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In this paper we present the most recent results on the optimization of the carrier-envelope phase (CEP) 
stabilization of a Yb:KGW laser system and parametric amplifiers. The implementation of several CEP locking 
techniques and their combinations allowed us to reduce the RMS phase noise of the oscillator to the values 
below 100 mrad and demonstrate the operation of the whole laser system with the CEP jitter of 170 mrad. The 
active and passive CEP stabilization for parametric amplifiers was tested. The operation of optical parametric 
amplifiers in the passive CEP stabilization regime with an additional slow feedback loop providing the CEP jit-
ter as low as 70 mrad over 6 hours was demonstrated.
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1. Introduction

The carrier-envelope phase (CEP) is usually de-
fined as a relative phase between the envelope peak 
of a pulsed electric field and the closest peak of the 
carrier wave. Because the highest instantaneous 
field intensity of a few-cycle pulse depends on the 
carrier-envelope phase, the controlling of the CEP 
of ultrashort laser pulses is of prime importance in 
case of isolated attosecond pulse or high harmonic 
generation processes [1]. CEP control is also im-
portant in the case of much longer pulse durations 
since it opens path to experiments on the arbitrary 
optical waveform synthesis [2] and THz emission 
control [3].

A number of methods for CEP measurement 
employing a temporal or spectral domain interfer-

ometry and stabilization via feedback controlled 
modulation of the pump power have been devel-
oped in recent years. The locking of the carrier-en-
velope phase offset in mode-locked Ti:sapphire os-
cillators using feedback schemes was demonstrated 
more than a decade ago [4–6]; however, the CEP-
locked solid-state oscillators based on the ytter-
bium doped active elements appeared much later 
[7, 8]. Nowadays, the equipment for stabilizing the 
CEP of mode-locked oscillators by implementing a 
feedback loop is commercially available. Recently, 
the feed-forward set-ups were proposed and dem-
onstrated, in which the phase of the pulses was cor-
rected at the output of the oscillator [9].

However, even if the CEP of the oscillator is 
controlled, further pulse amplification in a chirped 
pulse amplifier might deteriorate CEP stability, 
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also additional perturbations along the propaga-
tion path may appear. The frequency of the phase 
noise induced by these perturbations is much low-
er and usually lies in the region below 1 kHz. The 
phase correction in this case can be performed in 
several ways, for example by introducing additional 
feedback to the oscillator in order to pre-compen-
sate for the phase drift before amplification, by con-
trolling stretcher or compressor parameters with 
piezo-electric actuators, by adjusting wedges in the 
beam path, or by shifting the phase of the pulse by 
electro-optic, acousto-optic or liquid crystal mod-
ulators (see [10] and references therein).

Optical parametric amplifiers (OPAs) are 
known as flexible tools for the generation of 
broadly tunable ultrashort pulses. An implemen-
tation of different OPA schemes, the methods of 
non-collinear broadband parametric amplifica-
tion [11] and chirped pulse parametric amplifica-
tion [12] allow us to produce pulses with durations 
down to a few optical cycles [13–16], generate the 
octave-spanning spectrum pulses in mid-IR with 
the central wavelength up to 6 µm [17], and to 
achieve the peak powers up to the PW-level [18]. 
The phase-preserving properties of OPAs have 
been confirmed in different experimental set-
ups [19–22] and allowed for phase-stable pulse 
amplification to intensity levels exceeding 1  TW 
[23]. Another important feature of parametric fre-
quency converters is the possibility to produce the 
pulses with a phase independent of the input pulse 
CEP. The passive idler pulse CEP stabilization in a 
Ti:sapphire laser pumped OPA was demonstrated 
a decade ago [24] and recently has been proved in 
OPA systems pumped by femtosecond ytterbium 
lasers [25, 26].

In this paper we report the improved CEP-sta-
bilized operation of a high average power diode-
pumped solid-state femtosecond Yb:KGW master 
oscillator power amplifier (MOPA) system and 
present the results on CEP stabilization of Yb:KGW 
MOPA pumped parametric amplifiers.

2. Carrier-envelope phase locking of the 
Yb:KGW oscillator

In our experiments the commercially available 
diode pumped Yb:KGW MOPA system (Pharos, 
Light Conversion Ltd.) providing generation of 
~190  fs pulses with an average power up to 6  W 

and repetition rate variable in the range of 1 kHz 
1 MHz was used. Although CEP locking of every 
mode-locked oscillator pulse can be achieved in 
principle, in most cases the locking of the CEP shift 
per resonator cavity roundtrip is enough. For exam-
ple, if the CEP shift of precisely π/2 per roundtrip 
is chosen, then every fourth pulse in the oscillator 
emitted train would be of the exact same phase. 
This can also be described as setting the carrier-
envelope offset (CEO) frequency to ¼ of the repeti-
tion rate frequency of the oscillator [6]. By setting 
the matching frequency of the pulse-picker, only 
the pulses with the same carrier-envelope phase are 
selected for further amplification.

The CEO frequency of the Yb:KGW oscillator in 
our set-up was locked by using the photonic crystal 
fibre based f-to-2f interferometer and the phase-
locked loop (PLL) electronics (XPS800, Menlo Sys-
tems GmbH). A similar configuration has already 
been demonstrated to be functional [8]; however, 
the CEP noise still had to be reduced. The laser 
power supply had to undergo essential changes in 
order to isolate it from the electrical noise of the 
mains. Thus, in the final set-up of our Yb:KGW 
MOPA system the active elements of the oscilla-
tor and amplifier were pumped by the laser diodes 
which were driven by a specially designed purely 
analogue power supply featuring a low noise level 
in the frequency range of 0.1–30 kHz.

The feedback signal was used to control the op-
tical power of the pump diodes via direct modu-
lation of laser diode current. The modulation of 
pump power leads to the variation of per-roundtrip 
CEP slip in the oscillator due to nonlinear refrac-
tive index change in the laser active element. The 
response of the Yb:KGW oscillator to the change of 
pump power drops rapidly above ~20 kHz. There-
fore, a custom active high-pass filter was used in 
order to modify the modulator amplitude and 
phase transfer function for the enhancement of 
the oscillator response at higher frequencies. The 
employment of this filter allowed us to extend the 
bandwidth of the feedback loop approximately to 
120 kHz.

The whole set-up for the experiments on CEP 
locking of laser and OPA pulses is depicted in Fig. 1. 
An auxiliary oscillator (OSC) output for CEP mea-
surement was introduced by splitting the oscillator 
pulse before stretching it and seeding to the regen-
erative amplifier (RA). For the realization of CEO 
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locking in the Yb:KGW oscillator and the mea-
surement of phase jitter we have employed two f-
to-2f interferometers. It is well known that the CEP 
shift measured by the interferometer that provides 
a feedback signal to the oscillator, the so-called “in-
loop” interferometer, does not represent the true 
value of the output pulse CEP shift. This happens 
as additional phase noise is introduced in the inter-
ferometer itself due to energy-phase coupling [27] 
and various perturbations in two arms of the inter-
ferometers. The compensation for this accumulated 
noise goes to the feedback loop and is transferred 
to the oscillator, thus pre-compensating for the in-
terferometer noise by inducing additional phase 
fluctuations. Therefore, an independent interfer-
ometer outside the feedback loop (the so-called 
“out-of-loop” interferometer) was used simultane-
ously for the CEP measurements.

The waveform from the phase detector output 
of the PLL electronics was recorded using the oscil-
loscope, and the power density spectrum of phase 

noise was obtained by applying the fast Fourier 
transformation. To estimate the CEP RMS noise, 
the acquired noise power density spectra were inte-
grated over the bandwidth from 2.5 Mhz to 10 Hz 
according to

1

2.5MHz 2

10Hz
( ) 2 ( )f S f df� � �� �� � � �� �� , (1)

where f is frequency, S is phase noise power density 
spectra, and ∆φ is the RMS phase noise.

The integrated RMS phase noise as low as 
56  mrad was obtained using data from the “in-
loop” interferometer, while measurements with 
the inactive (“out-of-loop”) interferometer result-
ed in the phase jitter value of 98 mrad (Fig. 2). By 
isolating the sources of mechanical vibrations and 
air turbulence, the average level of the oscillator 
CEP noise in a low frequency range below 500 Hz 
was diminished to –50 dBc/Hz.

The achieved result is a significant improvement 
to the previously published results on CEP locking 

Fig. 1. Experimental set-up. Numbered lines depict the beam path to the inline interferometer for two cases: 
(1) measuring pulses directly after a regenerative amplifier; (2) measuring pulses after an additional OPA stage.

Fig. 2. Measured power spectrum density and 
integrated phase noise in the CEO-locked 
Yb:KGW oscillator. “In-loop” (grey) and “out-
of-loop” (black) measurements are presented.
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in femtosecond oscillators with ytterbium doped 
active elements [7, 8] and is comparable to the best 
reported values for the Ti:sapphire oscillator CEP 
stabilized using servo-loop schemes [28–30].

3. CEP stability of the regenerative amplifier

The repetition rate of the Yb:KGW regenerative 
amplifier was locked to that of the oscillator in such 
a way that it always picks pulses of the same phase, 
in our case every N×4th pulse, were N is an integer. 
In our set-up an additional common-path f-to-2f 
interferometer was employed for a slow feedback 
loop which pre-corrected the oscillator pulse phase 
for the slow phase drift during amplification in the 
regenerative amplifier. A continuum was gener-
ated in a 4 mm sapphire plate and focused into a 
0.3 mm long BBO crystal for the second harmonic 
generation. A single-shot spectral interferogram of 
spectrally overlapping components of the continu-
um and its frequency-doubled part was measured 
by the AvaSpec–3648 spectrometer. A computer-
based FFT processing of the f-to-2f spectral inter-
ferogram was used to extract the CEP value and to 
send a feedback signal to the phase lock loop elec-
tronics of the oscillator. The effect of slow feedback 
is clearly evident in Fig. 3, which depicts the am-
plified pulse CEP evolution in time. The slow CEP 
drift over 1 min of acquisition in case when the 
slow feedback loop is turned off leads to >700 mrad 
measured phase jitter RMS values. With the slow 
loop turned on, this value was reduced down to 
170 mrad.

As our Yb:KGW MOPA system allows for a 
prompt change of the output pulse repetition rate, 

we performed a series of CEP stability measure-
ments without slow feedback loop sweeping the 
laser repetition rate in the range of 1 kHz–1 MHz. 
In all the cases the CEP jitter measured over 10 s 
stayed below 300  mrad. This indicates that the 
Pockels cell acoustic ringing has no significant ef-
fect on CEP stability regardless of a dramatic drop 
in the output pulse contrast at a number of reso-
nant Pockels cell frequencies.

Although f-to-2f interferometers employing 
white light continuum generation are in common-
path configuration and therefore less sensitive to 
ambient noise, they still suffer from pulse energy 
to the measured CE phase coupling [31]. This cou-
pling in the definite energy range can be close to 
linear, and thus a coupling coefficient can be meas-
ured. This coefficient was evaluated by periodical 
variation of pulse energy at the input of the inline 
f-to-2f interferometer using a variable density neu-
tral filter and retrieving the imposed phase change 
from the interferogram (Fig. 4). From the linear fit 

Fig. 3. CE phase noise after RA (a) without and (b) with 
additional slow feedback loop enabled.

Fig. 4. (a)  Pulse energy modulation using a variable 
density filter. (b)  Interference pattern when applying 
pulse energy modulation over time. (c) Corresponding 
changes in the measured CEP. (d) Retrieved CEP value 
versus laser pulse energy.
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of the measured pulse CEP value dependence on 
incoming pulse energy we found that in our inter-
ferometer set-up the 0.1% increase in pulse energy 
resulted in a 60 mrad phase shift. The RMS energy 
variation at the output of our laser system is usually 
in between 0.1–0.2% what evidently conceals the 
true laser CEP stability. We plan to implement the 
real-time compensation of this effect by the simul-
taneous measurement of the pulse CEP and energy 
and we expect that lower phase jitter values will be 
measured when accounting for the phase-energy 
coupling in f-to-2f interferometers.

4. Operation of a CEP-locked OPA

Theoretically, parametric amplification in the con-
ditions of perfect phase matching maintains the 
phase of the amplified signal pulses [23]. However, 
for practical purposes, CEP variation caused by 
environmental instabilities and mechanical vibra-
tions in the experiment set-up should be taken into 
account and requires to be mitigated.

In our experiment a single-stage collinear OPA 
based on 1.5 mm BBO was pumped by the second 
harmonic of a CEP-stabilized Pharos laser. The 
chirped pulses of a broadband continuum gener-
ated by focusing a fraction of fundamental pulses 
into a sapphire plate were used as a CEP-stable seed 
and directed to a BBO crystal at ~20 with the ref-
erence to the pump beam. In order to reduce the 
spectral width of the amplified pulses, the seed 
pulses were transmitted through a 12 mm FS glass 
plate. The central wavelength of the amplified sig-
nal pulses was tunable in a wavelength range from 
620 to 1000 nm by changing the delay between sig-
nal and pump pulses and slight adjustment of the 
BBO crystal angle. The spectrum width of signal 
pulses was below 80 nm throughout the OPA tun-
ing range.

The CEP stability of the parametrically amplified 
signal pulses at 900 nm was tracked by using the 
above-described f-to-2f interferometer and CEP 
retrieval procedures. Figure 5(a) presents the CEP 
variation measured in the condition when only the 
laser oscillator is CEP-locked. We should note that 
the CEP variation induced by air turbulence or me-
chanical perturbation of the OPA continuum gen-
erator was much more pronounced as compared to 
the CEP instabilities caused by perturbation of the 
continuum generator in the f-to-2f interferometer.

The realization of a slow feedback loop by meas-
uring CEP variation after the OPA and sending the 
feedback signal to the Pharos oscillator through 
the Menlo Systems’ lock-box allowed us to reduce 
the CEP noise after the OPA from ~1 rad down to 
220 mrad (see Fig. 5(b)). This value is only mod-
erately higher than the phase jitter of the phase-
stabilized pump laser and the difference can be rea-
sonably explained by the higher OPA output pulse 
energy and beam pointing instabilities.

The experiments on the passive OPA idler pulse 
stabilization were carried out using a commer-
cially available three-stage OPA (Orpheus, Light 
Conversion Ltd.) pumped by the second harmonic 
Yb:KGW MOPA (Pharos, Light Conversion Ltd.) at 
the 5 kHz repetition rate.

In order to achieve passive CEP stabilization, 
only a slight modification was introduced in the 
OPA set-up: the broadband continuum pulses for 
the seeding of the OPA were generated in a 4 mm 
thick sapphire plate pumped by the pulses of the 
second harmonic of the Yb:KGW laser instead of 
the fundamental ones. In this arrangement the 
phases of the seed and pump pulses are identical 
and consequently the CEP value of idler pulses 
is constant regardless of any pulse-to-pulse CEP 
fluctuations in pump laser pulses. We should note 
that a certain range of OPA tunability was lost due 
to a rapidly decreasing magnitude of continuum 
spectra components above 900 nm. However, em-
ployment of this configuration ensured reliable 
generation of idler pulses with the constant CEP 
value in the wavelength range of 1300–2600 nm. 
The measurement of CEP stability was performed 
directing OPA idler pulses to the common-path 

Fig. 5. CEP noise of the OPA output (a) without and (b) 
with additional slow feedback loop enabled.
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f-to-2f interferometer. The supercontinuum was 
generated by pulses of 1.8 µm central wavelength, 
and the interference was observed in the 700–
800 nm spectral region between the components 
of supercontinuum and the frequency-doubled 
part of it from 1.4 to 1.6 µm. In order to increase 
the OPA output energy stability the last amplifi-
cation stage of our OPA was pushed into satura-
tion. The single-shot measurement of the OPA 
idler pulse CEP jitter without any laser CEP sta-
bilization activated is presented in Fig. 6(a). The 
CEP stability of <60  mrad on a short time scale 
was recorded; however, the phase drift due to the 
changes in environment conditions on a longer 
time scale exceeds several radians. This slow CEP 
drift was compensated employing the additional 
feedback loop to control the temporal delay be-
tween pump and seed pulses in the last OPA stage. 
Figure 6(c) demonstrates the interference pattern 
and corresponding idler pulse CEP value varia-
tion when the sine-shape of time delay modula-

tion was applied. Additionally, we isolated the 
whole system from the surrounding air currents 
and reduced the range of temperature and humid-
ity variation in the laboratory down to a few per 
cent during the day. As a result, we significantly 
reduced the CEP drift level and demonstrated 
CEP-stable OPA operation with the RMS phase 
error as low as 70  mrad during 6  hours of mea-
surements, which is below the reported values for 
CEP-stabilized OPA systems.

5. Conclusions

In this work we present an optimized CEP sta-
bilization of the Yb:KGW laser system and OPA 
set-ups pumped by this laser. The oscillator phase-
locking stability is improved to sub-100  mrad 
RMS values, while the whole laser system exhibits 
a short-term stability of sub-300 mrad in the laser 
repetition rate range from 1 kHz to 1 MHz. The 
measured low limit of the CEP noise of 170 mrad 
over a few minutes interval was achieved by im-
plementing an additional slow feedback loop to 
the oscillator pump. To our knowledge, it is the 
best result for ytterbium-based amplifier systems.

Additionally, we showed that phase perturba-
tions arising in the OPA and in the pump laser 
itself can be compensated to a large extent by the 
measuring of the phase drift at the output of the 
OPA and sending the feedback signal to the os-
cillator pump laser diodes. In this case the RMS 
phase noise was reduced down to 200  mrad, 
which is very close to the CEP jitter value after the 
regenerative amplifier. This approach is expected 
to be promising for the minimizing of phase fluc-
tuations in CEP-stable multistage high energy 
OPCPA systems.

The OPA arranged for the self-phase-stabilized 
operation showed the sub-60  mrad short-term 
phase stability of idler pulses generated at 1.8 µm. 
After the isolation of the set-up from ambient 
noise sources and implementation of the slow 
feedback scheme for the correction of the signal-
pump delay drift over time, the RMS phase noise 
as low as 70 mrad over 6 hours of continuous op-
eration was measured. Such characteristics of the 
laser system and OPA complement each other 
in the common set-up and could provide neces-
sary tools for experiments requiring CEP-stable 
pulses.

Fig. 6. Long-term CEP variation of OPA idler pulses (a) 
without and (b) with compensation of slow phase drift. 
(c) Evolution of the spectral interference pattern. (d) 
Retrieved idler CEP value for the case of sine-modula-
tion of temporal delay between signal and pump pulses.
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Santrauka
Pristatomi naujausi Yb:KGV lazerio bei optinių 

parametrinių stiprintuvų (OPS) impulsų gaubtinės 
fazinio poslinkio (GFP) stabilizavimo rezultatai. 
Panaudojus kelis fazės stabilizavimo metodus bei jų de-
rinius, lazerio osciliatoriaus impulsų GFP nuokrypius 
pavyko apriboti iki mažesnių kaip 100 mrad reikšmių. 

Minimali išmatuota GFP nuokrypio vertė visai lazeri-
nei sistemai  –  170  mrad. Parametriniais stiprintuvais 
išbandyti tiek aktyvūs, tiek ir pasyvūs GFP stabilizavi-
mo būdai. Panaudojus papildomą grįžtamąjį ryšį, pasy-
viai stabilizuotų skirtuminių OPS impulsų fazės vidu-
tinis kvadratinis nuokrypis 6  val. neviršijo 70  mrad.


