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The feed-forward technique has recently revolutionized carrier-envelope phase (CEP) stabilization, enabling unpre-
cedented values of residual phase jitter. Nevertheless, its demonstrations have hitherto remained in a proof-of-
principle state. Here we show that pulse quality and power issues can be solved, leading to few-cycle pulses with
good beam quality. Making use of stable interferometers, we achieve day-long CEP-stable operation of the setup.
Out-of-loop RMS phase noise amounts to less than 30 mrad in 20 s, with more than 24 h of CEP-locked operation
being demonstrated. © 2012 Optical Society of America
OCIS codes: 320.7160, 140.7090, 320.7090.

When Ti:sapphire laser pulses reached the few-cycle bar-
rier, the significance of the carrier-envelope phase (CEP)
was realized for the first time [1]. Ever since, the rapid
progress in attosecond science and frequency metrology
has been steadily increasing the requirements on CEP
stabilization. As long as suitable sources for attosecond
and high-field experiments remain limited to kilohertz
repetition rates, two factors are crucial to successful
measurements. First, the precision of the CEP control de-
termines the reproducibility of shot-to-shot experiments,
e.g., the spectral and temporal shape of the attosecond
extreme ultraviolet pulses generated in a gas target. A
second, often underestimated, aspect is the long-term
stability of a CEP lock. Many experiments in attosecond
physics demand long integration times and tolerate no
drop outs over hours or days of operation.
The conventional approach to CEP stabilization [2,3] is

to lock the carrier-envelope offset (CEO) frequency f CE
of the oscillator to the nth fraction of the repetition rate
f rep, such that the pulse-to-pulse phase slip

ΔΦ � 2π
f rep

f CE (1)

results in every nth pulse being identical. By changing the
nonlinear phase gathered by the pulse during each round
trip, f CE can be controlled. The pump power is usually
chosen as the control variable, mediating nonlinear
phase changes via the intracavity pulse intensity. Such
a phase-locked loop (PLL) relies on deriving a phase dif-
ference ϕ between n−1f rep and f CE and mapping it to a
control voltage with limited range Up, therefore fixing
the product of sensitivity dU∕dϕ and input error range
U�ϕmax� � Up. In other words, high stabilization perfor-
mance makes the loop prone to drop outs even at weak
perturbations, whereas a reliable lock compromises pre-
cision. Another limitation of the conventional scheme
arises in experiments demanding a train of identical
pulses at the full oscillator repetition rate, i.e., f CE � 0
[4,5]. The PLL relies on heterodyning, thus requiring the
involved frequencies to be nonzero. This limitation can

be circumvented [6], but the modified scheme requires an
interferometer with non-common paths, thereby introdu-
cing additional noise. With respect to the current power
scaling trends in laser development [7,8], another pro-
blem arises. Since the conventional scheme uses intra-
cavity nonlinearities, it requires the use of soliton mode
locking. In addition, the pump source must provide both
excellent power stability and modulation capability well
above acoustic frequencies. Current power scaling con-
cepts conflict with either or both of these prerequisites.

The feed-forward method [9] provides a solution to
these issues. A frequency comb at arbitrary offset fre-
quency is produced by subtracting f CE from the free-
running mode-locked laser in an acousto-optic frequency
shifter (AOFS). As a cavity-external approach, it decou-
ples generation of the pulse train from stabilization. Since
no PLL is involved, the control is inherently robust. The
bandwidth is determined primarily by the traveling time
of the acoustic wave to the interaction region with the
light. The initial demonstration of the feed-forward tech-
nique set a new benchmark [9]. 45 mrad residual f CE
phase jitter (0.2 Hz to 2.5 MHz) were achieved. However,
the usability of the stabilized output was hampered by
uncompensated angular chirp and the dispersion of
the employed materials, even in a more recent publica-
tion [10]. The use of a photonic crystal fiber also limited
the available power in the stabilized output to about
20 mW. To make a feed-forward stabilized laser usable
for amplifier seeding or direct use in CEP-sensitive ex-
periments at the full repetition rate, the issues of power,
pulse duration, and beam quality have to be addressed.

Our setup is depicted in Fig. 1. A Ti:sapphire oscillator
(FEMTOSOURCE rainbow, Femtolasers GmbH) serves
as a source, delivering 575 mW of average power in
<7 fs pulses at a repetition rate of 77 MHz. The CEO fre-
quency of the free-running laser is measured in a mono-
lithic in-loop (IL) interferometer [11], providing the signal
f CE;IL with a 35 dB signal-to-noise ratio (resolution band-
width 100 kHz). This type of interferometer minimizes
the influence of external noise sources because it is free
of non-common paths and requires no delay line. Both
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broadening to an optical octave by self-phase modulation
and frequency mixing happen in the focus inside a per-
iodically poled lithium niobate crystal and thus are nar-
rowly confined in space and time. f CE;IL is low-pass
filtered and amplified before being mixed with a fixed-
frequency signal from an RF generator (f RF) to reach the
AOFS driving band (f AOFS) of 85� 1 MHz, i.e.,

f CE;IL � f RF � f AOFS: (2)

Note that setting f RF to an integer multiple of the repeti-
tion rate results in zero CEP slip while obviating the need
for an RF source [Eq. (1)].
A pair of chirped mirrors is used to precompensate the

material dispersion of the setup. The pulses are weakly
focused into the AOFS, which is placed at Bragg’s angle
for the −1st diffraction order. In addition to the frequency
downshift, the transient grating induced by the acoustic
wave imprints a linear angular chirp that translates to
spatial chirp at the point of recollimation. We correct the
angular dependence by placing a BK7 prism (18° apex
angle) directly behind the AOFS output facet. The prism
is oriented such that the residual spatial chirp is mini-
mized, which was verified by scanning the input facet of
a fiber-coupled spectrometer over the collimated far-field
beam profile. A diffraction efficiency of more than 75% is
achieved, corresponding to 175 mW of average power in
the −1st diffraction order. At this point, a pulse duration
of 9.8 fs was measured by interferometric second-order
autocorrelation.
These frequency-shifted pulses constitute a pulse train

with arbitrary CEO frequency, as the frequency of every
comb line was reduced by f AOFS [Eq. (2)]:

f CE;OOL � f CE;IL − f AOFS (3)

� f CE;IL − �f CE;IL � f RF� (4)

� −f RF; (5)

with f CE;OOL being the result of an out-of-loop (OOL) mea-
surement. This step is performed in a second monolithic
interferometer, resulting in a 30 dB beat signal. Hetero-
dyning f RF and f CE;OOL on a phase detector yields a DC
signal, deviation from which represents phase noise
between the target RF and the OOL measurement. For

frequency-resolved analysis, the signal is low-pass fil-
tered at the Nyquist frequency f n and recorded with a
digital sampling oscilloscope at the maximum available
memory size of 20 MSa. Voltage-to-phase calibration is
obtained by replacing the OOL signal by a second RF
source of equal power level fixed at a slightly different
frequency. The linear phase evolution between the two
yields a sine wave whose maxima indicate �π∕2 phase
difference.

The integrated RMS phase noise (IPN) is obtained by
integration of the square of the phase noise spectral
density (PND) over frequency:

IPN �
�Z

f n

1∕T
�PND�f ��2df

�1
2

; (6)

with T denoting the measurement time. For short-term
performance characterization, a frequency-resolved 20 s
(50 mHz–500 kHz) measurement of the residual phase
noise was made (Fig. 2). The bandwidth spans from
the range of relaxation oscillations over the entire acous-
tic band down to the regime of fast environmental drifts,
yet neither of these contributes significantly to the IPN
of 30 mrad. This value presents an upper limit to the
actual phase error since detection shot noise masks
the underlying noise signature. The exact contribution
of detection shot noise to this figure cannot be directly
measured, but based on the linearity and level of the
noise density above 1 kHz, it can be safely assumed that
the actual phase error is considerably lower.

For longer measurement times, the phase error be-
tween the RF reference and the OOL signal is sampled
at 1 Hz using the phase detection circuit of an RF lock-
in amplifier. Whereas the oscillator was entirely free run-
ning in the short-term measurement, for this experiment
f CE;IL was kept within the AOFS acceptance bandwidth
by a simple slow feedback loop with a time constant
of about 1 s. However, the loop is unsuitable to compen-
sate slow drifts in the environmental conditions, e.g.,
changes of the relative humidity, as can be seen in Fig. 3.
Nonetheless, these drifts are very slow and, most
importantly, a fixed phase relation is maintained at
all times. Additionally, the RMS phase error rarely ex-
ceeds 150 mrad within any given 1 h period of the

Fig. 1. Experimental setup for phase noise characterization.
IF, interferometer; CM, chirped mirror.

Fig. 2. Frequency analysis of 20 s phase noise time series. Blue
curve (left axis), phase noise density; red curve (right axis),
integrated phase noise (IPN).
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measurement. This combination of long-term reliability
and short-term performance makes the presented system
the ideal seed source for CEP-stabilized amplifiers.
In conclusion, we have solved two issues preventing

the use of feed-forward stabilization in seeding amplifier
chains. We removed spatial and temporal dispersion in-
troduced by the AOFS, as demonstrated by efficient dif-
ference frequency generation in the OOL interferometer.
Using monolithic rather than fiber-based interferometers,
we achieved excellent stabilization performance on sig-
nificantly extended time scales. The combination of long-
term reliability and short-term noise performance makes
the present system an ideal seed source for CEP-
stabilized amplifiers. We believe that the performance
of the feed-forward scheme highly simplifies sophisti-
cated experiments in attosecond physics and may even
enable applications currently deemed impossible due
to the lack in precision and reliability of earlier locking
schemes. Optimization of the slow loop will help to re-
duce long-term drifts and will make the oscillator suita-
ble for 24 h direct use of the output pulse train.
After the original acceptance of the manuscript, this

resulted in an RMS phase error of less than 50 mrad over
10 h using the same measurement setup.
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Fig. 3. Phase error recorded over more than one full working day. Artifacts around phase π are due to the wrap-around of the phase
detection. Blue curve (left axis), phase error; red curve (right axis), relative humidity of environment air.
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