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Abstract—Intense ultrashort laser pulses at 1.55 µm are gen-
erated by a home-built light source and compressed to 20 fs by
multiple plate continuum (MPC) and Fourier pulse shaping. The
entire system consists of three building blocks, responsible for
seed generation, optical parametric chirped pulse amplification
(OPCPA), and nonlinear compression. A commercial Yb:KGW
amplifier pumps a difference frequency generator and an optical
parametric amplifier (OPA) to generate 1 kHz, 44 fs, 10µJ, carrier-
envelope phase stable seed pulses at 1.55 µm. A grating–lens pair
stretches the seed pulses to 50 ps by introducing a great amount
of normal group delay dispersion (GDD). After that, the chirped
pulse energy is boosted to 5 mJ by two OPA stages pumped by
a commercial Nd:YAG amplifier (30 mJ, 85 ps). To compress the
amplified pulses, a grating pair compressor providing an adequate
amount of anomalous GDD is employed. The OPCPA system even-
tually delivers 3 mJ and 80 fs pulses, limited by the phase-matching
bandwidth of nonlinear crystals. To further compress the pulse
duration, pulses are sent to an MPC stage, which consisted of nine
pieces of 200-µm-thick quartz plates. The OPCPA output spectrum
is broadened by four times and compressed to 20 fs (3.6 carrier
cycles) by a femtosecond Fourier-transform pulse shaper. The
pulses are characterized by polarization gating cross-correlation
frequency-resolved optical gating. Due to the high pondermotive
force, an intense and long-wavelength laser system like this is useful
in seeding a MeV-level electron accelerator and generating coherent
soft X-ray high-harmonic generation.

Index Terms—Optical parametric chirped pulse amplifier, pulse
shaper, supercontinuum generation, ultrafast nonlinear optics.

I. INTRODUCTION

H IGH-ENERGY ultrashort laser pulses have been acces-
sible since the invention of chirped pulse amplifica-

tion (CPA) [1]. The superior properties of Ti:Sapphire and
Ytterbium-doped crystals lasing around 0.8 μm and 1 μm wave-
lengths make these lasers ideal for ultrafast science and tech-
nology. So far, the energies of Ti:Sapphire and Ytterbium-based
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laser pulses have reached hundreds of joules [2] and hundreds of
milli-joules [3], respectively. These intense lasers are powerful
tools in generating high-power terahertz radiation [4], laser
plasma microcurrents [5], and coherent extreme ultra-violet
(EUV) laser by high-harmonic generation (HHG) [6]. In the case
of HHG, the resulting HHG source obtains high spatial and tem-
poral resolution because its short wavelength and pulse duration.
The short EUV wavelength supports a spatial resolution on the
scale of tens of nanometers [7], which is attractive for the imag-
ing of biological samples or nano-devices. The attosecond-scale
EUV pulse width [8] can explore the fleeting electron dynamics
in atoms, molecules, and materials via pump-probe experiments
[9]. According to the semi-classical three-step model of HHG
[10] and the model of cut-off photon energy in single atom
[11], the maximum emitted photon energy hνcutoff can be
formulated by

hvcutoff = Ip + 3.17Up ≈ 3.17ILλ2
L,

where Ip is the ionization potential of the target atom; Up is
the ponderomotive energy determined by the intensity IL and
wavelength λL of the driving laser. Furthermore, the phase
matching cutoff scales [12] as

hvPM ∝ λ1.6
L − λ1.7

L .

These relations imply the general strategy of harvesting pho-
tons of higher energy, i.e., driving HHG with longer wave-
lengths. For example, the cutoff photon energy of HHG driven by
Ti:Sapphire laser (λL = 0.8μm) is 120 eV in helium [11]. It in-
creases to 170 eV when a Yb:CaF2 driving laser (λL = 1.03μm)
is used [13]. However, neither of them can generate photons
in the range of water window (2.34∼4.4 nm, 280∼530 eV)
[14]–[17] whose characteristics of high transmission for oxygen
(and hydrogen) and high absorption for carbon (and nitrogen)
are useful for in-vivo bio-nanoscopy and in-situ time-resolved
pump-probe trial [18].

To red-shift, the driving laser wavelength, parametric down-
conversion process such as OPA, can be employed [19], [20]. In
OPA, pump power can be converted to signal and idler waves
according to the conservation of energy and momentum. Down-
converted pulses centered at signal and idler wavelengths of 1.44
and 1.8 μm (Ti:Sapphire pump) [21], 1.5 and 3.6 μm (Yb:KGW
pump) [22], 1.5 and 3 μm (Yb:fiber pump) [23], 3.5 and 5.2 μm
(Ho:YAG pump) [24], [25] or 2.8 and 7 μm (Ho:YLF pump)
[26] have been reported. Although OPA enables a wide range
of wavelength tuning, the effective gain bandwidth is limited
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by temporal walk-off between signal and idler pulses. In the
case of OPCPA, the effective bandwidth is furthermore affected
by temporal and wave vector overlapping between pump and
seed pulses. These effects tend to narrow the parametric gain
bandwidth such that the output pulse is longer than the front-
end laser pulse [27]. For downstream applications preferring
short duration and high intensity, it becomes highly desirable
to compress the amplified pulses by spectral broadening and
dispersion compensation to recover (or further shorten) the pulse
width.

In terms of spectral broadening, supercontinuum generation
is typically achieved by coupling the pulse into microstructured
optical fiber [28], [29], gas-filled hollow-core fiber [30] bulk
material [31], [32] or multiple pass cell [33]–[36]. However, the
requirements of coupling and long interaction length make fibers
subject to spectral distortion and power fluctuation induced by
beam pointing drift. The energy scale of supercontinuum gener-
ation in bulk material is in the range of micro-joule. Multiple
pass cell needs deliberate cavity design and precise optical
alignment. In this regards, a new supercontinuum generation
technique, multiple plate continuum (MPC) [37], was recently
invented and has made rapid progress in the last few years. MPC
has the advantages of easier optical alignment, lower economic
cost, free from beam-pointing-induced issues, and capable of
spatial multiplexing. It has been realized at pump wavelengths
of 0.8 μm [37]–[41], 1 μm [42], [43], 1.5 μm [44] and 3.5 μm
[45]. However, compressing the MPC pulse at 1.5 μm close to
its transform limit (TL) remains undemonstrated.

In this work, we report four-fold nonlinear pulse compression
by MPC and dispersion compensation at 1.5 μm. The driv-
ing laser system consisting of seed pulse generation (pumped
by 100 μJ pulse from a commercial Yb:KGW amplifier) and
OPCPA (pumped by 30 mJ pulse from a commercial Nd:YAG
amplifier), delivers 1 kHz, 3 mJ, 80 fs pulses at 1.55 μm. Due
to the lack of space for loose focusing, we only tap 0.7 mJ from
the OPCPA for nonlinear pulse compression. The OPCPA output
spectrum is substantially broadened by passing through 9 pieces
of 200-μm-thick quartz plates and de-chirped by a Fourier pulse
shaper, resulting in 20 fs (3.6-carrier-cycles) pulses at the output.

II. FRONT-END LASER SYSTEM FOR MPC-BASED

NONLINEAR COMPRESSION

The entire setup consists of three building blocks (Fig. 1): (1)
generation of 10 μJ seed pulse at 1.5 μm by white-light gen-
eration (WLG) seeded difference frequency generation (DFG),
OPA; (2) amplification of seed pulse to 3 mJ by OPCPA; (3)
nonlinear broadening and compression of the 80 fs pulses to
20 fs by MPC and a Fourier pulse shaper. In this section, the
first two building blocks will be discussed in detail, while the
nonlinear pulse shortening scheme will be described in more
detail in Section III.

We use a Yb:KGW laser system (Pharos, Light-conversion)
comprising of a Kerr-lens mode-locked oscillator (OSC) and a
chirped pulse regenerative amplifier (RA) to pump the seed pulse
generator. The OSC operates at 76 MHz repetition rate and has
two output beams. One of them (with 530 pJ energy) is seeded

Fig. 1. Setup of the entire system. OSC, oscillator; RA, regenerative am-
plifier; OPA-#, optical parametric amplifier; BS#, beamsplitter, G#, transmis-
sion grating; P#, a linear polarizer, DM#, dichroic mirror; SLM, spatial light
modulator.

to a Nd:YAG amplifier (EKSPLA) for energy enhancement to
30 mJ. Meanwhile, a 76 MHz signal from a photodiode (PD)
in the OSC synchronizes Yb:KGW OSC and Nd:YAG amplifier
electrically. The Nd:YAG amplifier can produce 1 kHz, 85 ps,
30 mJ pulses at 1.064 μm by using one regenerative amplifier
(RA) and two power amplifiers (PAs). To improve the output
beam quality, we add a spatial filter (consisting of two lenses and
a pinhole of 610 μm diameter) between the two PAs. The output
beam is 4.2 mm in diameter (defined by 1/e2). The other beam
of the Yb:KGW OSC seeds the Yb:KGW RA, where a Pockels
cell selects pulses of 1 kHz repetition rate for amplification. The
Yb:KGW RA emits 1 kHz, 170 fs, 1.5 mJ pulses at 1.03 μm
with 4 mm beam diameter (1/e2).

To generate passively carrier-envelope phase (CEP) stabilized
seed at 1.55μm, we only tap 100μJ (7%) from the Yb:KGW RA
for pumping. The 1.03 μm laser pulse is split into two paths by
a beamsplitter (BS1). The weaker one (25 μJ) is spatially down-
sized from 4 mm to 1.3 mm in diameter (1/e2) to increase the
conversion efficiency of second-harmonic generation (SHG) in-
side a 2-mm-thick BBO crystal (type I, θ= 23.4°, oω+oω→e2ω ,
ϕ = 90°). We use a filter to block fundamentals and only green
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pulses of 9 μJ (36% efficiency) at 515 nm are left. The green
pulse is also divided into two paths by a beamsplitter (BS2). The
first green pulse (2.7 μJ) drives a 10-mm-thick YAG crystal for
WLG, then collinearly combined with the second green pulse
(6.3 μJ) by a dichroic mirror DM1 to pump a 2-mm-thick BBO
crystal (type I, os+oi→ep, θ = 22.8°, ϕ = 90°) for DFG at
a peak intensity of 213 GW/cm2. WLG operated under single
filamentation, produces a stable and coherent spectrum spanning
from 400 to 790 nm at −30 dB level. DFG between the pump
(515 nm) and signal (771 nm, a slice of the WLG spectrum)
originated from the common source will passively stabilize the
CEP of the idler pulse (1.55 μm) [46]. Note that the collinear
geometry is employed to suppress spatial chirp of the idler pulse.

To amplify the 1.55 μm pulse, the second 1.03 μm pulse
(75 μJ) split from the output of Yb:KGW RA is spatially
downsized from 4 mm to 2 mm before pumping a 6-mm-thick
KTP crystal (type II, es+oi→op, x-z principal plane, θ = 48°,
ϕ = 0°) for OPA (OPA-1, Fig. 1). Pump (1.03 μm) and signal
(1.55 μm) beams are crossed at 1.8° inside the KTP crystal,
such that they can be spatially separated after amplification.
By optimizing the phase-matching angle and the temporal and
spatial overlapping, the 1.55 µm signal pulse is amplified to 10
µJ. The pulse duration measured by SHG-FROG is 44 fs, close
to the transform-limited (TL) value of 40 fs.

To further increase the pulse energy, an OPCPA is built after
the seed generator. In our setup, a Martinez (grating-lens pair)
stretcher is used to temporally stretch the 44 fs, 1.55 μm input
pulse by introducing a great amount of normal group delay
dispersion (GDD). The stretcher is composed of two trans-
mission gratings (940 gr/mm, 92% diffraction efficiency over
1525–1605 nm) and two identical curved mirrors (4 inches in
diameter, the radius of curvature is 60 cm). The 1.55 µm beam is
incident on the first grating (G1) at an angle of 47° to maximize
the diffraction efficiency. After passing through the symmetric
grating-lens pair, a flat mirror with a small tilt angle in the vertical
direction reverses the beam path to eliminate spatial chirp. The
residual spatial chirp caused by asymmetric orientations of the
gratings (G1 and G2) is calibrated by inspecting whether the fo-
cused beam profile (f= 15 cm) after the stretcher is round or not.
The double-pass configuration stretches the pulse from 44 fs to
50 ps (measured by intensity autocorrelation). Total throughput
is 43% which comes from grating diffraction efficiency as well
as from insufficient bandwidth of gratings.

The OPCPA amplifies the stretched pulse in two cascaded
OPA stages. The first stage (OPA-2) uses a 10-mm-thick KTP
crystal (type II, es+oi→op, x-z principal plane, θ = 45.5°,
ϕ = 0°). The pump beam profile on the KTP entrance surface
is relayed from the end surface of Nd:YAG rod in the second
PA of the Nd:YAG amplifier by a two-lens 4-f geometry, where
a vacuum chamber is placed between the two lenses to avoid
air breakdown that would destroy the beam quality. The first
1.064 μm pump beam (6 mJ) is spatially downsized to 0.63 mm
in diameter (1/e2) and exhibits a flat-top profile with 34 GW/cm2

peak intensity. The flat-top beam profile is more robust against
crystal damage induced by self-focusing and can provide a spa-
tially uniform parametric gain for the signal pulse. Efficient OPA
occurs after overlapping the pump and signal pulses temporally

Fig. 2. Characterization of the OPCPA output pulse. (a) Measured and (b)
retrieved SHG-FROG traces. A subplot in (a) is the focused beam profile taken
by a silicon-based CCD camera by exploiting two-photon absorption effect.
(c) Retrieved spectral intensity (blue solid) and spectral phase (green dashed).
Spectra of OPA-2 (pink dashed) and OPA-3 (red dotted) are measured for
reference. (d) Retrieved temporal intensity (blue solid) and phase (green dashed).
FWHM is 80 fs.

(with a delay stage) and spatially (by focusing the signal pulse to
0.39 mm in diameter in the KTP crystal), which can amplify the
energy of the strongly up-chirped signal pulse (50 ps, 1.55 μm)
by 125 times (from 4 μJ to 500 μJ) in OPA-2.

The second stage (OPA-3) uses a thinner (6 mm) KTP crystal
whose remaining parameters are the same as those used in
OPA-2. Relay image is also carried out for the second 1.064 μm
pump beam (24 mJ), while the beam diameter increases to
1.27 mm to maintain comparable peak intensity (31.6 GW/cm2)
under higher pump energy. The signal beam is recollimated to
1.44 mm in diameter by lenses and interacts with the pump beam
collinearly. The signal pulse energy is amplified by a factor of 10
(from 500 μJ to 5 mJ) when all the conditions (phase-matching
angle, temporal and spatial overlapping) are properly satisfied.
Spectral broadening accompanied by amplification is observed
in OPA-3, where the TL pulse width decreases from ∼100 fs to
78 fs [Fig. 2(c)]. This is primarily attributed to gain saturation,
where photons around the spectral center (1.55 μm) experience
smaller gain than those at the spectral wings. The amplified
pulse (50 ps, 5 mJ, 1.55 μm) is then de-chirped by a grating pair
compressor, which can introduce quadratic and cubic spectral
phase coefficients of the same magnitude but in opposite signs
with those of the Martinez stretcher. This is possible if the
stretcher and compressor are built with identical parameters,
including groove density, grating distance, and incident angle.
To prevent self-phase modulation and self-focusing, the thick-
ness of the grating substrate is as thin as 675 μm to avoid a
high B-integral. By adjusting the incident angle and separation
between the gratings, we are able to compress the pulse to 80 fs
(measured by SHG-FROG, see Fig. 2) with 3 mJ energy. The
separation between the two compressor gratings is slightly less
than that of the stretcher due to GDD induced by the nonlinear
crystals.

Since the output pulse energy of the entire system highly
depends on the beam pointing of front-end lasers, the mirror
mounts between the Yb:KGW RA and seed generator are being
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Fig. 3. (a) Power with (blue) and without (red) feedback loop control of OPA-2.
Inset: power fluctuation within 4 minutes. (b) Power spectra were taken at 0,
20, 40, 60, 80 minutes with (solid lines) and without (dashed lines) feedback
control.

driven by two pico-motors such that the laser beam pointing
can be independently controlled in x- and y-directions. A CCD
camera is placed at the output of OPA-1 to record the beam
profile in real time. By confining the center of mass of the beam
profile within a small area (∼6.6 × 6.6μm2) using a feedback
software routine, the beam pointing direction is locked within
1.76 μrad. In this way, the output powers and spectra of the seed
generator and the subsequent OPCPA are greatly stabilized. In
the free running mode, the output power of OPA-2 drops by 47%
in 90 minutes [Fig. 3(a)] and the largest fluctuation occurs by
4.7% within a time interval of 4 minutes [inset, Fig. 3(a)]. When
the feedback loop is on, it only drops by 1.4% in 90 minutes and
fluctuates by 0.4% within 4 minutes. The output power spectrum
of OPA-2 is also greatly stabilized by the feedback loop. No
noticeable change of spectral shape is observed in 80 minutes
when the loop is on, while it can change wildly in the free running
mode [Fig. 3(b)]. The stability performance of OPA-3 exhibits
similarly. The shot-to-shot fluctuation (standard deviation over
mean in 200 shots) is 1.74%, while the long term fluctuation
is 0.37% (recorded over 90 minutes) with the feedback loop. A
laser source of such stability would be necessary to drive the
down-stream nonlinear pulse compressor.

As to the CEP issue, our originated 1550 nm seed source
from DFG is CEP stabilized. However, due to the effects of
grating stretcher and compressor, CEP is deteriorated and shifted
randomly [47]. We expect that by using volume Bragg gratings
(VBG) as components to stretch and compress pulses in OPCPA
[48], and CEP would be sustained as the same of originated
condition.

III. NONLINEAR PULSE COMPRESSION BY MPC AND

FEMTOSECOND FOURIER PULSE SHAPER

Since stronger peak intensity and shorter duration of driv-
ing laser pulse contribute to higher photon energy and fewer
attosecond bursts per driving shot in HHG, further compressing
the 80 fs OPCPA pulse while preserving most of the energy is
practically useful for generating isolated attosecond pulse in the
water window regime. It can be realized in two further steps: (1)
spectral broadening by nonlinear optical effects; (2) phase equal-
ization for all frequency components. As indicated in Section I,
all-solid-state MPC method is chosen to substantially broaden
the spectrum for the sake of easier optical alignment, immunity

Fig. 4. MPC spectra obtained by input pulses with positive (red-dashed), air
(green-dotted), and negative (blue-solid) GDD. The spectrum of OPCPA is also
plotted as reference (black-solid).

to beam-pointing induced spectral distortion (compared to using
hollow core fibers), improving beam quality, and capability of
spatial multiplexing. Instead of using sophisticated capillary or
multiple pass cell, MPC only needs a couple of thin plates as the
nonlinear media. The thickness of plates can vary from 50 μm
to 1 mm, depending on the damage threshold of material and the
desire nonlinear phase shift induced in each plate.

Our nonlinear pulse compressor contains a MPC stage and
a femtosecond Fourier pulse shaper (Fig. 1). The optical beam
from the OPCPA is divided into two paths to drive MPC and
serve as the reference of PG-XFROG pulse measurement sys-
tem. Due to the lack of space for loose focusing and to avoid
damaging the spatial light modulator in the pulse shaper, we
only tap 700 μJ from the OPCPA output for MPC. We focus the
laser beam into the MPC stage by a lens (f = 0.5 m) such that
the spot size on the first plate is 190 μm in diameter. The first
plate (200-μm-thick quartz) is placed at the focal plane, where
the peak intensity is ∼5.4× 1013 W/cm2. Spectral broadening
and self-focusing occur inside the plate simultaneously, and the
beam leaves the plate before it gets damaged by the increased
intensity. We control the B-integral is ∼π in each plate. The
second plate is placed such that the light intensity returns to the
incident level due to diffraction in the air. This process continues
until the spectrum does not broaden anymore mainly due to the
decreasing of intensity at focal plane due to the conical emission
which comes from the strong Kerr lensing effect, inducing an
unwanted abbreviation in wavefront.

In our experiment, we firstly investigate the impact of input
pulse chirp on the spectral broadening in MPC at 1.55μm. Pulses
with different chirp will influence nonlinear pulse broadening
[49], [50]. Figure 4 displays the MPC spectra (9 pieces of
200-μm-thick quartz plates) obtained by 700μJ pulses with pos-
itive (red-dashed), air (green-dotted), and negative (blue-solid)
group delay dispersion (GDD) controlled by the compressor of
the OPCPA, respectively. The quartz plate is made with z-cut
and placed with Brewster’s angle to optimize the transmission
rate. The polarization of the beam is p-wave. Chirp rate of input
pulses is measured with PG-XFROG after beam passing through
focusing lens but with no quartz plates inserted into the beam.
Pulses with positive GDD causes significant spectral broaden-
ing, whereas the input pulse with negative GDD performs nearly
no spectral broadening after passing through multiple plates. It
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Fig. 5. Normalized PG-XFROG traces of MPC pulses after different numbers
of plates with identical input laser intensity.

is attributed to the fact that quartz exhibits anomalous dispersion
at 1.55 μm, which would suppress the temporal stretching of an
up-chirped input pulse. As a result, the pulse can maintain high
peak intensity for a longer propagation distance and thus induce
stronger spectral broadening effect during this process. We take
further process by using the broadest condition of MPC (Fig. 4,
red-dotted line). The separations of 9 plates are 3.5, 1.5, 1.8, 1.4,
1.5, 1.1, 1.1, and 0.9 cm.

At the exit of each plate, we record a PG-XFROG trace
[Figs. 5(a)∼(j)] by using 80 fs reference pulse from the OPCPA
output and a commercial spectrometer (RED-Wave-NIRX, Stel-
larnet). Figure 5 shows that due to self-phase modulation (SPM)
both new red- and blue-shifting wavelength components are
created, respectively, during the first five plates. Then, redshift
becomes more obvious from the 6th plate onward. As a result,
the PG-XFROG trace appears to be in the shape of “N.” We also
observed the pulse chirp around time zero in Fig. 5(j) becomes
much smaller than in Fig. 5(a) due to the anomalous dispersion
in fused silica plates. The final MPC spectrum extends from
1.25 μm to 1.9 μm at −20 dB level [red, Fig. 6(a)], sufficient to
support 19.7 fs (3.8 carrier cycles) TL pulse. Unlike the MPC
experiments in 800 nm [37] and 1030 nm [42] with a signature
long blue tail attributed to self-steepening effect, our current
MPC spectrum extends more symmetrically, also implying that
SPM plays the main role in the spectral broadening. The total
transmission is 53.6%, where the major loss comes from the loss
of the conical diffracting rings. The beam profile of 1.55 mm
MPC is taken by a silicon-based CCD camera. The noisy MPC

Fig. 6. (a) MPC spectra after insertion of different numbers of 200 µm-thick
quartz plates. Inset represents the beam profile of 1.55 µm MPC taken by a
silicon-based CCD camera. (b) Measured and (c) retrieved PG-XFROG traces
of the de-chirped MPC pulse. Intensity (blue) and phase (red) profiles of retrieved
MPC pulse displayed in (d) frequency and (e) time domains. The power spectrum
acquired by a monochromator and TL temporal intensity is shown in black dotted
in (d) and (e) for reference.

spectra with lots of peaks on the slopes is due to a low spectral
resolution and a low dynamic range in each pixel. We have
used another spectrometer (Sol 1.7, B&W tek.) to obtain smooth
spectra. However, limited to its spectral range of 0.9∼1.7 μm,
we finally choose this spectrometer with a larger spectral range
but a lower dynamic range and a spectral resolution for this
experiment.

Pulses after MPC stage are sent into a Fourier pulse shaper
to correct the spectral phase (Fig. 1). The pulse shaper consists
of a 4-f zero dispersion stretcher and a liquid crystal spatial
light modulator (SLM) placed on the focal plane. Since the
SLM pixels can only introduce a phase shift up to 1.6π per
passage at 1.8 μm wavelength, we configure our pulse shaper
in reflective type to double the accumulated phase shift in the
SLM. By choosing gratings of 400 gr/mm, the 4-f zero dispersion
stretcher can disperse wavelengths from 1.14 μm to 1.95 μm
over a 64 mm window on the focal plane, essentially covering
the entire MPC spectrum (1.25–1.9 μm at −20 dB level). Each
liquid crystal pixel of the SLM is 100μm wide, corresponding to
1.67 nm bandwidth at 1.55 μm. The relation between the phase
shift and the driving electric signal of the SLM is calibrated
by a two-channel (1310 nm, 1550 nm) CW laser, a wavelength
tunable (1530-1610 nm) CW laser (eTL-2100, EZconn), and
a wavelength tunable (1550-3370 nm) mid-infrared CW laser
(ICOPO-TB-α, HC-Photonics) at wavelengths of 1310 nm,
1500 nm, 1550 nm, 1600 nm, 1650 nm, 1700 nm, 1750 nm,
1800 nm, 1850 nm, 1900 nm. The spectral phase function of the
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MPC pulse is characterized by PG-XFROG with a home-made
least square generalized projection phase retrieval engine and
fed to the SLM for compensation.

A loop of measurement-and-compensation is conducted until
all the frequency components are nearly in-phase. Figures 6(b)
and 6(c) illustrate the measured and retrieved PG-XFROG traces
of the de-chirped MPC pulse. The retrieved temporal intensity
[blue solid, Fig. 6(e)] spans 20 fs in FWHM, very close to
the TL value of 19.7 fs [black dashed, Fig. 6(e)]. However,
the residual spectral phase [red solid, Fig. 6(d)] causes non-
negligible pedestal in the time domain (60% energy still in the
main pulse). The pedestal will cause plasma which influences the
phase-matching and the conversion efficiency of HHG. Because
of the low spectral resolution of our current PG-XFROG mea-
surement (9 nm) and the pulse shaper based compressor (1.67 nm
in each pixel), we cannot observe and further compensate the
fine spectral distortion of the pulses of MPC. In other words,
the pulse shaper has an uncertainty of 9 nm due to the spec-
trometer. This residual high order phase causes the unwanted
side lobes [51]. Furthermore, the uncoated SLM used in this
experiment exhibits low transmission from 1600 to 2000 nm,
which tends to narrow MPC bandwidth. Better pulse shapes
would require an upgraded measurement and a high resolution
shaper, or broadband chirped mirrors for dechirping. Note that
compared to the self-compression method [35], our approach can
handle mJ-level pulses and gain enough bandwidth in a limited
space. Furthermore, by separating the spectral broadening and
the phase compensation into two different setups, we can control
the nonlinear bandwidth and the spectral phase independently.

IV. CONCLUSION

We built an OPCPA system delivering 1 kHz, 3 mJ, 80 fs
pulses at 1.55 μm, pumped by a 1 kHz, 30 mJ, 80 ps Nd:YAG
laser amplifier. The CEP-stable seed pulses at 1.55 μm are
generated by DFG and OPA pumped by a Yb:KGW amplifier.
Tapping 0.7 mJ per pulse from the OPCPA, the spectrum is
broadened by four times (spanning from 1.25 μm to 1.9 μm at
−20 dB) when using MPC, 9 strategically placed 200-μm-thick
quartz plates. The residual spectral phase is compensated by a
Fourier pulse shaper, compressing the temporal intensity profile
close to its transform limit (20 fs versus 19.7 fs). Laser pulse
energy up-scaling is possible by using a looser lens focusing
on MPC and chirp mirrors for the dispersion compensation.
Shorter few-cycle pulses can be accomplished by introducing an
additional MPC and dispersion compensation stage. Upcoming
applications of this laser are expected useful for generating
coherent light source in the water window or soft-X-ray [52], in-
tense THz generation by optical rectification [53] or laser-driven
electron acceleration in plasma [54], [55].
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