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Abstract We report the routine generation of sub-5-fs laser
pulses with 1-mJ energy and stable carrier—envelope phase
at 1-kHz repetition rate, obtained by compressing the multi-
mJ output from a phase-locked Ti:sapphire amplifier in a
rare-gas-filled hollow fiber. The dual-stage amplifier fea-
tures a hybrid transmission grating/chirped mirror compres-
sor providing 2.2-mJ, 26-fs pulses at 1 kHz with standard
phase deviation of 190 mrad rms. We demonstrate hour-long
phase stability without feedback control of grating position
or rigorous control of the laser environment, simply by using
small pulse stretching factors in the amplifier, which min-
imize the beam pathway in the compressor. The amplifier
also integrates a versatile AOPDF (acousto-optic program-
mable dispersive filter) for closed-loop spectral phase opti-
mization. The various factors influencing the overall phase
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stability of the system are discussed in detail. Using the op-
timized output, 1-mJ, 4.5-fs pulses are generated by seeding
the neon gas filled hollow fiber with a circularly polarized
input beam. A standard phase deviation of 230 mrad after
the HCF is obtained by direct f-to-2 f detection and slow-
loop feedback to the oscillator locking electronics without
any additional spectral broadening.

1 Introduction

Stabilizing the carrier—envelope phase (CEP) of ultra-short
laser pulses has provided tremendous thrust to strong-field
physics in recent years [1, 2], especially in the case of
few-cycle pulses where the pulse intensity varies almost
as quickly as the laser electric field itself. In particular,
CEP-controlled few-cycle pulses with sub-mJ energy in the
near-infrared region have been used to demonstrate iso-
lated attosecond pulse generation in the extreme ultraviolet
via high-harmonic generation in gases [3-5]. Today, CEP-
locked few-cycle pulses of several mJ are needed to increase
both the brightness and the spectral range of current attosec-
ond light sources. Moreover, it has been suggested that such
pulses could open the way to exploring relativistic intensity
laser—matter interactions at kHz repetition rate [6].
However, pulses from a conventional femtosecond
Ti:sapphire (Ti:Sa) chirped pulse amplifier (CPA) are usu-
ally limited in duration by gain narrowing to around
20fs [7, 8] and one must rely on nonlinear post-compression
schemes, such as hollow-core-fiber (HCF) compressors [9],
optical filaments [10] or the newly developed planar hollow
waveguide technique [11], in order to reach the few-cycle
regime. Achieving this at the multi-mJ level while preserv-
ing the CEP of the pulses therefore requires a multi-mJ, sub-
30-fs front-end CPA laser system with reliable long-term
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CEP stability as well as a post-compression device that can
be scaled in energy to handle the higher input flux without
deteriorating the initial CEP stability.

2 CEP stabilization

The first aspect we must deal with is CEP stabilization inside
the CPA laser chain. This is usually done first by stabilizing
the CEP offset of the oscillator [12, 13] and by subsequently
pre-compensating the slow drift introduced during ampli-
fication, typically at 1-kHz repetition rate [14]. This slow
drift originates chiefly from mechanical vibrations and air
fluctuations in open space dispersive elements, such as the
stretcher and compressor [15—17]. Historically, the first CPA
system to achieve CEP stabilization featured a bulk mater-
ial stretcher followed by a prism compressor and typically
delivered sub-mJ energies [14]. To achieve higher energies,
however, longer pulse, grating-based CPA systems remain
particularly attractive. CEP stabilization has recently been
demonstrated with this type of system by controlling the
grating position in either the stretcher [18] or the compres-
sor [19, 20] in order to improve the shot-to-shot CEP fluctu-
ations of the amplified pulses.

We recently reported a 2.2-mJ, 26-fs system at 1 kHz
featuring excellent CEP stability over extended periods of
time [21]. This CPA system relies on moderate pulse chirp-
ing through bulk material, which permits the use of trans-
mission gratings with a very compact footprint. In our case,
the reduced pulse duration leads to high propagation inten-
sities inside the amplifier and hence to the accumulation
of a relatively high B-integral. This can singularly deteri-
orate the spatial and temporal quality of the output pulses.
Since self-phase modulation in the amplifier’s materials is
the main source of the B-integral, the spectral phase of the
amplified pulses now becomes a function of the pulse en-
ergy, calling for careful management of the nonlinear (as
well as linear) phase throughout the system using adaptive
phase compensation techniques [22].

3 HCF compression at high energies

The second aspect we must deal with is the post-compres-
sion of multi-mJ pulses with preservation of the initial
CEP. HCF compressors are widely used to deliver few-
cycle pulses for attosecond science [1-5]. Confinement of
the laser beam inside the waveguide ensures spatially uni-
form broadening as well as an excellent output beam pro-
file [23]. HCF compressors with static gas pressures have
been successfully made to achieve two-cycle pulses with
energies on the order of 1 mJ [24, 25]. Beyond this, the
achievable output energy is promptly limited by the inter-
play of self-focusing and ionization, which couples energy
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into higher-order propagation modes of the waveguide and
results in significant losses and instability. One way to go
around this problem is to apply a pressure gradient across the
HCEF, which helps delay these effects and keep more pulse
energy in the fundamental mode of the fiber [26]. This ap-
proach has enabled the generation of two-cycle pulses with
several mJ of energy [27, 28] and, just recently, of 1.5-cycle
pulses beyond 1 mJ [29].

An alternative approach for increasing the energy
throughput of a statically filled HCF is to seed the fiber with
circularly polarized pulses [30, 31]. Compared to the case of
linear polarization at the same given intensity, circular po-
larization has the benefit of diminishing the Kerr effect [32],
while increasing the ionization threshold [33]. This means
that higher-energy pulses can be propagated through the
fiber using a circularly polarized input beam. This approach
also offers a significant improvement of the long-term spec-
tral stability of the output pulses, which has a direct influ-
ence on the preservation of the CEP after the fiber. Un-
til now, the benefits of circular polarization have mainly
been demonstrated in filamentation experiments [34—38] but
much less explored in the case of HCF compressors.

4 Experimental progress at LOA

In this communication, we describe a Ti:Sa CPA system de-
livering CEP-stable, 2.2-mJ, 26-fs pulses at 1 kHz, which
features a bulk material stretcher, two amplification stages
and a compact hybrid compressor composed of transmis-
sion gratings and chirped mirrors [21]. No active control of
the grating position in the compressor is necessary for CEP
stabilization. The system routinely exhibits long-term CEP
stability with a 190 mrad rms phase error measured over sev-
eral hours. We show that the acousto-optic programmable
dispersive filter (AOPDF, Dazzler™, Fastlite) inside the am-
plifier chain can be used to optimize pulse compression in a
closed-loop fashion [22]. The influence of the amplifier con-
figuration on the measured output CEP fluctuations is also
analyzed in detail. Finally, we demonstrate that by seeding
a statically neon-filled fiber with circularly polarized pulses
from the amplifier, we can routinely generate 1-mlJ, 4.5-fs
pulses with CEP stability comparable to that of the laser
(~230 mrad rms).

5 CEP-stabilized multi-mJ, sub-30-fs CPA laser system

Our laser system (Fig. 1) consists of a commercial 1-kHz
CEP-stabilized Ti:Sa amplifier (Femtopower Compact Pro
CE Phase, Femtolasers GmbH) followed by a home-built
Ti:Sa multi-pass amplifier. The two amplification stages are
respectively pumped by 11 and 20 W from a single 1-kHz



1-mJ, sub-5-fs carrier—envelope phase-locked pulses

151

Fig. 1 Schematic of the
CEP-stable, mJ-level, sub-5-fs
laser system, including a

1 kHz pump laser:
Photonics Industries

CEP-stable, 2.2-mJ, 26-fs,

l11 mJ l 20mJ

1-kHz CPA laser system with First stage: :
transmission grating Femtopower Compact Pro |———— Home-built
(TGC)/chirped mirror (CM) CE Phase + Dazzler™ 3-pass amplifier
hybrid compressor, and a
hollow-fiber compressor. QWP:
broadband achromatic TGC
quarter-wave plate
»|  Collinear f-to-2f
interferometer
22mJ,26fs
QWP1

= i
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frequency-doubled Q-switched Nd:YLF laser (DM 50 se-
ries, Photonics Industries). The onboard Ti:Sa oscillator
(Rainbow, Femtolasers GmbH) is CEP locked with a typ-
ical rms error better than 50 mrad [39]. The pulses from
the oscillator are first over-stretched through a 20-cm SF57
glass block unit and sent into the first four passes of the am-
plifier to reach the pJ level. The amplified pulse train then
passes through the AOPDF (low-jitter Dazzler HR-45-800,
Fastlite) with roughly 40% efficiency over 120-nm band-
width. Situated between passes four and five of the amplifier,
the AOPDF can efficiently fight gain narrowing in the rest of
the system and be used to measure and optimize the spectral
phase of the output pulses downstream. After this, the pulses
are sent through a Pockels cell (Bergmann Messgerite En-
twicklung KG, BME) to select a 1-kHz train of CEP-locked
pulses to be amplified in the next six passes up to a maxi-
mum energy of 2 mJ. Typical amplified spectral bandwidths
at this point are above 50 nm, and we estimate that at this
stage the pulses are stretched to about 7-ps duration.

The Femtopower output is then boosted up to the multi-
mJ level in a home-made, image-relayed three-pass ampli-
fier offering the flexibility of controlling the seed beam size
on the crystal for each pass. The 8-mm-long Ti:Sa crys-
tal (74% absorption), cut at Brewster angle, is cooled to
195 K under vacuum by a cryogenic pump (Thermo Elec-
tron GmbH). With both seed and pump beam diameters at
~1 mm (at 1/e? intensity), 750-uJ seed pulses are typically
amplified to 1.7, 3.2 and 4.3 mJ respectively after each con-
secutive pass. For seed energies much beyond this value,
modulations appear in the amplified spectrum, a signature
of a high B-integral due to the small stretching factor. Con-
sequently, the second amplifier stage is routinely seeded by
750 pJ. Gain saturation is reached in the last pass with an
estimated B-integral value of ~3 rad for the whole system.

Pulse compression is achieved using a hybrid compres-
sor combining transmission gratings (TGC) and a highly
dispersive chirped mirror pair (CM). Here, the amplified
pulses are first compressed in the TGC down to ~0.8 ps
so that the peak intensity is low enough in the grating
material to avoid nonlinear effects. The beam diameter is
15 mm. The TGC is composed of a pair of 600 lines/mm
fused silica holographic gratings (Wasatch Photonics) sep-
arated by about 70 mm for a beam incident angle of 13.9°.
The spectral phase introduced by the grating compressor is
(p%c ~ —50,000 fs2 and ‘/’”(r3(;c ~ 70,000 fs3. Final com-
pression below 30 fs is then achieved after 32 bounces on the
CM (=200 fs?/bounce). The residual second-order phase
and positive third-order phase from the stretcher, amplifier
material and compressor are compensated by the AOPDF
with 932, = —15,100 fs2 and ), = —140,000 fs3. The
overall transmission efficiency of the hybrid compressor is
~53% (~60% for the TGC). The final compressed pulse en-
ergy is then 2.2 mJ, with an energy stability of ~1.5% rms
(~5% for peak-to-peak), stemming mainly from the pump
laser and corresponding to a standard value for kilohertz
lasers.

6 Pulse optimization using the AOPDF

The AOPDF in the laser chain provides an easy and flexi-
ble way to pre-shape the seed spectrum in order to fight gain
narrowing during amplification. Figure 2a shows the spec-
tral profile of the pulse at different stages of the laser chain:
after the Femtopower (uncompressed), after the second am-
plifier and after the hybrid compressor. There is a slight
spectral narrowing observed during the amplification, but
the AOPDF in the chain enables us to reproducibly produce
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Fig. 2 (a) Laser spectra at different positions inside the laser system
with 2.2-mlJ, 26-fs laser output: after Femtopower (dotted green line),
after the second amplifier (dashed red line) and after the hybrid com-

output pulses with an excellent Gaussian spectrum of 52 nm
in bandwidth (FWHM). The small ripples around the peak
of the spectrum arise from the moderately high B-integral
of the overall system, which does not however compromise
optimal compression.

Pulse compression is optimized in a closed-loop fashion
using a commercial optimization algorithm coupled to the
AOPDF (DazScopeTM, Fastlite). Here, a small fraction of
the output energy (<1 ) is selected by a beam splitter and
focused into a 50-um type-I BBO crystal by an f = 500 mm
focusing lens. The generated second harmonic is filtered
out and collected by a commercial spectrometer (AvaSpec-
3648, Avantes). In the measurement mode, the AOPDF is
set to add a sequence of pure quadratic phases (pure lin-
ear chirp) to the pulse and the second harmonic genera-
tion (SHG) spectrum is recorded for every added value of
chirp [40]. Once the whole range of chirp is scanned, the
second-order derivative of the input spectral phase (the ‘lo-
cal’ chirp) is extracted based on a fit of the asymptotic decay
of the SHG spectrum for large chirps. The phase is then re-
trieved by double integration and compensated by the Daz-
zler in the laser chain. The optimized output pulse duration
of our laser system was measured at 26 fs with a home-
built spectral phase interferometry for direct electric field
reconstruction (SPIDER) device. Figure 2 shows the mea-
sured spectral phase and corresponding reconstructed tem-
poral profile (26 fs FWHM).

7 Influence of the CPA system design on the CEP

In our laser system, the slow CEP slip of the amplified laser
pulses can be measured using a commercial collinear f-to-
2 f interferometer (APS 800, Menlo Systems) [41] and then
fed back into the oscillator locking electronics. During a typ-
ical measurement, the spectrometer (Thorlabs) operates in
single-shot mode (1-ms integration time) and 20 consecutive
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pressor (solid black line), and spectral phase (dash-dotted blue line) of
the compressed pulses measured by SPIDER; (b) temporal intensity
profile of the compressed pulses (SPIDER)

spectra are acquired within the loop-cycle time (100 ms).
The CEP drift value can be obtained based on each spectrum
through a FFT algorithm (FFT amplitudes below ~20% of
the average amplitude are eliminated) and then an averaged
value over these 20 calculated CEP drift values is recorded
and used for feedback. This slow CEP drift feedback loop
typically runs at 10 Hz.

The acoustic wave driver jitter of the AOPDF inside the
laser can introduce significant noise in the recorded CEP
drift. For a broadband AOPDEF, the typical acoustic wave
delay is 23.6 us, which corresponds to an optical delay of
3.5 ps at 800 nm. Therefore, an acoustic wave jitter, T,c, can
lead to an optical jitter, Top;, of the diffracted laser beam,
Topt = Tac - 3.5 ps/23.6 s, which yields a random CEP drift
given by

2mwc
39Dz = Topt B =

This means that an acoustic wave jitter of 300 ps can in-
troduce /30 optical jitter. Clearly, minimizing this jitter
is equivalent to minimizing the optical jitter of the laser.
Therefore, in collaboration with Fastlite, we improved the
acoustic wave jitter of our AOPDF from ~300 to ~70 ps
by using a less noisy PLL (phase-locked-loop) chip in the
AOPDF driver. Subsequently, the measured long-term rms
CEP drift error of the first amplifier stage (using the com-
mercial prism compressor, 0.8-mJ, 27-fs laser output, with
equivalent pulse energy stability to that after the second am-
plifier) was dramatically reduced from ~176 to ~102 mrad.
This shows very good agreement with the theoretical im-
provement value (70 mrad) calculated from (1). The im-
proved CEP drift error value is comparable to the typical
drift error (~80 mrad rms) of the commercial Femtopower
system itself without AOPDF. Figure 3a shows a long-term
measurement of the stabilized CEP drift (~102 mrad rms)
of the Femtopower with an upgraded AOPDF driver. A sta-
tistical distribution of the data points over CEP drift values

27
‘E —_—
%267 fs

3.5ps
23.6 us’

ey
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Fig. 3 CEP drift measurement of the first stage of the amplifier with
0.8-mlJ, 27-fs laser output (Femtopower with commercial prism com-
pressor). (a) Measured stabilized CEP drift with slow-loop control
over 2 h (~102 mrad rms), together with the statistical distribution of

is also shown in the right-hand panel of the figure. Compar-
ing the rms CEP drift over one minute with (~98 mrad) and
without (~316 mrad) the slow loop (Fig. 3b), we see that
the first stage of the amplifier introduces slow drifts of the
CEP due to beam pointing variations and air fluctuations in
the prism compressor on the few-second time scale.

The influence of the AOPDF aside, the CEP slip intro-
duced by the amplification system originates mainly from
the following three sources [15]: (1) beam pointing and tem-
perature changes in the optical path length; (2) dispersion
fluctuations in the stretcher and compressor; (3) pulse inten-
sity fluctuations in the amplification gain medium.

Beam pointing fluctuations come from air turbulence or
mechanical vibrations, which affect the shot-to-shot drift of
the CEP. The CEP slip due to the variation of optical path
length can be estimated by dgpp = 2w (AL/L3;), where
Loy is the medium length corresponding to a 2w CEP shift
and AL is the change of optical path length. The typical Lo,
value at 800 nm is 157 x 103 um for air and 37 um for Ti:Sa
crystal [15]. Generally, under good experimental conditions
with beam pointing fluctuations on the order of several urad
after amplification, the CEP noise introduced is in the sub-
mrad range, in other words, negligible. The influence of air
and gain medium temperature variations could be more than
two orders greater than that of air turbulence, but this oc-
curs on a many-minute scale, leading only to a very slow
shot-to-shot CEP drift.

The influence of beam pointing on the grating stretcher
and compressor has been studied before both theoreti-
cally [17] and experimentally [18]. For a double-pass con-
figuration, the net effects of a variation of incident angle on
the CEP are small because the phase slip in the first pass
can be compensated in the second pass due to the opposite
incident angle change between the two passes. However, the
CEP change resulting from changes in the grating separation
can be on the order of 27 rad. Here we suppose that y is the

'
w

0 10 20 30 40 50 60
b Time (s)

the data points over CEP drift values. (b) Comparison of CEP drift
with (~98 mrad rms, blue line) and without (~316 mrad rms, black
line) slow-loop control on a short time scale (~1 min)

incident angle, G is the perpendicular distance between the
gratings, d is the grating constant and 6 is the angle between
the incident and diffracted rays. Then the CEP change d¢gp
due to the separation change AG can be expressed by

AG
SoGp = 4 — tan[y — 6(wo)], )

where wy is the carrier frequency. When the incident angle
is close to the Littrow angle, 6(wp) =~ 0. Equation (2) can
then be simplified to

AG
S¢Gp = 4m —; @) 3

Considering a typical grating with d~! = 1200 lines/mm,
a grating separation change by a half of the grating constant
can result in a CEP change on the order of 27 rad, because
y > 45° for most conventional grating compressors. How-
ever, in the configuration of the transmission grating com-
pressor in our laser system, a smaller perpendicular distance
between the gratings is used because of the smaller pulse
stretch factor, which reduces the sensitivity of the CEP to
beam pointing and air currents in the compressor. More-
over, according to (3), the two-fold larger grating constant
and smaller incident angle (13.9°) can decrease CEP fluctu-
ations introduced by changes in grating separation by up to
90%. Figure 4a compares the CEP drift of the compressed
pulses on a short time scale with (~194 mrad rms) and with-
out (~301 mrad rms) the slow feedback loop (the start of
active stabilization is marked by an arrow in the figure). The
compressed pulse energy is 2.2 mJ for a 750-pJ seed into
the second amplifier for this acquisition. From the open-loop
phase drift, it can be seen that the fast-changing noise is a bit
larger than in the first amplifier (Fig. 3b), but the second am-
plifier and the compressor do not add significant slow drifts
to the CEP. With the slow-loop feedback on, the whole laser
system shows excellent and robust phase stabilization, with
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Fig. 4 CEP drift measurement of the whole laser system with 2.2-m],
26-fs laser output. (a) Comparison of CEP drift with (~194 mrad rms,
blue line) and without (~301 mrad rms, black line) slow-loop control
on a short time scale (~1 min), with the onset of active stabilization
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Fig. 5 CEP drift measurement of the CPA laser system for 1.65-mJ
output. (a) Comparison of CEP drift with (~109 mrad rms, blue line)
and without (~208 mrad rms, black line) slow-loop control on a short
time scale (~1 min), with the onset of active stabilization marked by

a rms error of ~190 mrad measured over several hours, as
shown in Fig. 4b.

The larger phase noise observed after the second ampli-
fier can also be attributed to nonlinear phase changes cou-
pled to intensity fluctuations in the amplifier. The introduced
phase shift can vary randomly from shot to shot and cannot
be pre-compensated by the slow-loop feedback. The CEP
shift due to the nonlinear refractive index can be expressed
as

donL =2m L/Log NL, 4)

where L is the length of the nonlinear medium and Ly, NI
is the medium length corresponding to a 2z CEP shift.
Considering that the refractive index is expressed as n =
no + n21, for a particular intensity, /, Lo, N1 can be given
by Loz NL = 1/(dAn/dA) = 1/((dny/dr)1). Then (4) can
be changed to

dny

1) =2 -IL- 5
ONL =27 - T (5)
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control over ~3 h (~190 mrad rms), together with the statistical dis-
tribution of the data points over CEP drift values
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an arrow; (b) measured stabilized CEP drift with slow-loop control
over 12 min (~106 mrad rms), together with the statistical distribution
of the data points over CEP drift values

We know that the B-integral is the total phase change due
to the nonlinear refractive index given by B = 2w /(Ang) -
fOL nal dz. It can be simplified to B = 2wny/Ang - IL,
when I is assumed constant over L. Then we get IL =
AngB/(2mny), and (5) is expressed by

5 )\no dn, B 6
one=oe g B (6)
Then the CEP change due to the intensity fluctuation A7 is
given by oNL AT
The total B-integral of our laser system is about 3 for
a 2.2-mJ output. In order to investigate the effect of the
B-integral on the CEP in our laser system, we tested the
CEP drift of the laser system for lower B-integral (~1
rad) by seeding the second amplifier with 400 pJ and lim-
iting the output energy to 1.65 mJ. In this case, the open-
loop CEP drift of the laser system (Fig. 5a) shows smaller
drift amplitude than in the case of higher output energy
(Fig. 4a). The standard drift error with the slow loop on
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Fig. 6 Characteristics of the optimal compressed pulses after the
HCF compressor with 2-1 mJ, 26-fs seed pulses and a neon pressure
of 1.5 bar. (a) Retrieved temporal profile (4.5 £ 0.1 fs), measured by
a FROG instrument; the inset is the retrieved FROG trace with a FROG

(Fig. 5b) is dramatically reduced to 106 mrad rms over a
12-min measurement, comparable to that of the first am-
plifier with the commercial prism compressor. This clearly
indicates that the CEP drift due to the second amplifier re-
sults mainly from nonlinear effects inside the gain crystal.
Reducing the B-integral of the laser system by slightly in-
creasing the seed stretch (to 10 ps) could help improve the
long-term CEP stability even further. In the current config-
uration, the stretch factor is limited by the large amount
of negative third-order spectral phase introduced by the
compressor, which increases rapidly with the amount of
second-order phase needed to compress the pulses. The
compensation of all the excess third-order phase in the
system is done using the AOPDF. However, the diffrac-
tion efficiency of the AOPDF decreases when high third-
order phase is introduced and amplification becomes in-
efficient for large values of third-order dispersion (TOD)
(> £150,000 fs3), setting an upper limit to the affordable
stretch factor.

In fact, the B-integral of the amplifier just reflects the
influence of intensity fluctuations on the CEP measurement
itself. The pulse intensity instability takes its source from the
front-end laser, which is strongly dependent on the stability
of the pump laser. According to previous investigations, 1%
pulse energy fluctuations can change the measured CEP by
more than 100 mrad [14, 42], which is consistent with our
single-shot measurements. However, it is worth mentioning
that large CEP error points have only a minor influence of
the measured long-term CEP drift.

8 Pulse compression below 5-fs duration in a gas-filled
HCF

The CEP-stable, 2.1-mJ, 26-fs pulses from the amplifier
were used to drive post compression in the HCF (Fig. 1).

Intensity (a.u.)
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error of ~1%; (b) FROG retrieved spectrum (dotted red line) and spec-
tral phase (dashed blue line), compared with the measured spectrum
(solid black line) by a fiber spectrometer

The input beam polarization can be changed between lin-
ear (LP) and circular (CP) using a broadband achromatic
quarter-wave plate (QWP1). The laser beam is then care-
fully coupled into the HCF by an f = 42 m focusing mir-
ror. The HCF is 1-m long with an inner diameter of 250 pm
and rests inside a tube filled with a static pressure of neon.
The output beam from the HCF can be changed from CP
back to LP downstream using a second broadband achro-
matic quarter-wave plate (QWP2). The dispersion of QWP1
and the entrance window (300-um-thick fused silica) of the
HCEF tube can be easily pre-compensated using the AOPDF.
Meanwhile, the total pulse dispersion of the HCF setup in-
cluding QWP2 as well as ~2.5-m air is first slightly over-
compensated by using a set of broadband chirped mirrors
(Femtolasers GmbH) and then is fine tuned with a pair of
fused silica wedges, set at Brewster angle, to get the short-
est compressed pulses. Pulse compression is optimized and
measured using a home-made, dispersion-less frequency-
resolved optical gating (FROG) device that is a duplicate
of that described in Ref. [43], suitable for ultra-broadband
pulse characterization.

At an optimal gas pressure of 1.5 bar, 4.5-fs (£0.1-fs)
pulses with 1-mJ energy are routinely generated. The typ-
ical measured temporal profile and spectrum together with
the spectral phase and spectrum retrieved by the FROG are
shown in Fig. 6. The estimated FROG error in the tempo-
ral pulse duration is ~1%. The satellite pulses in the recon-
structed temporal profile result from the combined effects of
residual high-order spectral phase and strong modulations
in the broadened spectrum. The retrieved FROG spectrum
shows very good agreement with the measured spectrum as
shown in Fig. 6b. The broadened spectrum supports ~3-fs
Fourier-transform-limited pulses. Spectral clipping due to
the bandwidth limit of the chirped mirrors was observed
in the experiment, implying that even shorter compressed
pulses could be expected with broader-bandwidth chirped
Mirrors.
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Fig. 7 CEP drift measurement of the few-cycle pulses after HCF
compressor (1-mJ, sub-5-fs). (a) Comparison of CEP drift with (~214
mrad rms, blue line) and without (~474 mrad rms, black line) slow-
loop control on a short time scale (~1 min), with the onset of active

The bandwidth of the sub-5-fs pulses is broad enough to
allow direct CEP drift measurement without the need for any
extra spectral broadening. A small part of the compressed
pulses is split off and focused into a 0.5-mm-thick BBO
crystal to double the IR frequency component of the spec-
trum, which is used to interfere with the blue part of the fun-
damental spectrum using a crossed polarizer. The interfer-
ence fringes are acquired using a Thorlabs SPx spectrometer
and the signal fed back to the APS software to calculate and
stabilize the CEP drift. A short time scale open-loop mea-
surement is shown in Fig. 7a. The CEP is quite well pre-
served even after a long pulse propagation distance (a few
meters), but shows bigger slow drift amplitude compared to
the open-loop measurement of the laser system (Fig. 4a).
This mainly comes from intensity variations due to the beam
pointing and energy fluctuations of the input beam. Feed-
ing the CEP drift after the HCF back to the Menlo system
electronics, the CEP of the whole laser system including the
HCF compressor can be well stabilized. A typical long-term
CEP drift measurement is shown in Fig. 7b, indicating a rms
error of ~230 mrad over 1 h.

Thanks to the mode confinement of the HCEF, the gener-
ated sub-5-fs laser beam exhibits near-perfect spatial qual-
ity. In order to estimate the maximum intensity achievable
with our system, the beam was attenuated with reflective
metallic filters (factor of 100) and focused down to a 6-
um-diameter spot size (at 1/e? peak intensity) using a 40-
mm-diameter beam (at 1/e? peak intensity) incident on an
f/4, 30-degree, off-axis parabola. Figure 8§ shows the in-
tensity profile measured at focus using a microscope ob-
jective (magnification factor of 20). From this profile, we
safely estimate that 73.7% of the incident pulse energy on
the parabola is located in the central part of the focused
beam (above 1/e? peak intensity), indicating a Strehl ratio
better than ~0.9. Such conditions correspond to a focused
intensity of more than 10'7 W/cm? without wavefront cor-
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with slow-loop control over 1 h (~230 mrad rms), together with the
statistical distribution of the data points over CEP drift values
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Fig. 8 Spatial intensity distribution of the full sub-5-fs laser beam un-
der vacuum at the focus of an f/4 parabola

rection. Note that the measurement was taken more than 6 m
away from the HCF compressor output.

9 Conclusions and prospect

In conclusion, we presented CEP stabilization (~190 mrad
rms) of a transmission grating-based CPA system deliver-
ing 2.2-mJ, 26-fs pulses at 1 kHz and the generation of
CEP stable (~230 mrad rms), high spatial quality, sub-5-
fs, mJ-level pulses by post compression in a HCF seeded
with a circularly polarized laser beam. We demonstrated
that reducing the optical pathway in the stretcher and com-
pressor leads to robust long-term CEP stability of the sys-
tem. A high efficiency ruled transmission-grating compres-
sor (~80% throughput) has been commissioned to achieve
>4 mJ compressed sub-30-fs pulses. Furthermore, our post-
compression technique could be scaled to multi-mJ output
energies (together with CEP control) by using a bigger-core
HCF filled with a pressure gradient or higher ionization
threshold gases. The high pulse energy, ultra-short pulse du-
ration, high spatial quality features of the system, combined
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with the long-term CEP stability, make it a useful experi-
mental tool for performing high-field science.
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