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A power-scalable concept for carrier-envelope-phase stabilization is presented. It takes advantage of simultaneous
pumping of the zero- and first-phonon absorption line
of Yb:YAG at 969 and 940 nm. The concept was implemented to lock the carrier-envelope-offset frequency of a
45 W average power Kerr-lens mode-locked thin-disk oscillator. The lock performance is compared to previous experiments where carrier-envelope-stabilization was realized by
means of cavity loss modulation. © 2016 Optical Society of
America
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diode-pumped; (140.4050) Mode-locked lasers; (140.7090) Ultrafast
lasers.
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Mode-locked thin-disk (TD) oscillators have experienced
tremendous development during the past couple of years.
Femtosecond (fs) pulse trains with average powers of more than
250 W were directly generated by such oscillators [1,2]. Extracavity compression resulted in pulse durations of less than three
optical cycles [3,4] and peak powers of up to 140 MW [5].
Moreover, first experiments have been conducted to generate
high harmonics at the full oscillator repetition rate [6].
However, the most exciting applications, such as XUV frequency comb spectroscopy [7] and attosecond pulse generation
at MHz rates [8–10], require carrier-envelope-phase (CEP)
stabilization of these high-power oscillators.
Since the first demonstration of CEP stabilization [11,12]
several methods have been realized to reduce CEP noise.
Usually, the amplitude-to-phase coupling in the gain or Kerr
medium of the oscillator is exploited to control the carrierenvelope-offset frequency (f ceo ). In the majority of low-power
oscillators (<10 W average power), the pump power is modulated. In diode-pumped oscillators and fiber lasers; this modulation is realized via controlling the pump diode current
[13–15], while an acousto-optic modulator (AOM) is placed
in the pump arm in the case of Ti:Sa oscillators [16].
Moreover, it has been shown that cavity loss modulation works
0146-9592/16/081853-04 Journal © 2016 Optical Society of America

as well to stabilize the CEP [17]. In fact, CEP stabilization at
high average powers (>10 W) has only been demonstrated by
means of intracavity loss modulation so-far [4]. In that case, an
AOM was placed directly inside the oscillator. In the experiments presented here, the same oscillator was utilized but without the AOM or any other additional intracavity element that
may cause thermal effects or adverse self-focusing. Instead, the
gain of the active laser medium was modulated via dualwavelength pumping. This demonstrates a fully power-scalable
approach to CEP stabilization.
The experimental setup is sketched in Fig. 1. The Kerr-lens
mode-locked (KLM) TD oscillator is described in detail in
[18]. It delivers 250 fs pulses with 1.2 μJ energy at a
37.5 MHz repetition rate and 1030 nm central wavelength.
About 20–25 W of average power were coupled into an
8 cm large mode area fiber (LMA 35). The pulses were subsequently compressed to a 20–25 fs duration by means of
chirped mirrors [4]. About 400 mW of the short pulses were
sent into an f-to-2f-interferometer. The input powers at the
nonlinear fibers were adjusted with half-wave plates and

Fig. 1. Setup of the CEP stabilization scheme. Solid lines are optical, dotted lines electronic signals; λ∕2, half-wave plate; TFP, thin film
polarizer; CM, chirped mirror; Ag, silver mirror; DM, dichroic mirror;
BP 650, band pass centered at 650 nm with Δλ  10 nm, τ, delay
stage to temporally overlap fundamental and second harmonic; APD,
avalanche photo diode; DPD, digital phase detector; PI2 D, servo
controller; PLF, phase lead filter; PREAMP, low noise preamplifier.
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polarizers to maximize the beat note signal-to-noise ratio
(SNR). While a fiber with anomalous dispersion was used
in [4], an all-normal-dispersion fiber (ANDi, NKT NL1050-NEG-1) was utilized in the presented experiments to
generate the octave spanning continuum. The fiber exhibited
a better stability during the time in which the PID controller
settings were optimized (i.e., over about half an hour). A beat
note could not be detected when the 250 fs pulses from the
oscillator were directly launched into the ANDi fiber.
Although full coherence of the octave-spanning continuum
was computed even for 300 fs input pulses [19], polarization
instabilities may have led to the loss of temporal coherence
[20]. Contrary to [4], where a periodically poled crystal was
used, second-harmonic generation was realized with a 1 mm
thick BBO crystal. It could readily be tuned to double
1300 nm, which worked best for the continuum generated
through the ANDi fiber. The beat note SNR was measured
to be 35–40 dB (within 10 kHz resolution bandwidth).
To determine the feedback loop requirements, the free beat
signal was sampled by a fast oscilloscope. The real signal was
Hilbert-transformed to perform an analytic continuation to the
complex plane and get access to the phase. Complex and real
signal are related by [21]
ãt  at  iHfatg;
(1)
where H is the Hilbert-transform operator, at the real and
ãt the complex beat signal. The carrier envelope offset frequency is then derived by
1 d
Iflnãtg;
(2)
f ceo t 
2π d t
where I denotes the imaginary part of the expression in braces.
More details on the numerical beat note analysis are given in
the appendix. In the experiment, the oscilloscope sampling
rate was set to 25 megasamples per second. By virtue of the
Nyquist–Shannon sampling theorem, instantaneous carrier
envelope offset frequencies up to 12.5 MHz could hence be
detected. By adjusting the pump current, the f ceo was set to
about 11 MHz. The spectral resolution was given by the measurement time of an oscilloscope trace. It was set to 0.5 s,
resulting in a 2 Hz frequency spacing. The residual noise of
the locked CEP was determined with this numerical method
and a digital phase detector (DPD, [22]). The agreement
was good, as the inset in Fig. 2 shows. This proves the accuracy
of the numerical method. The integrated phase noise (IPN) at
frequency f is calculated by
1∕2
Z
f max
PSDφ νdν
;
(3)
IPNf  
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Fig. 2. IPN of the free-running beat note. The blue lines display the
characteristic frequency where 100 mrad phase noise is accumulated.
The red curve displays the characteristic frequency, which approximately corresponds to the upper state lifetime of the Yb3 ions.
The inset shows two consecutive measurements of the in-loop phase
noise while feedback was applied to the pump diodes. The solid black
line presents an analysis with the numerical method, the dashed green
line with the DPD.

low-pass filter function of the gain medium due to the ≈1 ms
upper-state lifetime of the Yb ions has to be overcome.
Challenge (i) was addressed by a dual-wavelength pumping
scheme. The pump diodes operating at 940 nm are driven by a
stable high-power supply (ILX lightwave LDX-36000). A second diode unit, radiating at 969 nm, is driven by a supply with
less power but with the capability of broadband modulation
(Thorlabs ITC4020). Both diode laser units pump the 2 F5∕2 −
2F
3 ions. Their radiation was combined
7∕2 transition of the Yb
by a homemade dichroic mirror before entering the TD head.
The transfer function of the 969 nm pump diodes is depicted
by the red lines in Fig. 3. A 90° phase lag is reached at about
60 kHz modulation frequency. The amplitude response is
nearly flat up to this point. Therefore, the power supply proves
to be suited for providing feedback over the targeted bandwidth. The standard deviation of the free-running beat note
analyzed in Fig. 2 is about 350 kHz. This frequency shift is
accomplished by a pump power change of 35 mW corresponding to 0.04% of the total pump power. Subsequently, the
marginal intracavity power modulation needed for CEP
stabilization does not affect the KLM stability.
The transfer function looked significantly different when
the pump power modulation response of the TD oscillator
was monitored with a fast photodiode. It is represented by
the black lines in Fig. 3. In this case, a 90° phase lag is already
present at frequencies higher than 10 kHz. Also, the amplitude

f

where PSDφ is the power spectral density of the measured
phase φ. It is computed by means of fast Fourier transforming
the time-dependent signal. The upper integration boundary
was usually set to f max  500 kHz, where the phase error is
already below the noise floor of the detection scheme.
The IPN of the free-running beat note is shown in Fig. 2. A
phase noise of 100 mrad is accumulated after an observation time
of 30 μs. This noise value shall be taken as reference because in
many CEP sensitive time-domain applications a subradian
residual noise is desired. Consequently, the feedback loop requires a bandwidth of at least 30 kHz. To implement this is
challenging because: (i) the power supply of the pump diodes
has to provide more than 400 W of electrical power and should
also exhibit a flat modulation response. Furthermore, (ii) the

Fig. 3. Transfer functions of the 969 nm pump diodes power (red
lines), the TD oscillator power (black lines), and the utilized PLF (blue
lines). The solid lines display the amplitudes, and the dashed lines display the corresponding phases. The transfer functions of the PLF have
been measured with a SRS SR780 network analyzer, the other transfer
functions with an SRS SR830 lock-in amplifier.
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response has dropped by 8 dB at that frequency. This intrinsic
low-pass filtering, which presents challenge (ii), was counteracted by an electronic phase lead filter (PLF, blue lines
Fig. 3) [13,15]. Due to the positive phase of the first-order high
pass, the 90° phase lag is shifted to higher frequencies and the
accessible bandwidth of the feedback loop is extended.
Moreover, the slope of the PLF amplitude response is opposite
that of the oscillator. The total attenuation of the feedback signal is compensated by an additional low-noise preamplifier
(SRS SR560) which amplifies the signal by a 23 dB voltage
gain over the whole bandwidth.
In order to minimize the residual CEP noise, the cutoff
frequencies of the integral parts, the cut-on frequency of the
derivative part and the proportional gain of the laser servo controller (Vescent Photonics D2-125) were varied. The in-loop
phase noise could be reduced to 390 mrad (1 Hz–500 kHz)
by setting the cutoff frequencies to 200 Hz and 5 kHz and
the cut-on frequency to 20 kHz. The power spectral density
of the detected beat signal phase and the IPN are shown in Fig. 4.
Contrary to the experiments presented in [4], no out-of-loop
CEP noise measurements have been performed. Instead of presenting a CEP noise value, the in-loop phase error is compared
to the previous experiments with the AOM. Since the locking
electronics have not been changed, the relation between in-loop
phase noise and the CEP noise are expected to be similar to [4].
A precise characterization does not give any additional insights
into the stabilization concept, and hence was omitted.
There are two distinct spikes in the power spectral density.
One is at 7 kHz and accounts for about 50 mrad phase noise. It
is also visible in the free-running beat note noise and originates
from the oscillator. This spike has not been observed in [4] and
thus should be removable after an oscillator realignment.
Although its exact origin is unknown, the possibility that
the signature stems from the additional pump light at 969 nm
can be excluded. The feature was also observed in the freerunning beat note without the use of the second power supply.
Another spike is at 44 kHz and accounts for an accumulated
phase noise of about 125 mrad. This noise is inscribed by the
phase-locked loop, which becomes resonant at this frequency
due to the increasing phase lag. Most of the remaining noise is
accumulated between these two spikes. The lock performance
in this spectral region could certainly be improved, for instance,
by a better design of the PLF. One approach was to measure the

Fig. 4. Residual in-loop phase noise. The blue curve shows the
power spectral density of the residual noise and the red curve the
IPN from 500 kHz down to 1 Hz. The noise floor PSD is displayed
in black.
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transfer function of the f ceo and tailor the PLF to this function
in order to get a flat response over the whole feedback
bandwidth.
The intracavity AOM loss modulation approach [4] shows
that clearly lower CEP noise levels can be reached with the high
power oscillator (180 mrad in-loop). The AOM intrinsically provides a very flat response up to hundreds of kHz and avoids the
stated challenges by modulating the cavity losses and not the
round trip gain. Nevertheless, the dual wavelength approach
should also be capable of reaching sub-200 mrad CEP noise
levels if the phase response is optimally shaped. The utilized
power supply is specified with a 100% modulation depth without the loss of bandwidth at 225 W maximal electrical power.
It is inferred that diodes of up to 100 W optical power can
be driven with the supply. This is about 3 orders of magnitude
more than the modulation amplitude required in the presented
experiments. Subsequently, the concept is expected to be scalable
to multiple kW of TD oscillator output power.
It is instructive to compare the noise accumulation of the
free beat note in Fig. 2 to the transfer functions presented
in [23]. The Yb:YAG TD oscillator mode-locked with a semiconductor saturable absorber mirror (SESAM) shows a strong
resonance around 7 kHz and an abrupt phase behavior at this
frequency, which was attributed to the saturable absorber. The
combination of high average and peak power makes it difficult
to operate the SESAM in the well-saturated regime. In particular, multiphoton absorption at the presence of several kW
intracavity average power may lead to strong thermal lensing
and rapid degradation. Consequently, SESAM mode-locking
high-power TD oscillators appears to make CEP stabilization
significantly more difficult than KLM, where the saturation
behavior is determined through the interplay of the Kerr-lens
with hard and soft apertures.
The presented concept can be generalized to the combination of a high power, highly stable signal with a lower power
signal that can be modulated over a wide bandwidth. This combination was realized by means of optically combining radiation
of 940 and 969 nm wavelength with a dichroic mirror. Both
pump diodes and optical elements were readily available, making the presented setup favorable to implement the concept.
Another approach was recently presented by Karlen et al.
[24]. The low power signal modulated the stimulated emission
rate of the Er:Yb:glass gain medium. This method could be
transferred to TD oscillators if the pump optics would be
coated appropriately. Moreover, an electronic combination of
two power supplies is a possible approach if cross talk between
the supplies can be avoided. Furthermore, the high power
pump unit consists of multiple diode stacks, which are driven
by a common power supply. Unfortunately, changing this was
not offered by the diode unit supplier. Another method could
make use of fiber combiners. A multimode fiber guides the
pump light to the disk. Exchanging this fiber with one that
combines the radiation of two sources could be a successful
way to implement the stabilization scheme. Finally, it should
be noted that the concept presented cannot only be used for
CEP stabilization but also for intensity stabilization (i.e., “noise
eating”) of high-power oscillators.
In conclusion, a concept for CEP stabilizing high-power
femtosecond oscillators has been introduced. The power
scalable approach has led to a residual in-loop phase noise
of 390 mrad (1 Hz–500 kHz) in a proof-of-principle
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experiment with a 45 W average power KLM TD oscillator. The
dual wavelength concept allows both highly stable pumping of
the Yb:YAG gain medium and broadband modulation of the
CEP. To reach a subradian residual in-loop noise performance,
the low pass filtering behavior of the active laser medium was
counteracted by a PLF. An optimized shaping of its transfer
function promises a further reduction of the CEP jitter.

through the normalization with jãtj2 in Eq. (A6), the result is
independent of amplitude fluctuations of the beat note signal
and, in contrast to a DPD [22], the method does not only count
zero crossings of the signal but utilizes all sampling points to compute the instantaneous f ceo .

APPENDIX A: NUMERICAL BEAT NOTE
ANALYSIS
Let at be the real beat signal taken with a fast oscilloscope. Its
sampling rate is smaller than the repetition rate of the oscillator
but larger than twice the maximal f ceo t within the sampling
time. Then at can be written as
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at  At · cosφt  At · cosωceo t  Δφt; (A1)
where At and φt are the time-dependent amplitude
and phase of the beat signal, ωceo  2πf ceo , and Δφt is the
time-dependent phase noise. The analytic continuation of the
real signal to the complex domain is performed via Hilbert transformation as expressed in Eq. (1). The complex signal is
ãt  At · expiωceo t  iΔφt:
(A2)
Since an instantaneous frequency is defined by the change of
phase in time, i.e.,
1 d
φt;
(A3)
f t 
2π d t
Eq. (2) follows.
For the sake of numerical processing, the following identities
were used. On the one hand,
d
ãt
d
d
d

lnãt  d t
lnAt  i φt:
(A4)
ãt
dt
dt
dt
On the other hand,




d
R ddt ãt  iI ddt ãt
d t ãt

ãt
Rfãtg  iIfãtg





RfãtgR ddt ãt  IfãtgI ddt ãt

jãtj2

d



RfãtgI d t ãt − IfãtgR ddt ãt
i
:
jãtj2
(A5)
Thus, it is found from Eqs. (A4) and (A5) that





RfãtgI ddt ãt − IfãtgR ddt ãt
d
φt 
dt
jãtj2
at ddt Hfatg − Hfatg ddt at
:
(A6)
jãtj2
This equation has been implemented in the numerical beat
note analysis. The time derivatives were taken by means of fast
Fourier transformation and multiplying the factor iω in the
frequency domain. Before transforming back into the time domain, the frequencies were bandpassed to reduce differentiation
noise (from 10.5 to 12.5 MHz in the example shown in Fig. 2).
The advantages of this method are that Hilbert and Fourier
transformation are relatively fast numeric algorithms. Contrary
to short-time Fourier transformation, an instantaneous frequency can be determined for every sampling point. Moreover,
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