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ABSTRACT Optical pulses with 1.1-mJ energy and 5.5-fs dura-
tion have been generated at 1-kHz repetition rate from a chirped
pulse amplification Ti:Sapphire laser incorporating a differ-
entially pumped hollow-fiber chirped-mirror compressor. The
effects of self-focusing and multi-photon ionization during the
beam propagation were minimized by differentially pumping
the hollow fiber filled with neon. The spectral broadening at the
hollow-fiber compressor was optimized by adjusting gas pres-
sure, laser intensity, and laser chirp, covering from 540 nm to
950 nm.

PACS 42.65.Jx; 42.65.Re

1 Introduction

Chirped pulse amplification (CPA) Ti:sapphire
lasers have become a standard laser configuration for the
generation of high-power femtosecond laser pulses. Lasers
with duration as short as 20 fs and peak power of terawatt
level are now feasible at 1-kHz repetition rate from CPA
lasers [1]. High-power sub-10-fs optical pulses, however, can-
not be generated directly from CPA lasers because the large
gain required in them leads to serious gain narrowing. Thus
generation of intense few-cycle laser pulses requires an ad-
ditional technique after amplification. A hollow-fiber pulse
compressor filled with noble gases has been recognized as
a powerful technique in generating high-power sub-10-fs op-
tical pulses [2–4]. When laser pulses generated in the CPA
Ti:sapphire laser system are launched into a gas-filled hol-
low fiber, the self phase modulation (SPM) induced by optical
Kerr effect in the gas causes spectral broadening and thus few-
cycle pulses can be generated through chirp compensation
of the continuum. In the hollow-fiber system with a constant
gas pressure, the energy of few-cycle pulses is limited to sub-
mJ because of the self-focusing and multi-photon ionization
which produce spatial and spectral phase distortions and loss
of the fundamental mode during the propagation through the
hollow fiber [5, 6].

In order to further increase the energy of few-cycle pulses
additional amplifier stages can be used after the hollow-fiber
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compressor. A three-stage, 1-kHz amplifier system deliver-
ing pulses shorter than 10 fs with a peak power in excess of
0.3 TW was developed [7]. In this system the continuum en-
ergy was increased to 3.5 mJ by using two amplifier stages
after the hollow-fiber system with a constant gas pressure. The
use of the amplifier stages after the hollow-fiber system, how-
ever, complicates the system and reduces the spectral width
of the continuum because of the limitation of the gain band-
width. As a result, even though the continuum energy was as
high as 3.5 mJ, the pulse duration was increased to 9.2 fs.

For the efficient suppression of the self-focusing and
multi-photon ionization, a differentially pumped hollow-fiber
system was proposed [8]. In the differentially pumped hollow
fiber, the gas pressure varies from minimum at the entrance
to maximum at the exit. Because the gas pressure is reduced
to a few Torr at the entrance of the hollow fiber, the peak
power of the input pulse can be increased without the self-
focusing effect. While the laser pulse is propagating through
the hollow fiber, the pulse energy decreases due to losses in-
duced by multi-photon ionization and leakage, and the pulse
duration increases due to the dispersion from both gas and
waveguide, resulting in the reduction of the peak power. The
self-focusing can thus be suppressed on the forward propaga-
tion of the laser pulse even though the critical power for the
self-focusing decreases gradually by the increase of the gas
pressure. As a result, the energy of the laser pulse propagated
through the differentially pumped hollow-fiber compressor
can be increased to multi-mJ because the self-focusing and
serious energy loss due to multi-photon ionization can be
suppressed.

In this paper we demonstrate the effectiveness of the dif-
ferentially pumped hollow-fiber chirped-mirror compressor
combined with the 1-kHz CPA Ti:sapphire laser system. The
compressor produces two-cycle optical pulses with energy
over 1 mJ as a result of efficient suppression of self-focusing
and ionization.

2 1 kHz CPA laser system setup

The 1-kHz, high-power, femtosecond Ti:sapphire
laser consisted of a long-cavity laser oscillator, a stretcher,
two multi-pass amplifiers and a compressor. The seed pulses
for the amplifiers were generated from a prism-dispersion-
controlled femtosecond Ti:sapphire oscillator running at
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27 MHz [9]. The oscillator was pumped by a frequency-
doubled, diode-pumped Nd:YVO4 laser (Spectra Physics).
Laser pulses from the oscillator were stretched to about
220 ps by an aberration-free all-reflective Öffner-triplet-type
stretcher, in which a grating with 1400 grooves/mm was used.
Pulses then passed through an acousto-optic programmable
dispersive filter (Dazzler, Fastlite), which controlled simul-
taneously the spectral amplitude and phase of the laser pulses,
and through a Faraday isolator to block the backward ASE
from the amplifiers.

The pulse was then injected into an 8-pass pre-amplifier.
The amplifier consisted of three dielectric-coated flat mirrors
and two dielectric-coated focusing mirrors with 90-cm radius
of curvature. The two curved mirrors were placed in a confo-
cal geometry. The pre-amplifier was pumped by 10-mJ green
laser pulses from a diode-pumped Q-switched frequency-
doubled Nd:YLF laser (Darwin, Quantronix). The seed beam
was focused into the crystal by the first curved mirror, rec-
ollimated by the second curved mirror, and then directed to-
ward the flat mirrors. After the first four passes, the preampli-
fied pulse train was extracted from the amplifier, and pulses
were selected using a Pockels cell at 1-kHz repetition rate.
The selected pulses were then reinjected into the amplifier
and their energy was boosted up to 1.4 mJ in the following
four passes. The amplified pulses from the pre-amplifier were
passed through another Pockels cell to minimize ASE and
feedback and to enhance the contrast ratio.

The pulses from the preamplifier were further amplified
in a 4-pass amplifier. This 4-pass amplifier was pumped by
30-mJ green laser pulses from a residual pump pulse of the
1st Nd:YLF laser and 20-mJ green laser pulses from a sec-
ond Q-switched frequency-doubled Nd:YLF laser (Falcon,
Quantronix). When a pump power of 30 W is used, one of ma-
jor problems is thermal lensing induced by the heat load in
the amplifier crystal. The thermal lensing can induce a mis-
match between the pump beam and amplified beam modes
in subsequent passes, resulting in strong thermal aberrations.
Thus, in order to obtain good beam quality and sufficient am-
plification efficiency, we introduced the thermal eigenmode
amplifier [10, 11], in which the size of the amplified beam can
be kept up on the crystal. The output pulse energy reached
7.4 mJ while preserving a good spatial quality. The ampli-
fied pulses from the 4-pass amplifier were double-passed
through two parallel gratings that had 1480 grooves/mm. For
the elimination of thermal distortion and optical damage on
the gratings, the beam diameter was expanded to 25 mm by
using a convex/concave mirror pair. After compression, op-
tical pulses with an energy of 4.5 mJ and a pulse duration of
26 fs were obtained.

3 Pulse compression to two-cycle pulses

For further pulse compression, the amplified 26-fs
pulses were sent to a gas-filled hollow-fiber pulse compres-
sor that employed a differentially pumped gas chamber [12].
A schematic diagram of the differentially pumped hollow-
fiber compressor is shown in Fig. 1. The laser pulses from the
kHz CPA laser were launched into a hollow fiber placed inside
a gas chamber. The fiber was kept straight in a V-groove made
on an aluminum bar placed in the chamber. The chamber had

FIGURE 1 Schematics of the kHz CPA Ti:Sapphire laser with a differen-
tially pumped hollow-fiber pulse compressor. AOPDF, Acousto-optic pro-
grammable dispersive filter; CM, Chirped Mirror

1-mm-thick fused-silica windows with broadband antireflec-
tion coating at both surfaces. As shown in Fig. 1, the entrance
side of the chamber is separated from the exit one in order
to maintain a pressure gradient in the chamber. Through this
separation, the exit side was filled with a gas while the en-
trance side was evacuated. As a result, the gas pressure was
minimum at the entrance of the hollow fiber and maximum at
the exit, resulting in a gas-pressure gradient inside the hollow
fiber.

Any air fluctuations in the laser beam path can affect the
spectral and spatial characteristics of laser pulses. This is also
true for the propagation of laser pulses in the hollow-fiber
compressor. We observed that the gas flow in the region be-
tween the entrance window and fiber input face affected the
output spectral profile. The output spectral profile fluctuated
when the gas outlet was located between the entrance window
and the fiber input face. Thus, to avoid the gas fluctuations we
placed the gas outlet close to the fiber input face.

When the high-power laser pulse is launched into the hol-
low fiber, the beam spot size, the gas type and its pressure
should be chosen carefully for efficient suppression of self-
focusing and multi-photon ionization. Self-focusing can be
suppressed by increasing the critical power for self-focusing,
Pcr = λ2

0/(2κ2 p), where λ0 is the central wavelength and κ2
is the ratio between the nonlinear index coefficient and the
gas pressure p [6, 13]. Ionization can be avoided by increas-
ing the beam spot size. The hollow-fiber diameter changes
in proportion to the beam spot size for the optimum coup-
ling efficiency. The larger the hollow-fiber diameter is, the
longer the hollow fiber would become for maintaining low gas
pressure at the entrance of the hollow fiber. Therefore, a gas
with a high threshold for multi-photon ionization is prefer-
able because it allows the use of small beam spot size and
short hollow fiber. When argon gas was used as a nonlinear
medium with about 0.2-TW input pulse, the hollow-core fiber
should have a inner diameter of around 500 µm for the ioniza-
tion suppression. If 0.2-TW laser pulses are launched into the
argon-filled hollow fiber with an inner diameter of less than
300 µm, large ionization losses and strong plasma nonlinear-
ity will be induced by the strong multi-photon ionization due
to the high peak intensity of 7 ×1014 W/cm2. Recently, it was
reported that 9.8-fs, 5-mJ optical pulses were generated using
a 500-µm-diameter 2.2-m-length hollow-core fiber when ar-
gon gas was used at 0.4 bar in the exit side of the chamber
with 40-fs, 8.5-mJ input pulses [12]. In our experiments, neon
gas which has a higher critical power was used at gas pres-
sure in the range of 1–2 bar in the exit side of the chamber
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in order to suppress the self-focusing and the ionization and
achieve the spectral broadening for 2-cycle pulses with a com-
paratively short hollow fiber. At the exit the critical power for
the self-focusing was as high as about 220 GW with 2.0-bar
neon gas at a central wavelength of 810 nm. The neon pressure
was lower than 1.0 torr in the entrance side when the hollow
fiber had an inner diameter of 300 µm and a length of 100 cm

For an optimal spectral broadening the frequency chirp of
the laser pulse had to be controlled in order to compensate for
the material dispersion in the focusing lens and the window.
The laser chirp was controlled by adjusting the grating sepa-
ration of the pulse compressor in the kHz CPA laser. The input
pulse energy was 4.5 mJ and the neon pressure was 1.1 bar at
the exit of the chamber. Figure 2 shows the laser spectra after
the hollow-fiber pulse compressor with respect to the grating
separation, ∆L. ∆L = 0 corresponds to the grating separation
that produces the shortest pulse after the grating compressor,
and negative (positive) displacement of ∆L corresponds to
a positive (negative) frequency chirp. Because the positive fre-
quency chirp is induced when laser pulses pass through the
focusing lens and the 1-mm-thick window of the gas chamber,
the laser pulses arriving at the fiber have positive frequency
chirp at ∆L = 0. As shown in Fig. 2, the laser spectrum at
∆L = 60 µm has the broadest bandwidth. It means that the
spectral broadening was optimized when the input pulse had
a negative frequency chirp. With the groove density of the
grating, incident and diffracted angles in the grating compres-
sor, the calculated group delay dispersion (GDD) per 1-µm
displacement is −32 fs2. Because the total GDD value of the
lens and window is about 1800 fs2, the actual incident pulse
will have the shortest pulse width at around ∆L = 56 µm.
This value agrees well with the condition of the broadest laser
spectrum. Consequently, the spectral broadening was opti-
mized by applying negatively chirped laser pulses in order to
compensate for the positive chirp induced in the focusing lens
and window.

When the spectral broadening was optimized, the output
pulse energy was 1.4 mJ. In this condition of broad output

FIGURE 2 Laser spectra after passing through the hollow-fiber compres-
sor with respect to the grating separation ∆L of the pulse compressor in the
kHz CPA Ti:Sapphire laser. ∆L = 0 corresponds to the grating separation
of the shortest pulse after the grating compressor. The inset shows the laser
spectrum before the hollow fiber

spectrum, sufficient to support 4.6-fs pulse, the coupling effi-
ciency was 31%. The coupling efficiency could be increased
to 40% at ∆L = −40 µm, but the output spectrum was not as
broad as the optimized one, only to support 6.2-fs pulse, as
shown in Fig. 2. The low coupling efficiency resulted mainly
from the multi-photon ionization loss. Because the hollow
fiber used had 300-µm diameter, the peak laser intensity was
5 ×1014 W/cm2. This high laser intensity induced the strong
multi-photon ionization, resulting in the ionization loss. Thus,
in order to increase the coupling efficiency the multi-photon
ionization should be suppressed by increasing the beam spot
size. This can be realized by increasing the hollow-fiber diam-
eter to more than 400 µm and the fiber length to longer than
1 m in order to avoid the increase of gas pressure at the fiber
entrance and heavy gas loss due to the larger fiber diameter.
The distance between the entrance window of the gas cham-
ber and the fiber input face should become longer to prevent
damage to the entrance window, resulting in a much longer
gas chamber. In our experiment, the longer hollow fiber with
larger inner diameter could not be installed because of the
space limitation in the optical table.

Even broader laser spectrum could be obtained by apply-
ing higher laser intensity. When the spot size of input pulse
was decreased by about 20%, compared to the optimal size,
the laser spectrum became broader, but the amplitude modu-
lation was much stronger as shown in Fig. 3, and the output
energy was reduced to less than 1 mJ with 0.77-bar neon in the
exit. The strong modulation and low output energy originate
from the high laser intensity. The high-intensity laser pulses
generate the strong multi-photon ionization and thus the ion-
ization losses become large, and the spectrum is broadened
by the ionization-induced plasma nonlinearity as well as Kerr
nonlinearity [14]. This strong spectral modulation will induce
more pronounced wings on the temporal profile of the laser
pulse after dispersion compensation. Thus, in order to obtain
a relatively clean temporal profile after dispersion compensa-
tion, an optimal laser intensity should be chosen.

We also compared the laser characteristics with those of
the static gas fill case. When the hollow fiber was filled with

FIGURE 3 Laser spectrum after passing through the differentially pumped
hollow fiber with an applied laser intensity of 7×1014 W/cm2 and the neon
pressure of 0.8 bar
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FIGURE 4 Intensity and phase profiles of the compressed pulse, retrieved
from SHG FROG. The inset shows the SHG FROG frequency marginal
(dashed curve) and the autoconvolution (solid curve) of the measured funda-
mental spectrum

0.9-bar neon gas without differential pumping, the spectrum
was similar to that shown in Fig. 2. But, the energy of the out-
put pulse in this case was less than 0.9 mJ. This low output
energy is the result of losses due to multi-photon ionization.
Compared with the differential pumping method, the ion-
ization losses are larger because of the high gas density at
the entrance of the hollow fiber. As a result, amplifier stages
after the hollow-fiber system will be needed to increase the
pulse energy to more than 1 mJ in the static gas fill case.
The static hollow-fiber system, however, has more complex-
ity than the differentially pumped hollow-fiber system due
to the addition of amplifier stages and the reduced spectral
width of the continuum, as stated in Sect. 1. Recently, the
generation of few-cycle laser pulses with a good spatial pro-
file through filamentation was demonstrated [15]. However, in
order to apply this technique to a laser with multi-mJ energy
the problem associated with multiple filamentations has to be
overcome.

After recollimation by a silver mirror of 1-m focal length,
the laser pulses were reflected four times by a pair of chirped
mirrors for dispersion compensation. The chirped mirrors had
a high reflectivity over the wavelength range of 600–1000 nm
and a constant negative GDD of −45 fs2 between 600 and
950 nm. The final energy of the laser pulses after the chirped
mirrors was around 1.1 mJ. The pulse duration was evalu-
ated using the second-harmonic generation (SHG) frequency
resolved optical gating (FROG) method [16]. In the SHG
FROG, a 10-µm-thick β-barium borate crystal was used in
the type I geometry for sufficient phase-matching bandwidth.

The measured pulse duration was 5.5 fs, and the good agree-
ment between the autoconvolution of the fundamental spec-
trum and the SHG FROG marginal was obtained as shown in
Fig. 4.

4 Conclusion

We generated high-energy 2-cycle laser pulses
using a differentially pumped hollow-fiber chirped-mirror
compressor in which the self-focusing and losses due to ion-
ization could be suppressed effectively. The laser spectrum
after the hollow-fiber compressor was optimized by control-
ling the laser chirp, in order to compensate for the material
dispersion in a focusing lens and a window, and extended
from 540 nm to 950 nm. The spectrally broadened laser pulses
were compressed to 5.5 fs by a pair of chirped mirrors and had
a final energy of 1.1 mJ. These 1-kHz 0.2-TW 2-cycle pulses
are well suited for attosecond physics investigations through
high harmonic generation and for research on various nonlin-
ear processes in which intense few-cycle laser pulses play an
important role.
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