


driving wavelength owing to the quantum diffusion effects of
the electronic wave packets [12], thereby reducing the total flux
of the attosecond pulses. Hence, innovative schemes are utilized
to achieve useful photon flux to be able to use it for the atto-
second experiments when driven by the long-wavelength lasers.
It is suggested that the usage of multi-color fields for driving the
HHG can efficiently enhance the harmonic yield [13–15].
When the HHG process is driven with a combination of a
strong infrared (IR) and a weak XUV/VUV pulse train with
typical intensities of 1014 W∕cm2 and 1013 W∕cm2, respec-
tively, the harmonic signal in the plateau region can be en-
hanced significantly by 2–3 orders of magnitude [16,17]. For
instance, it has been shown numerically, when a strong 2 μm
pulse is seeded by a 10× weaker pulse at 400 nm, the harmonic
yield is enhanced in the 100–400 eV range [18]. Furthermore,
carrier-envelope phase (CEP) stability is crucial in these experi-
ments, and it is desired that the two fields be generated from
the same laser front-end to be able to control the time delay
between the two pulses. However, it is challenging to generate
such an intense pulse for both long mid-IR (4–10 μm) and
near-IR pulse from the same front-end laser.

Generation of an intense few-cycle mid-IR pulse is achieved
using the optical parametric amplifier (OPA) or optical para-
metric chirped-pulse amplifier (OPCPA). When properly scal-
ing the pulse energy to the multi-mJ level, they even permit the
realization of bright coherent table-top HHG sources in the
water-window and keV X-ray region [19,20]. However, access
to long wavelengths beyond 4 μm is limited, as the pump
source of these OPCPA relies mostly on the near-IR wave-
length at 800 nm or 1 μm. This is mainly due to the use
of oxide crystals for frequency conversion that are not transpar-
ent beyond 4 μm and low quantum efficiency due to unfavor-
able quantum defects at the longer wavelength. Non-oxide
crystals such as ZGP, CdSiP2, or OP-GaAs capable of gener-
ating longer mid-IR pulses require pumping above 1.9 μm for
better phase matching and higher conversion efficiency
[21,22]. Hence, 2 μm laser pulses with mJ-level energy are
highly desirable for pumping of the non-oxide nonlinear crys-
tals and preferably with sub-ps pulse duration to generate stable
and coherent white light continua for seeding the OPA featur-
ing self-CEP-stabilization of the idler [23]. Unfortunately,
though most of the 2 μm laser gain media such as Tm- or
Ho-based crystals can generate pulses with high energy, they
suffer from very narrow gain bandwidth, which further reduces
due to gain narrowing (GN) during the amplification, that
leads to several ps-long output pulses after amplification in
the CPA schemes. Hence, novel schemes are needed to com-
press the pulses to the few-cycle regime.

The commonly used approach to broaden the output spec-
trum from a CPA laser is nonlinear spectral broadening in
waveguides followed by dispersion compensation. When an in-
tense ultrashort laser pulse propagates in an optical waveguide,
it gives rise to several intensity-dependent nonlinear effects such
as self-phase modulation (SPM), stimulated Raman scattering
(SRS), and four-wave mixing (FWM). These processes give rise
to new frequencies, and with proper dispersion management,
pulses shorter than the input are generated. Nonlinear pulse
compression can be implemented in several schemes such as

in bulk dielectric media [24,25], a multi-pass gas cell
[26,27], or a hollow-core waveguide [28,29], but each of them
has its limitation; hence, their usage relies on the application.
For instance, broadening in bulk media suffers from modal in-
stabilities and pulse breakup at high energies. Nonlinear spec-
tral broadening in noble gas-filled hollow-core capillary fiber
(HCF) and dispersion management externally achieved a
breakthrough with the invention of chirp mirrors [30], which
allowed compact and precise control of dispersion. It is note-
worthy that the HCF consists of a glass capillary, not to be con-
fused with an optical fiber. Since then, large-core diameter
HCFs are routinely used to generate few-cycle pulses at
800 nm with pulse energies in mJ range. However, their large
core structure leads to high bending loss, thereby requiring the
fiber to be kept straight for the entire length of the fiber and
making them highly prone to the environmental conditions. In
addition, they have a very low transmission efficiency (∼50%)
that restricts the beam to propagate to long distances in the
fiber. Furthermore, the critical intensity needed to initiate
the spectral broadening is high; therefore, it cannot be used
for systems with low pulse energy or long picosecond (ps) sys-
tems. In contrast, hollow-core photonic crystal fiber (HC-PCF)
offers much higher power delivery capability with significantly
lower transmission loss and broad transmission bandwidth
[31]. There exist two main types of HC-PCFs, mainly based
on either photonic bandgap (PBG) or inhibited coupling (IC)
[32]. Though PBG-based HC-PCFs offer low transmission
loss, they suffer from low damage threshold, due to the large
core-cladding mode overlap. On the other hand, the emergence
of negative-curvature core boundary HC-PCF (Kagome) [33],
due to its mode propagation phenomena of IC, offers lower
power overlap between the core and cladding, leading to a
much higher damage threshold. In these fibers, the negative
contour enhances the coupling-inhibition of the core-guided
optical modes to the cladding, thanks to a stronger transverse
mismatch between the core mode and the cladding modes, and
to a lower spatial overlap with the cladding strut nodes [34]. As
a result, these fibers can offer enlarged core diameter, low group
delay dispersion (GDD), broad transmission bandwidth, and
long length for beam delivery [33,34]. Apart from record pulse
energy handling capacity and compression [35,36], these fibers
also support, when filled with the appropriate gas, a variety of
nonlinear optical interactions like Raman scattering [37] and
extreme nonlinear phenomena like HHG [38,39], which
makes them attractive to study nonlinear pulse propagation
in the presence of noble gases.

In recent years, nonlinear compression in Kagome fiber at
800 nm or 1030 nm wavelengths [40,41] has seen rapid
progress for both high-energy [36,42] and high-average-power
systems [43]. Very few self-compression experiments have been
demonstrated at wavelengths near 2 μm with the input pulse
duration ranging from a few 10s to a few 100s of fs. Balciunas
et al. achieved remarkable self-compression of 80 fs pulses down
to the single-cycle limit at 1.8 μm with output pulse energies of
25 μJ [44]. Moreover, regardless of the pump wavelength,
compression of pulses starting from ps duration is extremely
challenging and has been rarely reported. There exist few dem-
onstrations with an input pulse duration of 6 ps [45] and 27 ps
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[46] at 1030 nm, but the main goal of these experiments was
rather different and geared toward Raman scattering instead of
pulse compression. First, picosecond compression at 2 μm
wavelength was demonstrated by Murari et al. by compressing
3.3 ps pulses to 285 fs [47]. Here, we present generation of sub-
50 fs pulses from the ps output of a Ho:YLF-based chirped
pulse amplifier (Ho-CPA) system at 2 μm by utilizing two-stage
nonlinear compression. This simple, compact, and robust high-
energy system at 2 μm can serve as a laser driver for HHG in
solids and it enables passively CEP stable idler wave for the two-
color HHG experiments as shown in Fig. 1. The pump chain
consists of a Ho-fiber oscillator, Ho:YLF regenerative amplifier
(RA), and chirp volume Bragg grating (CVBG) for pulse
stretching and compression. The Ho-CPA operates at a
1 kHz repetition rate, and a small portion energy of 140 μJ
is sent into a two-stage nonlinear compressor; the remaining
energy of ∼2 mJ can be used for pumping ZGP-based
OPA. In two stages, the ps pulse is compressed to sub-
50 fs. The intensity of the few-cycle output of the second stage
reaches peak intensity of ∼1013 W∕cm2. Furthermore, we gen-
erate white light by focusing the output from the second stage
into a thin YAG window for seeding ZGP-based OPA. Hence,
the idler output of the OPA at 4 μm can act as a weak pulse for
two-color HHG. This method to obtain few-cycle pulses at
2 μm opens a route toward a compact and robust source for
driving HHG in solids at mid-IR and two-color HHG for en-
hanced attosecond flux. Furthermore, it also offers a stable
compact and stand-alone laser source for broadband supercon-
tinuum generation, which has numerous applications in spec-
troscopy and metrology.

2. EXPERIMENTAL SETUP

A. Ho:YLF Laser Amplifier

The high-energy picosecond pump pulses are derived from Ho-
CPA with a homebuilt Ho-fiber oscillator and a commercial
Ho:YLF RA from Q-Peak Inc. The schematic of the laser
source is depicted in Fig. 2. The Ho-fiber oscillator emits pulses
at 34 MHz repetition rate with a pulse energy of 1 nJ and a

duration of 160 fs. The output spectrum is centered at
2060 nm with a spectral bandwidth of 37 nm full width at
half-maximum (FWHM). The oscillator pulses are stretched
in a CVBG from OptiGrate Inc. to 300 ps, and due to the
filtering effect in CVBG, the seed bandwidth before amplifica-
tion reduces to 8.2 nm FWHM. The stretched pulses are am-
plified in the RA and a single-pass booster both based on Ho:
YLF crystals, which are end-pumped by a Tm-fiber laser at
1940 nm. After amplification, the spectral bandwidth of the
output spectrum reduces from 8.2 nm to 2.3 nm, which is
compressed using the same CVBG as used for stretching. At
the output, the pulse energy of 2.2 mJ with the duration of
3.5 ps FWHM is achieved. However, we found that this pulse
duration was somewhat longer than that required for sup-
pressing pulse break in the first Kagome fiber compressor as
described in the next subsection. Therefore, we explored a
method to shorten the pulse duration of the output pulse from
the Ho-CPA system by mitigating the gain-narrowing (GN)
effect in the RA.

To reduce the GN-effect during the amplification in the
RA, we insert an optimized etalon inside the RA cavity. The
etalon acts as an anti-GN frequency-selective filter that enhan-
ces the output spectrum, leading to the shortening of the pulse
duration. An etalon has a sinusoidal transmission function
whose period depends on thickness, the modulation depth de-
pends on reflectivity, and the phase depends on the angle of
incidence. Hence, by careful choice of thickness, reflectivity
and phase of the etalon, the effect of GN after each round trip
is reduced thereby increasing the effective output spectrum.
The angle of the etalon is tuned in such a way that its trans-
mission minimum is aligned with the gain maximum.With the
use of fused silica etalon of thickness 290 μm and reflectivity
3.3%, the spectral bandwidth is increased from 2.9 nm to
5.4 nm. The complete optimization of the gain shaping using
an etalon can be found in Ref. [48]. After etalon optimization,
the Ho-CPA is operated at a lower pulse energy of 1.7 mJ with
a pulse duration of 3.3 ps (without etalon) and 1.8 ps (with
etalon).

B. Dual-Stage Kagome-Fiber-Based Compressor

Our nonlinear dual-stage compressor consists of Kagome fiber
based on a hypocycloid-core-contour (7-cell and 19-cell)
specially designed for operation at 2-μm wavelength in the

Fig. 1. Proposed scheme of two-color HHG driven by Ho-CPA as
front-end.

Fig. 2. (a) The schematic layout of the Ho-CPA based on Ho:fiber
oscillator, amplifier, and chirp volume Bragg grating (CVBG)-based
stretcher and compressor with half-wave plate (λ∕2), quarter-wave
plate (λ∕4), and thin-film polarizer (TFP). (b) The principle of intra-
cavity gain shaping using an etalon in the amplifier: the etalon trans-
mission (blue) aligned with the gain spectrum (black) that yields
effectively broader net gain spectrum (red).
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anomalous dispersion regime. The fiber is fabricated by the
GPPMM group in France. The 7-cell fiber has an inner core
diameter of 63 μm with mode field diameter (MFD) of 44 μm
and NA of 0.018 while the 19-cell fiber has an inner core diam-
eter of 82 μm, MFD of 54 μm, and NA of 0.014. It also has a
very broad transmission range of 400–2400 nm and exhibits a
relatively low propagation loss of 0.2 dB/m at 2 μm. The cal-
culated group velocity dispersion (GVD) of the fiber at 2 μm is
low and anomalous with a value of −2200 fs2∕m, and, hence
offers the possibility of pulse self-compression that occurs due
to the interplay between the SPM and GVD [47].

We initially launched the pulses in a 19-cell fiber with a
length of 3.5 m and high-energy up to 780 μJ at 3.3 ps dura-
tion. From the exit end of the fiber, inert gas Ar at a pressure of
3 bar is injected. Figure 3(a) shows the waterfall plots of spectral
broadening obtained at the output of the fiber with increasing
input energy from 85 μJ to 780 μJ beyond which fiber damage
is observed. The spectrum is measured using the NIRQuest
grating spectrometer from Ocean Optics Inc. that has high res-
olution of 1.5 nm and spectral range from 1850 to 2150 nm.
As the energy is increased, the pulse encounters very limited
broadening due to the generation of the high order soliton lead-
ing to soliton fission. Due to the ps-long input pulse the soliton
order N is very high and thus leads to pulse breakup and the
input energy is transferred to many sub-pulses instead of broad-
ening the spectrum of the fundamental pulse. The red-dashed
line shown in the Fig. 3(a) demonstrates the fissioned solitons
at the longer wavelength than the pump as the input energy
increased. Hence, it is important to reduce the pulse duration
from the amplifier output before launching into the nonlinear
fiber compressor. This is achieved by employing a spectral filter
such as an etalon to mitigate the GN effect in the RA (as de-
scribed in the previous section). After shortening of the pulse by
intracavity spectral shaping, the 1.8 ps pulse from the amplifier
is re-launched into the 19-cell fiber with the same length as
before, and the spectrum is measured with increasing pulse en-
ergy from 99 μJ to 709 μJ. The results are plotted as waterfall
plots in Fig. 3(b). In this case, at the highest energy of 709 μJ,
the broadened spectral width at 10 dB is 77 nm. It is evident
from Fig. 3 that the required broadening can be achieved by

reducing the input pulse duration from 3.3 ps to 1.8 ps; hence,
no pulse breakup is observed. In addition, it is also worth not-
ing from Fig. 3 (right) that the bandwidth Δλ of 77 nm is
achieved with an input energy of 709 μJ. However, driven
by the goal to send only a small portion of the pulse energy
from the main amplifier to the post-compression to be able
to pump the OPA (as discussed in the introduction), for all
the experiments hereafter, we used the 7-cell fiber whose lower
inner core size allows confinement of light to a higher intensity;
thereby, the required spectral broadening is achieved at a lower
input energy.

In the first stage, a pulse energy of 140 μJ is launched into a
7-cell Kagome fiber of length 3 m using a mode-matched lens
of focal length 50 mm. For all further experiments, we only use
the 7-cell fiber instead of the 19-cell fiber. The incoupling end
of the fiber is mounted on a metal V-groove and left open in
ambient air, while the outcoupling end is capped in a high-pres-
sure gas cell with a 5-mm-thick uncoated CaF2 window. The
GDD introduced from the thick window is of little significance
here due to the long pulses. Through the gas cell, the Ar-gas of
pressure 5 bar is introduced along the fiber, which is coiled in a
diameter of 30–40 cm and lies on the optical table without any
special mounting between the coupling ends. Due to the open
input end of the fiber, there exists a pressure gradient along the
fiber length. The broadened spectrum obtained after the first
stage (red) has a 10 dB bandwidth of ∼88 nm, corresponding
to a Fourier limited (FL) pulse duration of 250 fs (FWHM).
The complete characterization of the broadened spectrum at
the output of the second stage can be found in Ref. [47].
The broadened spectrum then passes through a set of two
prisms mounted in the Treacy style as shown in Fig. 4 whose
apex-to-apex distance is varied for the dispersion scan. The
prisms are uncoated and made of silicon (Si) at Brewster-cut
of height 25.4 mm and an apex angle of 73.84°. The prism
material is chosen such that it adds large negative GDD to
the pulse so that the distance between the prisms can be kept
low. The distance between the prisms is optimized to achieve
the shortest pulse duration corresponding to the broadest spec-
trum of ∼88 nm from the fiber. This is reached with the
prism distance of 1.1 m and a fixed insertion length of 10 mm
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Fig. 3. Measured spectral evolution at the output of the Ar-gas filled
19-cell Kagome fiber at a pressure of 3 bar with an increasing input
energy at a pulse duration of 3.3 ps (left) and 1.8 ps (right).

Fig. 4. Experimental layout of the two-stage compression in 7-cell
Kagome fiber: the first stage comprises spectral broadening in the fiber
of length 3 m and a prism compressor whose tip-to-tip separation is
1.1 m. The output of the first stage is launched in the second piece of
Kagome fiber and self-compressed with the outer end placed in the gas
cell. The GDD of the thin window of the gas cell is used to compen-
sate for the small positive chirp remaining in the fiber.
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introducing a GDD of −1.54 × 105 fs2. The input energy, gas
pressure, and dispersion (prism distance) are chosen after care-
ful optimization for best compression results. The transmission
efficiency of the fiber is 85% while that of the compressor is
75% that leads to a compressed energy of 90 μJ. The transmit-
ted energy is chosen as a trade-off between operating the experi-
ment safely without damaging the fiber and a soliton-like pulse
at the output with no or limited pre- or post-pulses. The com-
pressed output pulse from the first stage is then launched into
the incoupling port of a second piece of 7-cell Kagome fiber of
length 80 cm using a focusing lens of 50 mm of focal length
while achieving a maximum transmission efficiency of 82%.
The second stage arrangement is similar to that of the first stage
except that, instead of the external prism compressor to com-
press the pulse, self-compression is achieved in the fiber due to
the interplay between the nonlinearity and the anomalous
dispersion of the fiber with an additional thin glass plate to
optimize the overall dispersion. The experiment is performed
both in presence of air and krypton (Kr) gas at a pressure of
3 bar and 5 bar.

3. RESULTS AND DISCUSSION

A. Pulse Dynamics and Modulation Instability

Though the main mechanism of spectral broadening in PCF is
SPM, the dynamics can vary significantly with the input pulse
duration and the fiber parameters as different higher-order non-
linear effects can play a crucial role. Broadly, the pulse duration
is classified into two regimes: an ultrashort fs-regime and a
longer ps-regime. For this reason we divided the experiments
into two stages. In the first stage, the pulses are in ps-regime,
while in the second stage they are in fs-regime. In particular, the
pulse dynamics varies significantly with the position of the in-
put pulse wavelength relative to the zero-dispersion wavelength
(ZDW). Regardless of the input pulse duration, when operat-
ing in the normal dispersion regime, the spectral broadening in
both fs- and ps-regimes is heavily dominated by SPM.
However, when operating in anomalous dispersion, in addition
to SPM, more complex physics is involved, which is dominated
by soliton-related dynamics. Depending on the input peak in-
tensity, either solitonic self-compression occurs or, if the peak
intensity is high, soliton fission occurs in which the pulse with
sufficient peak power breaks up into a series of lower power
sub-pulses due to the perturbation of higher-order dispersion or
Raman scattering. The pulse breakup is generally linked to the
soliton order (N ) related to the dispersion length (LD) and

nonlinear length (LNL) and is given by N �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

LD∕LNL

p

.
The LNL accounts for SPM while the LD accounts for the
GDD in the fiber; LNL � 1∕γP0, and LD � T 2

0∕jβ2j, where
γ � 2πn2∕λAeff is the nonlinear parameter of the fiber, n2 is
the nonlinear refractive index coefficient, λ is the wavelength,
T 0 is input pulse duration, and β2 is the negative GDD of the
fiber. In general, pulse breakup into a train of individual pulses
via soliton-fission is apparent for N > 5, while for N < 5 sol-
iton fission can be avoided [49]. Hence, it is important to get
the pulse ejected from the fiber before fission occurs. The char-
acteristic length at which soliton fission occurs is defined as
Lfiss ∼ LD∕N . If the fissioned solitons continue to propagate
in the fiber and the soliton spectrum overlaps with the

Raman gain, soliton self-frequency shift occurs. This leads
to a continuous shift of each constituent soliton to a longer
wavelength. In the ps-regime, nonlinear compression is much
more complex as here the initial pulse dynamics is dominated
by modulation instability (MI). MI is parametric amplification
of broadband noise due to the FWM process. Although the end
result may be similar to that of soliton fission (fs-regime),
i.e., breakup into constituent sub-pulses, the difference comes
from the fact that here the dynamics is initiated from noise and
shot-to-shot fluctuations, while in the case of fission it is ini-
tiated by high-order dispersion or nonlinearities. A detailed
review on the pulse dynamics in these fibers is given by
Dudley et al. [49]. It is, hence, important to find the point
where the soliton order can be kept low enough while still
maintaining enough broadening.

Table 1 summarizes the calculation of the LNL, LD, and N

for air, Ar, and Kr filled PCF at 5 bar pressure. It can be seen
that N has a dramatically high value of 134 in case of 3.3 ps.
With such a high value of N , the phenomena of MI and high-
order effects make the experiments quite challenging as they
become highly prone to slightest amount of noise or shot-
to-shot fluctuations emanating from the input source.
However, we observed experimentally that with the input du-
ration of 1.8 ps, such effects are relatively reduced where N

reduces to less than 100 (Fig. 3). With 3.3 ps, we sometimes
also observed plasma in the fiber leading to its damage at differ-
ent pulse energy while this effect was not observed when the
input duration was reduced to 1.8 ps.

B. Pulse Characterization

The optical pulses are characterized using a home-built second-
harmonic generation-frequency-resolved optical gating (SHG-
FROG) setup employing a 200-μm-thick BBO crystal. The re-
sults of these measurement can be found in Ref. [47]. The
FROG retrieval of the pulses at the output of the first stage
yields a duration of 285 fs with the FL of 244 fs. To achieve
further compression, the 285 fs pulse obtained from the first
stage is launched into the second stage fiber. Since, in the first
stage, the ps pulse from the Ho-CPA is reduced to 285 fs and
the pulse duration at the input of the second stage is in the fs-
regime, the LD of the fiber is a few meters, making it a pref-
erable choice for self-compression. The pulse energy after the
prism compressor of the first stage is 90 μJ. The input energy to
the second stage is controlled by the combination of a half-wave
plate (HWP) and a thin-film polarizer (TFP). The spectral
characteristics of the transmitted pulse as measured with a

Table 1. Calculated Dispersion Lengtha, Nonlinear

Lengthb, Soliton Orderc, at Different Pulse Duration for Air,

Ar, and Kr Gas

τ (fs) LD (m)

Argon-5 bar Krypton-5 bar Air-1 atm

LNL (m) N LNL (m) N LNL (m) N

3300 4644 0.26 134 0.08 239 1.62 54
1800 1382 0.14 99 0.04 176 0.88 40
285 35 0.03 32 0.01 56 0.22 13

a
LD .
b
LNL.
c
N .
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mid-IR spectrometer for different input pulse energies and gas
pressure are shown in Fig. 5(a). Initially, at a pulse energy of
20 μJ, almost no spectral broadening is observed regardless of
the presence of air or Kr gas at 3 bar pressure. With an increase
in pulse energy to 40 μJ and 85 μJ at the same gas pressure, still,
no broadening is observed. However, as the gas pressure is in-
creased from 3 bar to 5 bar, broadening is observed. With a gas
pressure of 5 bar and an input energy of 85 μJ, a 10 dB band-
width of ∼370 nm is obtained. We repeated the experiment in
air after changing the fiber length from 80 cm to 2 m, whose
autocorrelation results obtained at the output of the second
stage are shown in Fig. 5(b). With 58 μJ of input pulse energy,
an output duration of 154 fs is obtained. The residual chirp is
compensated by adding a thin sapphire plate of 3 mm that ex-
hibits negative GDD at this wavelength. The autocorrelation
results indicate that, by adding negative GDD of −163 fs2,
−468 fs2, and −611 fs2, the pulse can be compressed to
154 fs, 90 fs, and 38 fs, respectively, in addition to the
GDD introduced by the 2 mm thin CaF2 window present
in the gas cell.

The shortest output pulse with the autocorrelation value of
38 fs obtained in the presence of air is then characterized using
the FROG, and the results are shown in Fig. 6. Figure 6(a)
shows the measured FROG trace shown on full time scale while
Fig. 6(b) shows the trace after filtering out the compressed part
using super-Gaussian filter in the time domain where about
28% of the entire pulse energy is contained. This is done to
avoid the numerical issues emerging from the high complexities
of the FROG trace data between the long ps pulse in the back-
ground and the ultrashort component. The reconstructed
FROG trace of the filtered trace in Fig. 6(b) is shown in
Fig. 6(c). From the reconstruction, we obtain a 48 fs FWHM
duration of the compressed component that contains 67%
(−100 fs to 300 fs) of the pulse energy. Thus, overall the
compressed part contains 28% × 67% � 19% of the total

output pulse energy of 60 μJ, i.e., 11 μJ of 48 fs centered
at 2060 nm is obtained. Figure 6(d) shows the retrieved spec-
trum (black) and its spectral phase (blue) together with the
measured spectrum (red) that matches well. Figure 6(e) shows
the retrieved temporal intensity profile (solid black line) and the
FL profile (dotted red line) calculated from the independently
measured spectrum with the temporal phase in blue. The over-
laid green dotted line in Fig. 6(e) is the simulated profile.

Finally, we measure the pulse-to-pulse power stability of the
overall system using a thermal powermeter PM10 from
Coherent Inc. The output power from the second stage is
directed to the powermeter, and simultaneously we measure
the fluctuations from the Ho-CPA. Figure 7(a) shows the
power stability measured at the output of the second stage (red)
and from the amplifier (black) for 70 min with a root mean
square deviation value of 0.22% and 0.42%, respectively. The
amplifier is operated under humidity level <2%, and the first
stage fiber is filled with Ar pressure of 5 bar. It is worth noting
that the output power of 60 mW and pulse duration of 48 fs
were also stable over a duration of 24 h operation. Figure 7(b)
shows the combined spectrum at the input of the first stage

Fig. 5. (a) Measured spectral evolution obtained at the output of
the second stage with increasing input pulse energy for three different
gas conditions in the fiber: air at 1 atm pressure; Kr gas filled in the
fiber at a pressure of 3, 4, and 5 bar. (b) Measured autocorrelation trace
at the input of the first stage (red), input of the second stage (blue),
output of the second stage (highlighted background) with different
amount of negative GDD added to optimize the remaining chirp from
the second stage fiber compressor.
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Fig. 6. FROG results of output pulse from the second stage based
on 7-cell Kagome fiber of length 2 m filled with air. (a) Measured
FROG trace shown on the full time scale; (b) FROG trace after filter-
ing out the compressed part using a super-Gaussian filter in the time
domain; (c) reconstructed FROG trace retrieved from the filtered
trace; (d) measured (red) and retrieved (black) spectrum with the re-
trieved spectral phase in blue; (e) retrieved temporal profile (black) and
retrieved temporal phase (blue) overlaid with the simulated profile in
the green dotted line.

Fig. 7. (a) Measured pulse-to-pulse fluctuations for 70 min at the
output of the Ho-CPA (black) and after the second stage compression
(red); (b) measured output spectra from the amplifier (black), after
compression from the first stage Kagome fiber (red) and from the sec-
ond stage Kagome fiber (blue).
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(black) and second stage (red) while the output of the second
stage is shown in blue.

C. Simulation

To understand the compression dynamics in the second stage
Kagome fiber operated at 2 μm, we simulated the nonlinear
pulse propagation in HC-PCF using a numerical model based
on a 1D nonlinear Schrödinger equation given by

i
∂A

∂z
�

β2

2

∂2A

∂t2
− γjAj2A − i

γ

ω0

∂

∂t
�jAj2A�: (1)

Here, the term γ is a constant nonlinear parameter and has a
value of 5.9 × 10−8 mW−1 while ω0 is the central angular fre-
quency. The numerical code includes SPM and self-steepening.
Due to relatively lower peak intensity level in the fiber, we ex-
clude the photoionization/plasma term and higher-order ef-
fects. The linear second-order dispersion term β2 is added as
a constant factor including the geometric dispersion of the
7-cell fiber with a value of −2345 fs2∕m. The gas pressure is
assumed static throughout the fiber. The simulation is per-
formed using the split-step Fourier transform technique and
is first benchmarked with the experimental data of the first
stage. We used the experimentally measured spectrum obtained
at the input of the first stage for simulating the propagation of
the optical pulse along the 7-cell fiber of 3 m length in the
presence of Ar in the first stage compression. Both the simu-
lated output temporal and spectral profiles match well with the
results obtained experimentally [47]. After benchmarking the
code, the output spectrum obtained from the first stage is used
as an input to the second stage, and the pulse is simulated again.
The simulations are performed with a different fiber length and
input energy, and we found that pulse compression is best
achieved around the fiber length of 2–2.5 m. Beyond this
length, pulse splitting occurs. This helped us in choosing
the approximate length of the fiber. However, to be able to
match well the spectra and the temporal profile of experiment,
the simulations had to be performed with lower input energy of
73 μJ, while the experiment is performed at an input energy of
90 μJ. Thus, mismatch is common in these experiments that
might arise from discrepancies in the parameters used from the
literature such as nonlinear index. Also, the long pedestal as
obtained in experiment is not seen in the simulation, which
might come from the higher-order effects, which is the limita-
tion of our simulation. The results obtained are shown in
Figs. 8(a) and 8(b). It shows the temporal and spectral profile,
respectively, obtained as the pulse propagates along the fiber
length. Figure 8(c) shows the simulated and the measured spec-
trum while Fig. 8(d) shows the corresponding temporal inten-
sity profile at the end of the fiber.

D. White Light Generation Using 48 fs, 2 μm Pulses

The output pulse obtained after the second Kagome fiber stage
is focused by an AR-coated lens of 50 mm focal length into a
3 mm thin YAG plate. Figure 9 shows the images of the gen-
erated white light captured with a camera for different input
energy and the schematic of the setup. The input pulse energy
is increased in steps from 10 μJ to 60 μJ in the energy incre-
ments of 10 μJ. The input energy is controlled using a TFP and
an HWP.

4. CONCLUSION

In summary, the Ho-CPA operates at 1 kHz repetition rate and
delivers pulses at the mJ level and with durations in the few ps
range. A small portion of the output energy is spectrally broad-
ened in a first stage Kagome fiber and compressed using a sil-
icon (Si) prism pair. With an input pulse energy of 140 μJ, the
pulses are compressed to 285 fs with an output energy of 90 μJ.
The output pulse is further spectrally broadened and self-com-
pressed in a second stage air-filled Kagome fiber of 2 m length
leading to pulse duration of 150 fs. With proper GDD com-
pensation using a thin sapphire window of 3 mm, output pulses
of 48 fs duration are obtained with a pulse energy of 60 μJ and
19% of the energy, i.e., 11 μJ, in the main peak. After com-
pression of the picosecond pulses down to 48 fs in a two-stage
Kagome compressor at 2 μm wavelength, we also generated
white light with this compressed pulse that confirms the coher-
ent nature of the compressed pulse and suitability for experi-
ments. With only 140 μJ of energy used for compression, the
system as envisioned in Fig. 1 allows pumping of the OPAwith

Fig. 8. Simulation results after the second stage with a fiber length
of 2 m and input pulse parameters obtained from the output of the
first stage. (a) Spectral evolution along the fiber length; (b) temporal
evolution along the fiber length, the white dashed line indicates the
pulse exit point from the fiber; (c) simulated spectrum (red); (d) simu-
lated temporal profile (red) obtained at the end of the fiber length,
overlaid with the experimental profile (black).

Fig. 9. White light generation in a thin YAG plate with pulses de-
rived from the two-stage Kagome compressor for different input en-
ergies. The top panel shows the schematic of white light generation
setup.
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more than 2 mJ of energy. When focused to a spot size of
50 μm, the intensity of the output from the second stage
can reach peak values of 1013 W∕cm2 and, hence, can be di-
rectly used for HHG in solids at 2 μm wavelength.
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