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Abstract:  We report on an octave-spanning Ti:sapphire laser oscillator
stabilized to carrier-envel ope-offset frequency zero, generating a pulse train
with constant field profile for every pulse. Stabilization is realized using
an extended self-referenced locking scheme enabling to lock the carrier-
envelope-offset phase with less than 65 attosecond rms timing jitter. The
stabilized system features a pulse repetition rate of 100 MHz with pulses as
short as 4.5fs and 220 MW average output power. With this laser system it
was possible for the first time to demonstrate a spectral interference pattern
of 10! oscillator pulsesin an out-of-loop f -to-2f -interferometer.
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1. Introduction

Within the last decade devel opments and achievements in terms of few-cycle laser pulse gener-
ation have led to numerousfields of research and applications such as high precision metrology,
high-harmonic generation, attosecond science, and high-field physics. For pulse durations ap-
proaching the single-cycle limit thereby the influence of the electric field determined by its
carrier-envel ope-offset phase (CEP) became apparent [1-10].

Meanwhile CEP stabilization is done routinely by using self-referencing f-to-2f-
interferometers[11, 12]. Applying thislocking scheme, pulses of a mode-locked laser are usu-
aly stabilized to an nt"-fraction of the lasers’ repetition rate, giving an identical electric field
for every nt" pulse within the generated pulse train.

For some applications sensitive to the field profile of the applied pulses, a pulse train with
identical electric field properties is essential. This is implemented in amplified laser systems
simply by picking an integer multiple of n from the pulse train at kHz-rates and applying a
second slow feedback loop [3].

Locking of the oscillator directly to fcg = O cannot be realized using the standard self-
referencing locking scheme which is based on measuring fcg separated from the pulse repeti-
tion frequency. To overcome this problem Lee et al. proposed a'direct locking method’ in the
time domain [13] and recently a novel method to lock fcg to zero without affecting the oscil-
lator was introduced by Grebing et a. [14]. Here the first order of an acousto-optic frequency
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shifter (AOFS) within the output beam is used to shift the instantaneous CE frequency directly
to zero. The necessary fce beat signal which is applied to the AOFS is measured using a com-
mon path f-to-2f -interferometer [15]. This locking technique is advantageous compared to the
commonly used phase coherent locking technique in terms of leaving the oscillator untouched
- no direct feedback like pump-power modulation or mirror translation is required. The main
drawback of this method is using the first diffraction order of the AOFS as applicable output
affecting the beam in terms of temporal and angular dispersion.

Here, we report on an octave-spanning Ti:sapphire oscillator stabilized to carrier-envelope-
offset frequency zero using amodified f-to-2f self-referencing |ocking scheme in the frequency
domain, generating a pulse train with constant CEP at a pulse duration as short as 4.5fs. The
measured in-loop residual rms phase noiseis 164 mrad (integrated from 3MHz to 3 Hz) result-
ing in a CE timing jitter of 65 as. Due to the octave-spanning output spectrum only 10 % of the
original average output power has to be abandoned for the CEP lock and 220 mW remain in
unchanged beam quality for subsequent experiments.

With this system it was possible for the first time to record an interference of 10'* oscillator
pulses in an out-of-loop interferometer, proving an excellent CEP lock.

2. Laser system

The laser system is a prism-less Ti:sapphire laser (VENTEON — PUL SE : ONE OS) designed
for soft aperture Kerr-lens mode-locking (see e.g. [16, 17]). Pumping is done by 532 nm cw-
radiation from a frequency doubled Nd:YVOy laser (Coherent Verdi series). For intracavity
dispersion management, broadband double chirped mirror pairs (DCMPs, [18]) are used to-
gether with BaF»-substrates, leading to the octave-spanning spectrum, shown in Fig. 1(A).
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Fig. 1. Oscillator output characteristics: A) Octave-spanning output spectrum shown on
a logarithmic (left, red) and linear scale (right, blue). The dotted logarithmic spectrum
illustrates the full oscillator spectrum, whereas the solid one gives the spectrum remaining
for experiments after CEP stabilization. B) SPIDER-characterized CEP-stabilized pulse
with aduration of 4.5fs (FWHM).

This spectrum supports a Fourier-limited pulse duration as short as4.1 fsfor thefull available
spectral width (Fig. 1(A): dotted red line) and 4.3fs for the spectrally filtered case, where the
spectral wings needed for CEP stabilization are already extracted (solid red line). After this
filtering, till the laser features an average output power of about 220 m\W at a pulse repetition
rate of 100 MHz resulting in a CEP-stabilized pulse energy of approx. 2.2 nJ. After extra cavity
compression with DCMPs, the phase-stabilized pulses were characterized with a home-built
SPIDER system to be as short as 4.5fs, givenin Fig. 1(B).
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3. Carrier-envelope-offset frequency to zero stabilization

The spectral width of the laser system is sufficient to realize CEP stabilization without any
additional spectral broadening using the f-to-2f self-referencing technique [11,12].
For generating the f-to-2f beat signal the spectral wings centered around 570 nm and 1140 nm
are filtered from the output spectrum using a multichroic transmission filter, see Fig. 2 (left).
Due to the characteristics of this filter only approx. 10% of the original laser output power
is coupled into the f-to-2f -interferometer. The center part of the spectrum is reflected with
unchanged beam quality and remains for subsequent experiments. Within the interferometer
the f and 2f frequency components are separated using a dichroic beam splitter (DBS). In
this interferometer configuration the 2f components around 570 nm are reflected whereas the
f components around 1140 nm are transmitted. For optimizing the heterodyne beat signal, one
arm can be tuned in terms of polarization and delay with respect to the second one to allow
for interference on a highly sensitive avalanche photodiode (Menlo Systems APD210) after
doubling in anonlinear type-1-crystal (1 mm LBO).

Asmentioned earlier thislocking scheme is not appropriate to lock fcg to zero because there
is no way to measure this frequency without excessive DC-noise contributions. Based on a
suggestion by Jones et al. [12] here an additional acousto-optic frequency shifter (AOFS) was
integrated in one interferometer arm shifting the measured CE-frequency fcem at the photodi-
ode according to

fcem = fce & faors. @)

In our case the signal is shifted relative to the laser repetition rate frep by faors = 80MHz
resulting in abeat signal of fcem = 20MHzfor fcg ~ 0. For all these considerations frep serves
as areference point.

MCF M DBS Qwp M AOFS Driver LP Mixer PD: frep
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IUUMH/ . .
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APD: f”:n locking electronics

Fig. 2. Locking fcg to zero; Left: Extended f-to-2f interferometer setup - AOFS: acousto-
optic frequency shifter; APD: avalanche photo diode; DBS: dichroic beam splitter, F: in-
terference filter, L: focusing lens, M: mirror, MCF: multichroic filter, QWP: quarter wave
plate, X: SHG crystal; Right: RF-locking-scheme - the locking reference fret is generated
by mixing the AOFS driving frequency faors = 80MHz with the lasers' repetetion rate
frep = 100MHz down to 20MHz. fce-locking is accomplished by a PLL controlling the
lasers' pump power; AMP: amplifier, BP: bandpass filter, LP: lowpass filter, LPF: loop
filter, PD: phase detector.

The setup of the advanced f-to-2f-interferometer - extended by the AOFS - is given in
Fig. 2 (Ieft). The AOFS is made of dense flint glass, introducing only a reasonable amount of
dispersion into the setup and provides a constant shift of 80 MHz to the frequencies contained
in thisarm. The 2f components pass the AOFS in a collimated beam with a radius of approx.
1mm. The efficiency diffracted into the 1% order, carrying the frequency shifted signal, isin
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the order of 50% but still sufficient to achieve a beat signal with a signal-to-noise ratio (SNR)
greater than 30dB in a 100 kHz resol ution bandwidth. Thissignal allows for stabilization of the
oscillator using the phase-locked loop (PLL, Menlo Systems XPS) controlling the pump power
via an acousto-optic modulator. The rather low diffraction efficiency of the AOFS can only be
tolerated within the fundamental arm of the interferometer, at which reasonable initial signal
intensity is available at 570 nm.

For generating a pulse train with constant CEP the locking reference fres is an essential
parameter which has to account for fluctuations of the laser repetition rate and the AOFS
driving frequency as well. In our case fret IS generated by mixing faors at 80 MHz with
frep @ 100MHz down to a signal located at 20MHz. This scheme is shown schematically
in Fig. 2 (right). After bandpass filtering, frer Serves as reference for locking the measured
(shifted) fcem signal using a phase-locked loop. By including faors and frep in this reference,
their fluctuations - also affecting fcg - will cancel out.

An in-loop measurement based on this scheme is shown in Fig.3(A). It is recorded in a
100 Hz span with a device-limited resolution bandwidth of 1 Hz (Agilent E4440A), exhibiting
a SNR of approx. 60dB. Figure3(B) gives the single sideband noise power spectral density
(PSD) S of the CEP phase fluctuations (red), next to the measurement noise floor (blue) and
locking reference (green).

According to the method presented in [19] the accumulated root-mean-square (rms) CE
phase error A¢ can be obtained from the measured S, by integrating over the frequency leading
to the CE timing jitter o; using
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Fig. 3. In-loop characteristics; A) Stabilized fcgm beat note at 20 MHz shown in a 100 Hz
span with 1 Hz resolution bandwidth featuring a SNR greater than 60 dB; B) Noise PSD of
CEP fluctuations (red), the locking reference (green), and measurement noise floor (blue)
next to the integrated rms phase error for the CEP fluctuations (grey, right).

For our case a value of A¢=164mrad results for the CEP error integrated from 3MHz to
3Hz giving an rms CE timing jitter of 64.5as by relating this value to the carrier frequency fo
at 375THz, see Eq. 2. Similar values have been achieved for standard locking schemes with
fce = frep/4, ranging between 10as and 50 as [16, 20, 21].

Unfortunately, a comparison between other techniques used to stabilize fcg to zero lacks from
comparable characterization schemes. Leeet a. measured an in-loop rms phase error of 50 mrad
(100 mrad out-of-loop) but only integrated from 0.3Hz up to 1.5kHz [13]. Grebing et al. intrin-
sically can only measure an out-of-loop signal. For their RF-analysis they obtained an residual
rms phase noise of 300 mrad [14]. With the technique presented in this paper intrinsicaly no
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out-of-loop RF-analysis can be performed because the beat signal cannot be exclusively ana-
lyzed apart form the fep beat note.

4. Out-of-loop characterization and verification of zero carrier-envelope-offset fre-
quency

To verify and characterize the identity of subsequent field profiles, the laser output is split
by an octave-spanning 50:50 beamsplitter (VENTEON) and guided into a second f-to-2f -
interferometer, the experimental arrangement given in Fig. 4 (left). For the out-of-loop inter-
ferometer a SNR value well above 20dB (100 kHz RBW) is achieved. The out-of-loop signal
is fiber-coupled and can be either fed to an APD detector for RF-analysis or into a highly sen-
sitive CCD-spectrometer (ANDOR SR300i & Newton®M 970) for spectral characterization.
Please note that the second interferometer does not carry an AOFS and reveal s the actual oscil-
lator CE frequency and phase change.

After locking the laser, the out-of-loop fce needle vanishes within zero frequency, the frep
beat note on the other hand, and is not detectable anymore, even with the highest possible
resolution.

BS (50:50)

feg— 0 - stabilization

M DBS QWP M
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-60

NF 80
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I -100 —

M L X L FL -120
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Fig. 4. Out-of-loop characterization; Left: Experimental setup - the laser output is split
and launched into the main f-to-2f interferometer from Fig. 2 for zero locking, and a sec-
ond f-to-2f-interferometer for out-of-loop characterization; BS: beam splitter, NF: neutral
density filter; Right: Noise PSD of the out-of-loop frep fluctuations with locked-to-zero CE
frequency for different locking settings (gain 4: red, gain 7: blue).

noise PSD [rad®/ Hz]

e out-of-loop interferometer

The noise power spectral density of the out-of-loop frep-fluctuations - including the fcg-
fluctuations as well - is given for two different locking settings in Fig. 4 (right). The red curve
shows the noise PSD for aloose fce-lock with aloop gain of 4 whereas the blue curve gives
the noise PSD for atight lock with again setting of 7. In our case thisis the optimal choice for
locking fce. Here, the phase noise is not distinguishable from the frep-noise PSD without any
fce-influence.

Thefina verification of alocked field profile is the visualization of the interference between
the f-2f frequency components in the optical spectrum asit is usually done for low repetition
rate amplified pulses [22, 23]. For a typical spectrometer integration time of some millisec-
onds and a pulse repetition rate of 100 MHz, millions of pulses have to interfere with visible
interference contrast.

Figure 5 gives to the best of our knowledge for the first time an interference progression
of the f and 2f components of oscillator pulses. For each single underlying interferogram 10’
oscillator pulses interfere, for the recorded time of 2500s all together more than 102,
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Fig. 5. Out-of-loop interference of the f and 2f components of the stabilized pulse train.
The interference is recorded over 2500 seconds with a spectrometer integration time of
0.5 seconds.

For capturing this interference pattern, the output of the second interferometer from Fig. 4
is coupled into the CCD-spectrometer. For contrast reasons the spectral power in both inter-
ferometer arms is balanced using neutral density filters attenuating the fundamental arm. To
observe a noticeable interference the delay between the two signals has to be detuned from
zero about 50 um resulting in the interference pattern that is traced for a time sequence of
2500s in Fig. 5. Hereby the interference contrast is highly sensitive on the locking strength
and immediately vanishes with switched-off lock. The presented spectral datais corrected with
respect to a background given by the single spectral components without interference.

Asit can be seen in Fig. 5 there is a very slow wavelength drift of the interference pattern
over time, whereat the interference contrast in general is not affected. This residual phase drift
can be analyzed by Fourier-transforming the interference signal, thereby extracting the phase
and tracking this value over the observation time. For the presented measurement thisresultsin
aslow phase drift of 1.7 rad accumulated over 2500 s. For a shorter time scale an accumulated
phase fluctuation of approx. 360 mrad was obtained for an observation time of 200s. These
fluctuations mainly have their origin in thermal variations of the laboratory conditions since the
breadboard for the laser and interferometers is not actively temperature stabilized. These even
small temperature drifts can affect the relative phase between the f and 2f components due to
dispersion resulting e.g. from minimal beam misalignment within the out-of-loop interferom-
eter. Without any slow feedback loop as used in amplified field stable systems this behavior is
not surprising at all.

Figure 6 shows a comparabl e interference pattern while shifting the absol ute phase by mov-
ing a BaF, wedge through the beam. For BaF, a measured thickness-change of approx. 81 um
was necessary to shift the phase by 2z, shown in the middle part of Fig. 6, which isin good
agreement with the calculated value of 75 um. The corresponding electric field profiles of the
underlying ultrashort pulses given in Fig.1 (B) are shown in the lower section of Fig. 6 for three
different CEP-settings and the relevant center part of the pulse: at the time t; for CEP = 0,
at ty for CEP = /2 and at t3 for CEP = 7. At the time t, the CEP lock is switched off, the
interference pattern vanishes immediately.

Please note that the above presented results give only arough estimate of the system perfor-
mance because the SNR of thein-loop measured beat noteis reduced about 5dB due to splitting
the laser output power for both, stabilization and out-of-loop characterization. Thus for usual
operation at full available power the performance can be assumed to be even better.

This overall system is mounted together with the pump laser on a compact and moveable
board with a footprint of 900 mm times 750 mm. Currently it isin use as the driving laser to
investigate quantum interference in akaline atoms, where theory has shown that the population
probability of bound atomic states depends on the CEP of the driving laser pulses. This laser
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Fig. 6. CEP interference pattern while shifting the absol ute phase with a BaF, glass wedge;
Top: Out-of-loop spectral interference pattern - starting at approx. 47 sthe absolute phaseis
shifted by steadily inserting BaF, into the beam. At 65 sthe phase has slipped by about 27;
Middle: Extracted phase; Bottom: Electric field profile of the center parts of the underlying
pulses at three different timesty, t, and t3 with assumed CEP=0 as starting point. At t4 the
lock is switched off.
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source represents a light source with sub-two-cycle pulses with constant CEP that allows for
integration times of several seconds together with an octave-spanning spectrum with reasonable
power for the atomic excitation. Next to this, the CEP dependency of two-photon photoemission
(2PPE) from metals will be subject of investigations.

5. Conclusion

In conclusion, we demonstrated for the first time an octave-spanning Ti:sapphire laser oscillator
stabilized with respect to carrier-envel ope-offset frequency zero, delivering a pulse train with
stable and identical field profiles. The measured rmstiming jitter of the CE phase fluctuationsis
smaller than 65 attoseconds allowing for thefirst timeto investigate the interference of oscillator
pulses at 100 MHz repetition rate. The excellent beam quality and 220mW usable average
output power make this laser the ideal source for field sensitive experiments at high repetition
rates as well as for broadband CEP stable amplifier seeding.
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