using the PMTs-
based feedback are 330 mrad for the Dazzler and 320 mrad for the EO crystal, indicating an
improvement of 26% and 42% with respect to values of 450 mrad (Dazzler) and 560 mrad (EO
crystal), respectively, measured using the kHz camera-based feedback. It is worth to remark that
these values are based on single-shot measurements, thus ensuring a meaningful comparison
between data acquired with different detection systems and actuators.
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Fig. 2. Single-shot CEP variation measured by the kHz camera at an acquisition rate of
180 Hz (a,c) and 100 Hz(b,d). The feedback signal correcting the noise introduced by the
amplifier system was provided by the PMTs (a,c) or the kHz camera (b,d) detection systems
acting on the Dazzler (a,b) and on the EO crystal(c,d).

The improvement can be understood by comparing the power spectral densities (PSDs) of
the CEP noise shown in Fig. 2(a),2(b) (see black curves of Fig. 3(a),3(b)). The PSDs without
feedback on the amplifier (but with the fast feedback loop operating on the oscillator) are also
shown for comparison (red curves). The kHz camera feedback allows one to efficiently reduce
CEP noise up to a frequency of about 10 Hz, confirming the results presented in ref. [22].
Higher frequency components are not affected by the feedback loop due to the limited sampling
rate of the error signal∆ε. The PMTs feedback, on the other hand, shows a clear reduction
of the CEP noise up to the limit of 90 Hz, imposed by the sampling rate of 180 Hz of the
digital measurement. The phase noise integrated over the frequency range (blue-dashed curves)
confirm that the PMTs based feedback allows for a better control of the CEP with respect to
the kHz camera system. The PSDs for the EO crystal-based feedback loop present a similar
behaviour (not shown). The analog feedback loop allows one to achieve comparable final CEP
stability using either the Dazzler or the EO crystal.

In order to verify that the PMTs feedback loop allows for correction of even higher frequency
components, we recorded the PMTs error signal during the stabilization feedback based on the
PMTs and the Dazzler. The oscilloscope resolution allows for a single-shot acquisition at the
full repetition rate of the laser. In Fig. 3(c) the PSD of the analog signal with (black curve)
and without feedback loop (red curve) is presented. We show the PSDs in the frequency range
between 0.1 Hz up and 5 kHz, evidencing that the correction of the analog loop is effective over
a large frequency range up to frequencies as high as 1 kHz.

We also performed an out-of-loop measurement of the CEP drift using a second indepen-
dent nonlinear interferometer (not shown in Fig. 1). A small fraction of the compressed pulse
was used to generate the f-2f interference pattern that was measured by a visible-infrared spec-
trometer connected to a software for the retrieval of the CEP. The CEP was stabilized using
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Fig. 3. Power spectral density (left axis) measured by the kHz camera with (black curves)
and without (red curves) feedback loop operating on the amplifier. The error signal was
provided to the Dazzler by the kHz camera (a) or by the PMTs detection system (b). The
integrated phase noise (dashed blue curve ; right axis) as a function of frequency. (c) Power
spectral density measured by an oscilloscope sampling the error signal∆ε with (black
curve) without (red curve) feedback on the amplifier. The feedback loop was provided to
the Dazzler by the PMTs detection system.

the PMTs and the kHz camera connected to the Dazzler. In this case the CEP standard devi-
ation measured by the spectrometer integrating over 10 pulses were 385 mrad and 440 mrad,
respectively. The improved stability by the fast analog feedback reduces to about 14%, due to
additional noises that we attribute to the different conditions for the WL generation in the two
independent interferometers. In spite of this, the out-of-loop measurements definitely confirm
the improved CEP stability using the PMTs feedback.

The importance of a fast feedback loop based on a single-shot CEP detection can be fully
understood by analyzing the CEP variations for different integration times of the acquisition
system as reported in Fig. 4. The CEP was stabilized using the PMTs-based feedback and the
data were acquired using the kHz camera for increasing integration times corresponding to
an average over N laser shots. It is evident that even integration over few shots determines
a remarkable reduction of the measured CEP drift with respect to the single-shot value. In
particular, averaging over a large number of shots (>20 in our experimental conditions) leads to
a CEP standard deviation that is independent on the number of laser pulses. In these conditions
it is not possible to draw any conclusion about the residual CEP noise drift, indicating that
a single-shot high repetition rate acquisition system is of primary importance for a reliable
characterization of the CEP noise. We also numerically evaluated the expected CEP standard
deviation after averaging over N shots. We considered a train of pulses characterized by CEP
values with zero average and standard deviation of 320 mrad, corresponding to the single-shot
CEP fluctuation measured experimentally. To account for the long-term fluctuation of the laser,
the CEPs of the closest consecutive pulses are also weakly correlated. For all choices of N,
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the average CEP has zero mean; the standard deviation, on the contrary, strongly depends on
N, as evidenced by the red curve of Fig. 4. This simple model is in well agreement with the
experimental data, and confirms that for large numbers of N the fluctuations of the averaged
CEP are well below its jitter recorded with single-shot detection.
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Fig. 4. Effect of the integration time on the shot-to-shot CEP standard deviation for the
Dazzler analog feedback (open circle) and EO crystal analog feedback (full triangle). The
solid curve indicates the expected standard deviation evolution as a function of the number
of shots N, assuming a single-shot standard deviation of 320 mrad.

4. Conclusions

We have demonstrated a novel, complete analog feedback loop for CEP drift stabilization of a
high average power amplifier operating on a single-shot basis at the full repetition rate the laser
system (10 kHz). The feedback is based on a fast acquisition detection setup in combination
with either an acousto-optic or an electro-optic crystal. The absence of moving parts allows
one to correct frequency noise up to 1 kHz leading to CEP residual noise of 320 mrad. The
demonstrated method should be scalable to systems operating at repetition rates up to few
hundreds of kHz. Out-of-loop measurements confirm the improvement of the CEP stability.
Further measurements exploiting extreme nonlinear effects such as above-threshold ionization
and high-order harmonic generation driven by few-cycle pulses will be performed in order to
investigate the additional CEP noise introduced by the nonlinear techniques (hollow fiber or
filamentation) used for the compression of ultrashort pulses.
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