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We report a double feedback loop for the improvement of the carrier-envelope phase stabilization of a
chirped mirror based femtosecond laser oscillator. By combining the control of the Ti:sapphire crystal
temperature and the modulation of the pump power, the carrier envelope offset frequency, f CEO, was
locked for close to 20 h, which is much longer than the typical phase stabilization time with only pump
power modulation. © 2009 Optical Society of America
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Carrier-envelope phase (CEP) stabilized lasers
are powerful tools for generating single isolated
attosecond pulses and for studying above-threshold
ionization. In recent attosecond streaking camera ex-
periments, the accurate characterization of isolated
attosecond pulses suffers from low photoelectron
counts [1]. In experiments with few-cycle laser pulses
interacting with ion beams, the count rate is also low
[2,3]. To suppress the statistical noise, the data taking
requires that the carrier-envelope phase of laser
pulses with millijoule level energies be stabilized
for hours [1,4,5]. Such high energy CEP controllable
laser pulses are generated by selecting the CEP sta-
bilized seed pulses from oscillators and boosting their
energy in chirped pulse amplifiers [6]. Therefore
long-term CEP stabilization of the oscillator is a
prerequisite.
To stabilize the changing rate of oscillator carrier-

envelope phase from pulse to pulse, the carrier-
envelope offset frequency f CEO is typically locked
to a fraction of oscillator repetition rate f rep [7], or
to an external RF signal [8], by modulating the oscil-
lator pump power with an acoustic optical modulator
(AOM). However, due to temperature fluctuations,
humidity changes, and mechanical misalignment,

f CEO drifts slowly and can drift out of the AOM con-
trol range, which makes the long term locking of the
CEP difficult to access on a daily basis. We propose
and demonstrate a double feedback scheme to solve
this problem.

The long-term CEP locking scheme was implemen-
ted in a commercial oscillator, Rainbow from Femto-
lasers Produktions GmbH, using the setup shown in
Fig. 1. The carrier-envelope offset frequency f CEO
was obtained by detecting the beat signal of differ-
ence-frequency generation (DFG) when the output
laser beam was focused into a highly nonlinear per-
iodically poled lithium niobate (PPLN) crystal [9,10].
Given the particular environment in our Kansas
Light Source laboratory, the beat signal f CEO was
found to drift within a range of around 8MHz in
one day under the free running mode. When the driv-
ing voltage of the AOMwas scanned across its usable
range, it was found that the f CEO can only be shifted
over a range of 6MHz, which is not sufficient to com-
pensate the daily slow drift of f CEO. This limits the
typical oscillator CEP locking time to about 4 h when
AOM alone was used.

There are severalways to compensate the slow f CEO
drift, such as adjusting the insertion of an intracavity
prism [11,12] or awedge [13].However, themode lock-
ing of a near-octave-spanning oscillator like the one
we used can be disturbed by themechanical vibration
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caused by moving these optical components. Instead
we chose touse temperature control of theTi:sapphire
crystal as a slow feedback, which does not introduce
anymechanical motion. When the temperature of the
oscillator chiller was scanned from 13 °C to 21 °C, as
shown in Fig. 2, the unlocked beat signal f CEO chan-
ged nearly linearly and covered a range of 4:52MHz.
Adding the temperate control to the AOM control, the
whole control range is comparable to the daily drift
range of the f CEO.
The temperature dependence of the f CEO can be

understood by examining the effects of temperature
on the material dispersion. Due to the difference be-
tween the phase velocity and group velocity for each
round trip of an optical pulse inside the oscillator
cavity, the offset frequency f CEO can be expressed
as [14]

f CEO ¼ f repL
dn
dλ ; ð1Þ

where f rep is the repetition rate of the oscillator cav-
ity, and n is the refractive index. L is the effective
medium distance inside the oscillator cavity, which
can be approximately treated as the length of the
Ti:sapphire crystal that is 2mm in our case. Since
the refractive index is not only a function of optical

wavelength λ, but also a function of temperature
T, the change of f CEO resulting from temperature
control can be expressed as

df CEO
dT

¼ f rep
ω2
0L
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where ω0 is the carrier frequency of the laser pulse,
and c is the speed of light in vacuum. Using the
Sellmeier equation for sapphire in [15], we found
the change rate of df CEO=dT ¼ 0:86MHz=K, which
is close to the measured value of 0:71MHz=K shown
in Fig. 2.

To examine whether the temperature change
disturbs the mode locking, the oscillator output
spectrum and average power were measured with
a temperature scan step of 1 °C. The oscillator output
spectrum and average power were found to remain
the same from a temperature range of 12 °C to
22 °C. When the temperature range was further in-
creased or decreased, a CW peak started to appear
in the oscillator output spectrum. To maintain an op-
timized oscillator operation, the temperature control
range was set from 13 °C to 21 °C.

By taking advantage of the temperature depen-
dence of the f CEO, a double feedback loop was applied
for long term stabilization of the CEP. The AOM feed-
back loop is the fast one, whereas the temperature
control served as the slow loop. Since it took f CEO sev-
eral minutes to respond to the temperature change,
only a binary control, rather than the proportional-
integral-derivative control, was necessary to assist
the AOM and control the slow CEP drift. As is shown
in Fig. 1, the control signal from the locking electro-
nics (Menlo Systems) to the AOMwas measured by a
data acquisition card every 10 s.

The function of the temperature control was to con-
fine the AOM locking point to a narrow range
(þ= − 10% of the full control range) around the mid-
dle point of the full control range. When the feedback
signal was detected above the upper limit of the AOM
locking point range, the chiller’s temperature was in-
creased in steps of 0:1 °C to compensate the slow drift
of the f CEO until the AOM driving voltage returned to
within the range. Similarly, the chiller temperature
was decreased when the feedback signal was de-
tected below the lower limit of the control point
range. The delay time between each step of the tem-
perature change was set at 300 s, which guaranteed
that the oscillator reached thermal equilibrium gra-
dually. We chose 0:1 °C as the step size because it was
the minimum step that the chiller could control, and
a small step size minimized the perturbation on the
mode locking of the oscillator.

As shown in Fig. 3(a), the wide dynamic range of
temperature control assisted the long term CEP sta-
bilization for almost 20 h. Furthermore, we tested

Fig. 1. (Color online) Layout of the octave-spanning oscillator and
double feedback control loops. AOM, acousto-optic modulator; L,
pump lens; OC, broadband output-coupler on a fused-silica wedge;
WP, wedge pair; PD, photodiode; APD, avalanche photodiode; LP
filter, low pass filter.

Fig. 2. (Color online) Relationship of beat signal f CEO and
temperature.
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the robustness of this double feedback loop. We found
that CEP can be stabilized for more than 12 h on a
daily basis, which can be attributed to the reduction
of the disturbance to the oscillator by adding tem-
perature control as a slow feedback. Twelve hours
of CEP stabilization is three times longer than the
typical CEP stabilization time of ∼4 h under the
same conditions, and was sufficient for the data ac-
quisition of current attosecond streaking and ion
beam experiments. In Fig. 3(a), when the tempera-
ture control reached the preset limit after 20 h of
operation and failed to assist the CEP stabilization
by AOM, the CEP locking was finally broken.
Figure 3(b) shows the in-loop phase error during

the process of CEP stabilization, and the rms of
the CEP error is 420mrad. We also measured the
power spectral density (PSD) of the beat signal using
a RF spectrum analyzer in the range of 102kHz to
0:9765mHz. The integrated phase error was
370mrad over a 1024 s observation time, as shown
in Fig. 4.

In conclusion, we studied the temperature depen-
dence of the carrier-envelope offset frequency of a
femtosecond laser oscillator. This effect was used
to improve the long-term CEP stabilization. The tem-
perature control of the oscillator Ti:sapphire crystal
served as a slow feedback to assist the conventional
AOM control. It was found that the temperature con-
trol had a sufficient dynamic range to correct the
slow drift of f CEO and had a negligible perturbation
to the normal operation of the near-octave-spanning
oscillator. This double feedback scheme has enabled
the long-term CEP stabilization close to 20 h. With-
out adding any moving optical components that dis-
turb the operation of the oscillator, this scheme is
compact, easy to operate, and economical. By improv-
ing the long term stability of the oscillator CEP, more
freedom and higher accuracy were provided to the
study of CEP-sensitive high field phenomena, such
as attosecond pulse generation and applications.
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