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Abstract: We demonstrate a novel scheme for carrier-envelope
(CE) phase stabilization of few-cycle laser pulses from a mode-
locked oscillator. Our scheme utilizes a monolithic, collinear ge-
ometry which obviates the need for splitting the laser output,
where a fraction is used for CE-phase control and the remainder
used for experiment. Rather than using a microstructured fiber
and frequency-doubling crystal to generate the beating signal
needed for CE-phase locking, in our scheme self-phase modu-
lation and difference-frequency generation occur simultaneously
in a single periodically poled lithium niobate (PPLN) crystal and
are used to generate equivalent signals. Direct phase-locking and
recompression of the output is enabled because the PPLN crystal
transmits the majority of the incident fundamental relatively un-
affected. As a result, the output provides few-cycle pulses with
an unprecedented degree of short- and long-term reproducibility
of the electric field waveform. These unique features, along with
the simplicity of the scheme make it perfectly suitable for use
in seeding CE-phase stabilized amplified laser systems. Results
from a 3 kHz amplified Ti:sapphire system will be presented that
validate our assertions.
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Control of the carrier-envelope (CE) phase of ampli-
fied (~mlJ) few-cycle light pulses is required for repro-
ducible generation of isolated sub-femtosecond XU V/soft-
x-ray pulses that can be used to pump or probe electron
dynamics deep in the interior of atoms and molecules.
In the first proof-of-principle experiments, intense phase-
controlled few-cycle laser pulses [1,2] were used to pro-
duce isolated 250 attosecond (as) pulses at photon ener-
gies near 100 eV [3] by means of high harmonic gen-
eration (HHG). In the future, access to a wider range of
electronic dynamics within core shells will require even
shorter and more energetic x-ray pulses. Intense few-cycle

laser pulses of ~5 fs duration, whose electric field wave-
form is controlled with respect to the pulse envelope peak
with accuracy of 100 as or better, are necessary in or-
der to produce useful probe pulses via HHG. Currently,
only chirped-pulse amplifier (CPA) systems that incorpo-
rate two CE-phase-stabilization loops have been demon-
strated to be useful for this purpose. These lasers employ a
phase-stabilized oscillator to seed a CPA power amplifier,
which is then phase, corrected with a secondary, feedback
phase stabilization loop. Optical parametric chirped-pulse
amplification with phase control has been demonstrated
[4], however to date the pulse duration of these systems
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Figure 1 (online color at www.lphys.org) Principle of fcro
detection: an additional frequency comb, f,, = mf, with
fceo = 0 is created in a nonlinear crystal by DFG. The fre-
quency comb of the seed laser f, = nf. + fcro is spec-
trally broadened by SPM. With k, m, and n being integers,

the combs partially overlap to produce heterodyne beat notes at
fbeat = :t‘nfr + fCEO - mfr‘ = kfr + fCEO

remains around 10 fs. Phase stabilization of an ultrashort
laser oscillator is of primary concern. The most widely
used technique for stabilization of the CE offset frequency
(fcro) of a femtosecond oscillator, the frequency at which
the CE phase reproduces itself, is to measure the inter-
ference beat signal between the high-frequency and the
second harmonic of the low-frequency spectral compo-
nents of an octave-spanning spectrum and phase-lock it
to a reference clock [5-9]. This scheme, termed the f-to-
2f self-referencing method, uses an auxiliary beam split
from the main laser oscillator, which is then broadened
with a microstructured optical fiber to span a full octave.
However effective it is, there are several drawbacks to
this technique. Most importantly, phase jitter will accumu-
late between the actual laser output and that used in the
phase-stabilization setup, which will compromise exper-
iments performed with this laser. Moreover, the f-to-2f
self-referencing method is non-collinear; as a result it is
highly sensitive to alignment, which introduces additional
phase jitter. Furthermore, a substantial portion of the oscil-
lator output is required for broadening in a microstructured
fiber.

Here, a different approach to phase-stabilization of a
mode-locked oscillator is presented that allows for CE-
phase stabilization directly in the usable laser output, re-
sulting in lower CE-phase jitter [10].

By tightly focusing few-cycle pulses from a
Ti:sapphire oscillator into a highly nonlinear magnesium-
oxide-doped periodically poled lithium niobate (PP-
MgO:LN) crystal, self-phase modulation (SPM) and
difference-frequency generation (DFG) occur simultane-
ously (see Fig. 1). In the region of spectral overlap, an
interferometric beat signal can be detected. Due to the
absence of walk-off effects and improved spatial overlap,
the nonlinear interaction between the two waves in the
crystal is enhanced, making the beating signal strong
enough for reliable CE-phase locking.

The CEO beat signal is easily isolated because it exists
outside the original laser spectrum, and the relatively mod-
erate dispersion in the nonlinear crystal allows for the re-
compression of the transmitted laser pulses. The implica-
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Figure 2 (online color at www.lphys.org) Spectrum gener-
ated by the oscillator (solid curve), measured with a scanning
monochromator and net intracavity group-delay dispersion (dot-

ted curve)
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Figure 3 (online color at www.lphys.org) Experimental real-
ization of the monolithic CE-phase stabilization scheme. CM:
chirped mirror; IF: long-pass filter (cutoff 1400 nm); L: lens; PD:
InGaAs photodiode; RF reference: signal generator; and AOM:
acousto-optic modulator

tions are numerous and far reaching: (i) the full laser power
is used for inducing the nonlinear processes in the mono-
lithic device, (ii) almost the entire laser power is available
for applications such as probing CE-phase-dependent non-
linear processes, absolute frequency measurements or am-
plifier seeding, (iii) the absence of a microstructured fiber
avoids instabilities (amplitude and CE phase) associated
with coupling into its tiny core, and (iv), the CE phase is
controlled directly in the beam that is used for applica-
tions.

The Ti:sapphire oscillator used for this work is based
on the prismless oscillator described in [11]. It generates
pulses with a spectrum that extends from 660 to 980 nm
at -10 dB below its maximum (Fig. 2). Ultra-broadband
chirped mirrors are used for dispersion control both inside
and outside the cavity and exhibit tailored dispersion over
the range of 620—1000 nm. The net round-trip group delay
dispersion of the laser resonator is shown in Fig. 2. The
average output power of the oscillator is 340 mW at 5.0 W
pump power and 78 MHz repetition rate.
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Figure 4 Pulse train from the nonlinear crystal filtered in the
wavelength range of longer than 1400 nm, monitored with a spec-
trum analyzer. Resolution bandwidth is 100 kHz. Beating signals
are visible at 14 and 64 MHz

The experimental setup for the phase-stabilization
scheme is shown in Fig. 3. A pair of extra-cavity chirped
mirrors compensates for dispersion in the output coupler
and compresses the output pulses to ~6 fs duration. The
pulses are then focused into a 2 mm-long PP-MgO:LN
crystal with a poling period of 11.21 pm. A chirped mirror
is used as a dichroic beam splitter after the crystal. It re-
flects the fundamental spectrum and transmits the infrared
components of the beam at >1250 nm, which emerge
from the nonlinear interactions in the PP-MgO:LN crys-
tal. The transmitted beam is passed through a long-pass
filter (1400 nm cutoff) and detected with an InGaAs pho-
todiode.

A characteristic signal from this photodetector is
shown in Fig. 4. The beating signal appears in the fre-
quency domain as side-bands on the fundamental of the os-
cillator repetition rate and its harmonics. The large signal-
to-noise ratio (S/N) of more than 50 dB measured with a
resolution bandwidth of 100 kHz permits routine locking
of the CEO frequency to a reference with the servo loop
system described in [9].

The beating between the DFG and SPM waves is ob-
served at A >1350 nm.

The enhanced spatial and temporal matching of the
waves interfering in a monolithic device is expected to im-
prove CE-phase control over that provided by conventional
schemes [12—14]. To test the performance, the laser beam
that emerges from our setup (Fig. 3) is focused into an-
other PP-MgO:LN crystal for a second independent (out-
of-loop) CE-phase measurement. This out-of-loop signal
provides an upper limit to the stability of the CE phase,
as phase noise added by the locking electronics and both
the in-loop and out-of-loop CE-phase detection systems
is included. We measured the relative phase of the fcro
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Figure 5 (online color at www.Iphys.org) Out-of-loop two-sided
phase-noise power spectral density (PSD), S, () and integrated
CE timing jitter. In a 35 MHz — 0.2 mHz bandwidth, the accumu-
lated timing jitter is 44 as or 99 mrad. The dotted line shows the
noise floor of the detection and measurement system
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Figure 6 (online color at www.lphys.org) Temporal profile of
the output pulses of the phase-stabilized seed oscillator (pass-
ing through the 2 mm length PP-MgO:LN and compressed with
chirped mirrors), as retrieved from a SPIDER measurement. The
full-width at half maximum of the intensity profile is 5.9 fs

frequency as detected by the two independent fcgo detec-
tors. To this end, the first detector was used to lock the
foeo beat to an rf reference at 12.5 MHz and the sig-
nal of the second fcgo detector was used for measur-
ing phase noise. This procedure permits us to measure
the temporal variation of the CE-phase, ¢(t). The two-
sided power spectrum of phase fluctuations, Sy (v)dv, is
shown in Fig. 5. The lowest resolved frequency compo-
nent is given by the inverse of the observation time of
75 min, whereas the highest frequency component is given
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Figure 7 (online color at www.lphys.org) Schematics of the CE phase-stabilized amplifier setup with the two phase-lock loops shown.
AOM: acousto-optic modulator; ECDC: extra-cavity dispersion control; SHG: second harmonic generation; CCD: charge coupled

device camera

by fi/2(f:: repetition rate) according to the Nyquist the-
orem. The accumulated timing jitter AT.,,,s as a function
of the observation time 7ops,

ATrmS(Tobs) = Abrms (TobS) = (D

2me

is also shown in Fig. 5. Here, A¢ms(Tops) denotes the
integrated CE phase error and A¢ the center wavelength
of the pulses. The phase error integrated from 35 MHz to
0.2 mHz is 99 mrad, or 44 as of timing jitter at the center
wavelength of ~830 nm. The most comprehensive mea-
surement on a conventional system [14] reports approxi-
mately 310 as timing jitter in a 0.9765 mHz — 102.4 kHz
frequency band. With the same integration time as used in
[14], our integrated phase error would be 77 mrad, corre-
sponding to 34 as of timing jitter and constituting a one
order of magnitude improvement.

In the present system, the mirror compressor and the
crystal have a combined loss of ~30% , mainly due to the
mirror coating quality and the photorefractive effect in the
crystal. The pulse energy after the crystal is approximately
3.3 nJ. Taking into account the large bandwidth of the seed
spectrum and the limited gain bandwidth of a Ti:sapphire

amplifier (725-900 nm FWHM), approximately 0.5 nJ is
available for seeding a chirped-pulse amplifier.

The dispersion of the PP-MgO:LN crystal can be com-
pensated for by chirped mirrors. The compressed pulses
have been characterized with a broadband SPIDER device
[15] with the results being summarized in Fig. 6. Seri-
ous phase distortions from nonlinear frequency mixing are
not present as is verified by comparing the SPIDER re-
sults with the crystal being in focus and out of focus. The
measurements yielded a pulse width of 5.9 fs, whereas the
transform-limited pulse width is 4.8 fs.

The phase-stabilized oscillator serves as a seed in
a Ti:sapphire chirped-pulse amplifier system [16-18]
(Fig. 7). It consists of a positively-dispersive stretcher, a
multipass amplifier and a double prism pair compressor.
The multipass amplifier contains a pulse picker (Pockels
cell) that reduces the repetition rate to 3 kHz. The high
repetition rate of our amplifier in comparison to previously
demonstrated amplifier systems greatly simplifies attosec-
ond experiments, because the time needed for data collec-
tion is reduced proportionately. The increased repetition
rate was reached without cryogenic crystal cooling which
can add to the system complexity of the amplifier.

As the CE phase A¢ is connected to fcgo by virtue of
A¢p = 27 foro/ fr, locking fego to a subharmonic of the
repetition rate f;, say f/4, ensures that every fourth pulse
from the seed oscillator has the same CE phase. Subse-
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Figure 8 (online color at www.lphys.org) f-to-2f interference
spectrographs recorded from secondary interferometer, when os-
cillator phase-locked (solid line) and free running (dashed line).
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Figure 9 Phase deviations as derived from the f-to-2f interfer-
ence pattern by the Fourier transform algorithm. The secondary
feedback loop was put in operation at ¢ = 0. Root mean square
jitter of the locked (unlocked) part of the trace is 149 mrad
(678 mrad), in 0.2 mHz — 15 Hz bandwidth

quently by choosing every 26,000th pulse, a 3 kHz pulse
train with pulses of identical waveform is generated.

CE phase stability of the amplified pulses is dominated
by three factors: Firstly, phase noise from the seed oscilla-
tor is transferred directly to the output. Noise components
above the picking frequency of 3 kHz are aliased into the
picked pulse sequence and can therefore not be neglected
[19]. Secondly, pump energy fluctuations contribute by
means of intensity-dependent nonlinear phase effects [20].
However, by keeping the B-integral, i.e. the accumulated
nonlinear phase in the amplifier, low (B~1.1) and by using
a low-noise diode-pumped pump laser (amplitude noise
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Figure 10 (online color at www.lphys.org) Autocorrelation trace
(solid line) of the pulses after the hollow fiber — mirror compres-
sor. The dashed line shows the transform-limit autocorrelation as
derived from the spectrum (inset) assuming flat phase. Full width
at half maximum pulse widths are 5.3 fs and 4.4 fs, respectively

<1% rms), this contribution is negligible. Finally, beam
pointing instabilities in the amplifier lead to path length
fluctuations in the prism compressor, which translate, into
CE-phase jitter. Yet, this additional CE phase fluctuation
occurs on a slow timescale, i.e. on the order of seconds
and can be compensated.

Detection and correction of the additional slow CE
phase noise sources is achieved by means of a secondary
phase-lock loop, based on f-to-2 f spectral interferometry
[2]. For this purpose a small fraction (<1%) of the beam is
split off from the main beam after the prism compressor. In
this interferometer, an octave-spanning spectrum is easily
generated in a sapphire plate. This continuum is then fo-
cused into a frequency-doubling crystal and detected with
a spectrometer. Appropriate spatial, spectral, and polariza-
tion filtering yields an interference pattern in the region
of spectral overlap between the short wavelength wing of
the fundamental spectrum and the second harmonic signal
near A ~490 nm.

As expected, the averaged spectrum shows an obvious
fringe pattern with high visibility when the seed oscilla-
tor is phase-locked (Fig. 8). Slow phase drifts are ana-
lyzed by a linear Fourier-transform spectral interferome-
try algorithm [21]. To correct for these slow phase fluctu-
ations, negative feedback by means of a voltage propor-
tional to the phase deviation is given to the locking elec-
tronics of the seed oscillator (see Fig. 7). Fig. 9 shows typi-
cal phase deviations recorded in the described manner with
both feedback loops in operation. The resulting rms jitter is
149 mrad or 60 as in 0.13 mHz — 15 Hz bandwidth. How-
ever, care must be taken, as this does not represent the real
fluctuations of the CE phase, as it is recorded within the
locking loop. As such, it only shows the effectiveness of
the stabilization circuitry [13].
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The sub-25 fs, 0.8 mJ pulses from the amplifier are
injected into a 1-meter hollow-core fiber filled with no-
ble gas for spectral broadening and compressed by a set
of broadband chirped mirrors [22]. By this technique, the
system delivers sub-6 fs pulses with 0.3 mJ pulse en-
ergy (Fig. 10). Previous experiments [23] showed that the
additional CE phase jitter introduced by the hollow-core
waveguide is less than 50 mrad rms owing to the small in-
tensity fluctuations of the amplified pulses (< 1.5% rms
pulse-to-pulse). As a consequence, monitoring the CE
phase at the output of the amplifier gives a true indication
of the CE phase of the pulses used for attosecond experi-
ments.

In conclusion, we have demonstrated a simple, highly
effective monolithic scheme for direct CE-phase stabiliza-
tion of a mode-locked laser delivering few-cycle pulses.
The concept was implemented in a chirped-pulse ampli-
fier system that provides sub-6 fs, 0.3 mJ-pulses at 3 kHz
repetition rate. Thus, the light source yields pulses with
unprecedented long-term reproducibility of the generated
few-cycle waveforms, which may be a key to pushing the
frontier of attosecond science to the atomic timescale.
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