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Abstract Amplification of supercontinuum light via four-

wave optical parametric amplification in a gas-filled hollow

fiber is investigated. By pumping with a femtosecond pulse

in the near-infrared, amplification was observed in the

wavelength range 500–700 nm, with an amplification gain

up to 100. The amplification bandwidth obtained here

supports sub-10-fs pulse durations. The wavelength and

gas-pressure dependence of the amplification gain in this

regime significantly differ from those predicted from only

the linear phase mismatch. The nonlinear phase mismatch,

arising from nonlinear phase modulations induced by a

pump pulse, dominates the features observed for the

amplification, i.e., a low phase-matching pressure and an

amplification gain depending on wavelength. To investi-

gate the effect of phase modulations on the parametric

amplification, numerical analysis and simulations are used

to reproduce the measured wavelength dependence of the

amplification gain.

1 Introduction

Light amplification by optical parametric amplification

(OPA) in birefringent crystals has been investigated with

regard to generating ultrashort visible and near-infrared

pulses [1, 2]. In addition, high peak powers achievable with

chirped input pulses provide means to develop a laser

system delivering sub-10-fs pulses with PW-scale peak

power [3]. Until now, generation of sub-10-fs pulses with

multi-TW peak powers has been reported [4, 5] and applied

in the generation of monoenergetic electron bunches via

relativistic light–matter interaction [6]. Recently, the use of

high-power picosecond or sub-picosecond laser pulses

from a thin-disk laser or an Innoslab laser has been eval-

uated for optical parametric chirped-pulse amplification

(OPCPA) [7, 8]. Because a supercontinuum for seeding an

OPCPA is also available by focusing such picosecond or

sub-picosecond pulses into a bulk medium, Ti:sapphire-

free OPCPA can be developed resulting in a compact setup

[8–10] that potentially could yield high-stability. One of

the potential issues in this Ti:sapphire-free OPCPA scheme

is that the typical pulse energy obtained for the supercon-

tinuum is low (in the nJ range at most), requiring a notably

high gain in the OPCPA when amplifying up to TW–PW

peak powers. Generation of parametric fluorescence in the

OPCPA might not be negligible, thereby degrading the

phase and energy stabilities as well as the temporal contrast

of the amplified pulses [11].

In this instance, a preamplifier amplifying the energy of

a supercontinuum by 2–3 orders of magnitude is useful.

The gain required in the main OPCPA stage then decreases

by the same order, reducing the intensity of the parametric

fluorescence generated in the OPCPA stage to a negligible

level. Four-wave optical parametric amplification

(FWOPA) [12–16] is a candidate for the preamplification

process. Amplification gains as high as 80 and 100 in a

fused silica and water, respectively, have been reported

together with a broad amplification wavelength range

supporting sub-10-fs pulse durations [12, 15]. Broader

amplification bandwidth can be realized using a gas med-

ium in the FWOPA because of the lower group-velocity
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dispersion (GVD) in the medium than the bulk media.

Four-wave mixing (FWM) in a gas has been investigated

for frequency conversion [17–21]. There is also a report

regarding light amplification using narrowband input pul-

ses and high-order propagation modes [22]. Direct ampli-

fication of a broadband input pulse in a gas has not been

studied in regard to the wavelength dependence of the

amplification gain and the effect of nonlinear phase mod-

ulations on amplification.

In this report, our investigation of FWOPA in a gas-

filled hollow fiber seeded with a supercontinuum pulse is

described. The aim was to clarify the wavelength depen-

dence of the amplification gain and the effect of nonlinear

phase modulations on amplification gain. In contrast to a

previous work [22], the fundamental propagation mode

EH11 is used for all pump, signal, and idler pulses. This

regime of the FWM in a gas-filled hollow fiber has been

widely used for efficient frequency conversion via differ-

ence-frequency mixing [17, 18, 21, 23, 24], although no

light amplification has been investigated to our knowledge.

Use of the fundamental propagation modes is expected to

lead to a broader phase-matching bandwidth than the

regime based on high-order propagation modes. As both

the amplified signal and the generated idler in the former

have single-mode transverse beam profiles, output pulses

are suitable for seeding the TW–PW OPCPA. More

importantly, neither the amplification wavelength, nor

wavelength dependence of the amplification gain, nor the

phase-matching gas pressure for the FWOPA in this study

are reproduced based simply by considering the linear

phase mismatch for the FWOPA. The influence of the

nonlinear phase mismatch from the cross-phase modulation

(XPM) induced by the pump pulse needs to be taken into

account in reproducing the amplified signal spectra. This

contrasts with the account given in the previous report

where only the linear phase mismatch was used to predict

the phase-matching condition [22]. The FWOPA in a gas-

filled hollow fiber reported here is hence in a different

regime than that reported in the previous report.

This paper is organized as follows. First, wavelength

and gas-pressure dependence of the phase mismatch and

coherence length for the FWOPA in a gas-filled hollow

fiber are discussed. It is shown that a broader amplification

bandwidth is expected using the EH11 fundamental prop-

agation mode rather than the high-order modes. Next, a set

of coupled equations and an analytic model for the

FWOPA are given as a basis to discuss experimental

observations. Experimental observations on the FWOPA in

a gas-filled hollow fiber with the EH11 propagation modes

are then presented and discussed, especially in regard to the

wavelength dependence of the amplification gain. Both the

numerical simulation and the analytic model are used to

reproduce the experimentally measured spectrum of the

amplified signal pulse. Finally, conclusions of this report

are presented.

2 Theory

2.1 Phase mismatch

The propagation constant for a propagation mode inside a

gas-filled hollow fiber bk consists of two linear contribu-

tions. One relates to the gas medium filling the core (bk,m),

and the other relates to the transverse propagation mode

(bk,T). The propagation constant is given by bk = (bk,m
2 -

bk,T
2 )1/2 [24, 25]. In a degenerate FWM, nonlinear polari-

zation induced by the interaction of two radiation fields,

namely the pump and signal fields with angular frequencies

xp and xs, generates a frequency component at xi (idler).

Energy conservation forces the angular frequency of the

idler to satisfy relation xi = 2xp - xs. The linear phase

mismatch Db for this process is expressed as

Db = bs ? bi - 2bp, where bp, bs, and bi stand for the

(linear) propagation constants of pump, signal, and idler

fields, respectively. Light amplification via the FWOPA

occurs in a wavelength range where the phase mismatch is

small or the coherence length p/|Db| is large.

The wavelength and gas-pressure dependence for the

coherence length are calculated for two cases of the

FWOPA with a gas-filled hollow fiber (Fig. 1). Ar gas is

assumed to fill the core of the hollow fiber. In Fig. 1a, a

core diameter for the hollow fiber of 450 lm and a pump

wavelength of 800 nm are assumed [22], whereas in

Fig. 1b, a core diameter of 140 lm and a pump wavelength

of 784 nm are assumed. In both cases, several combina-

tions of propagation modes are considered. When pump,

signal, and idler pulses all propagate in mode EH11, the

phase-matching condition (Db = 0) is satisfied or the

coherence length is large at a gas pressure [(i) in Fig. 1]

much less than that for high-order propagation modes [(ii),

(iii), and (iv) in Fig. 1]. This leads to a lower efficiency in

the FWOPA compared with that for high-order propagation

modes. The lower efficiency can be compensated using a

narrower hollow fiber giving a higher phase-matching

pressure and higher intensities of input pulses. For a core

diameter of 450 lm, the phase-matching pressure is less

than 0.3 bar [(i) in Fig. 1a], whereas for a core diameter of

140 lm, it is between 1 and 3 bar [(i) in Fig. 1b]. Com-

pared with high-order propagation modes, use of only the

EH11 mode leads to broadband phase matching as is

expected from the data given in Fig. 1. FWOPA using a

hollow fiber with a core diameter of 140 lm and EH11

modes [(i) in Fig. 1b] was investigated in this study.
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2.2 Amplification gain

Denoting the electric fields of the signal, idler, and pump

pulses as es, ei, and ep, respectively, the nonlinear interac-

tion related to the FWOPA is expressed by the following

coupled equations [26]:

oes=oz ¼ iDses

þ iðxsn2=cÞTs 2 ep

�
�
�
�
2
es þ e2

pe
�
i exp ð�iDbzÞ

n o

;

ð1Þ

oei=oz ¼ iDiei

þ iðxin2=cÞTi 2 ep

�
�
�
�
2
ei þ e2

pe
�
s exp ð�iDbzÞ

n o

;

ð2Þ

oep=oz ¼ iDpep

þ iðxpn2=cÞTp ep

�
�
�
�
2
ep þ 2e�peiesexp ðiDbzÞ

n o

;

ð3Þ

Dk ¼ �ak=2� ð1=tk � 1=tsÞðo=otÞ � iðb 2ð Þ
k =2Þðo2=ot2Þ

þ iðb 3ð Þ
k =6Þðo3=ot3Þ þ . . .;

ð4Þ

where n2 stands for the nonlinear refractive index of the

medium, which for a gas medium is proportional to the gas

pressure; Tk contains a contribution from self-steepening,

specifically, Tk ¼ f1þ ði=xkÞðo=otÞg with ak the linear

propagation loss and tk the group velocity of each field.

b 2ð Þ
k and b 3ð Þ

k , respectively, are the group-delay dispersion

(GDD) and the third-order dispersion (TOD). Subscripts s,

i, and p refer to signal, idler, and pump, respectively.

Intensities of the amplified signal pulse and idler pulse are

assumed to be low, and the nonlinear phase shift arising

from the self-phase modulation (SPM) induced by signal

and idler pulses is neglected. Similarly, efficiency in the

XPM induced by the signal and idler pulses is assumed to

be negligibly small; these conditions are met in this study.

The SPM induced in the pump pulse and the XPM induced

in the signal and idler pulses arising from the intense pump

pulse are included in the equations.

By assuming no pump depletion, no self-steepening

effect, negligibly small effects from GDD, TOD, and

linear propagation losses, analytical solutions of the

resulting coupled equations are found that qualitatively

determine the effect of nonlinear phase modulation on

the FWOPA. The modified coupled equations are as

follows:

oes=oz ¼ iðxsn2=cÞ 2 ep

�
�
�
�
2
es þ e2

pe
�
i expð�iDbzÞ

n o

; ð5Þ

oei=oz ¼ iðxin2=cÞ 2 ep

�
�
�
�
2
ei þ e2

pe
�
s expð�iDbzÞ

n o

; ð6Þ

epðzÞ ¼ epð0Þexp iðxpn2=cÞjepð0Þj2z
n o

; ð7Þ

where ep (0) is the electric field of the input pump pulse at

z = 0. The analytical solution of the coupled equations

(Eqs. 5–7) is as follows:

es zð Þ ¼ fcosh gzð Þ � iðj=2gÞ sinhðgzÞgesð0Þ expfiUg; ð8Þ

U ¼ �j=2þ 2ðn2=cÞxs ep

�
�
�
�2

n o

z ð9Þ

j ¼ Dbþ DbNL; ð10Þ

g ¼ n2 ep

�
�
�
�
2
=c

� �2

x2
p � Dx2

� �

� ðj=2Þ2
� �1=2

ð11Þ

In the above, the effective phase mismatch j consists of

two contributions: the linear phase mismatch (Db) and a

nonlinear contribution DbNL ¼ 2ðn2=cÞjepj2xp, which

depends on the pump intensity and is hereafter termed

the nonlinear phase mismatch. The nonlinear phase

mismatch results from the XPM induced in the signal

and idler pulses. In obtaining Eqs. 10 and 11, the relation

xs - xp = xp - xi = Dx was used. The amplification

gain (G) is then defined as |es(z)|2/|es(0)|2, giving the

following expression:

G ¼ cosh2 gzð Þ þ j=2gð Þ2sinh2ðgzÞ ð12Þ

When the same derivation is repeated after dropping

the terms related to the SPM and XPM in Eqs. 5–7, the

same expression, Eq. 12, is obtained for the amplification
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(b)(a)Fig. 1 Wavelength and

pressure dependence of

coherence length for the
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settings, refer to main text. In
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gain, but with j = Db. This solution gives the

amplification gain expected when the XPM does not

affect the amplification process. These solutions are used

below when discussing nonlinear phase modulation effects

on the experimentally observed wavelength dependence of

amplification gain.

3 Experiment

An experimental setup schematically shown in Fig. 2 was

used for investigating the FWOPA in a gas-filled hollow

fiber seeded with a supercontinuum pulse. A small fraction

(\5 lJ) of the laser pulse from a Ti:sapphire regenerative

amplifier (1 kHz, 1 mJ/pulse, 100 fs, 784 nm, Concerto,

Thales) was focused onto a 3-mm-thick sapphire plate to

generate a supercontinuum. The generated continuum

(hereafter termed the seed pulse) and the remaining part of

the near-infrared pulse (hereafter termed the pump pulse)

were then spatially and temporally overlapped after the

pump pulse passed through an optical delay line. For spa-

tial overlap, a short-pass filter (3-mm-thick fused-silica

substrate, NT64-332, Edmund Optics) was used that

transmitted wavelength components shorter than 700 nm at

an angle of incidence of 45�. The two pulses were focused

with a concave mirror (a focal length of 500 mm) into an

Ar-filled hollow fiber made of fused silica (a length of

500 mm, a core diameter of 140 lm, an Ar pressure of

0.9 bar). The hollow fiber was placed on a V-groove put

inside a vacuum chamber equipped with 0.5-mm-thick

fused-silica windows. After collimation using a concave

mirror, the output pulses were passed twice through a high

reflector removing the pump wavelength component. The

spectrum of the transmitted seed pulse was measured by

focusing it with a concave mirror into an optical fiber

coupled to a multi-channel spectrometer (USB2000, Ocean

Optics).

4 Results

The energy of the input pump pulse was 470 lJ in front of

the entrance window of the chamber whereas that of the

output pump pulse was 220 lJ. In other words, the energy

throughput of the hollow fiber chamber was 47 %. Given

the EH11 propagation modes, the energy throughput in the

hollow fiber itself is predicted to be 68 % when assuming

perfect coupling between input pump pulse and EH11 mode

[25]. Fresnel losses on the chamber windows reduce this

value to 59 %. The difference between the experimental

throughput of 47 % and the theoretical value of 59 %

arises from the imperfect coupling of the input pulse into

the hollow fiber in the setup. Evacuating the gas chamber

did not change the output energy, indicating negligible

nonlinear loss from multi-photon ionization and self-

focusing, and no detectable change in the propagation

modes inside the hollow fiber by the presence of the Ar gas.

The spectra of the output seed from the gas-filled hollow

fiber are shown in Fig. 3; there, the input seed spectrum

extends from 450 to 700 nm. The longest wavelength of

the seed pulse was determined by the cutoff wavelength of

the short-pass filter (SF in Fig. 2) and the high reflector

after the hollow fiber. When only the pump pulse was

focused into the hollow fiber, no spectral component was

detected in the seed wavelength range (Fig. 3). When both

the input pump and seed pulses were used simultaneously,

the peak intensity of the seed pulse increased 300 times.

When the hollow fiber chamber was evacuated, no spectral

change was observed by the presence of the pump pulse.

These observations suggest that the FWOPA process in the

Ar-filled hollow fiber induces increases in seed intensity.

The input seed pulse was positively chirped when

focused into the hollow fiber and was longer than the pump
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Fig. 2 Experimental setup. HR high reflector at 784 nm; VND

variable neutral-density filter; L plano-convex lens (f = 60 mm),

Sap sapphire plate, SF short-pass filter, HF hollow fiber chamber,

CM1-3, concave mirrors, f = 100 mm (CM1), 500 mm (CM2),

200 mm (CM3); SM silver mirrors, MS multi-channel spectrometer
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normalized by the peak intensity for the seed-pulse-only spectrum

676 Y. Kida, T. Imasaka

123



pulse. This arose mainly from the GVD induced in the seed

pulse when it propagated through the sapphire plate to

generate the supercontinuum and the glass substrate of the

dichroic mirror to spatially combine the input pump and

seed pulses. The change in the amplified wavelength com-

ponent in the signal pulse that occurred while changing the

time delay of the pump pulse gives an estimate for the GDD

in the signal pulse around 550 nm of about 1,000 fs2. The

broader pulse duration of the signal pulse than the pump

pulse has led to a narrower spectrum for the amplified seed

pulse compared with the input seed pulse (Fig. 3). The

amplified spectrum extends from 470 to 610 nm, whereas

the input seed spectrum extends from 450 to 700 nm,

because only a limited wavelength component from 470 to

610 nm in the seed pulse temporally overlaps with the

shorter pump pulse. The full width at half maximum of the

amplified spectrum supports a transform-limited pulse

duration of 7.4 fs when assuming a Gaussian pulse shape.

By integrating the spectral intensities of the amplified seed

in this wavelength range and dividing it by the corre-

sponding integrated spectrum of the unamplified seed pulse,

the gain in the wavelength range can be estimated at 150.

When the same estimation was repeated in the full

wavelength range of the seed pulse (450–700 nm), which is

hereafter denoted as the amplification gain, the result was

100. The energy of the amplified seed pulse was 46 nJ as

measured with a silicon-based optical sensor (OP-2 VIS,

Coherent Inc.). The amplification gain of 100 is similar to

those reported for the FWOPA in bulk media [15].

Because of the frequency chirp in the seed pulse, the

amplification wavelength shifted with the change in the

time delay of the pump pulse. This was used to investigate

the wavelength range in which the seed pulse was para-

metrically amplified. The amplification was observed in a

wavelength range of 500–700 nm (5,700 cm-1). Shown in

Fig. 4 are three typical spectra of the amplified seed mea-

sured at three different time delays of ±70 and ?200 fs at a

constant gas pressure of 0.8 bar; the origin for the time

delay is defined as the time delay in the above experiment.

The center wavelengths of the amplified spectra were 535

(-70 fs), 555 (?70 fs), and 590 nm (?200 fs). The maxi-

mum amplification gain was obtained at around 535 nm.

The pressure dependence of the amplification gain at the

three time delays was investigated (Fig. 5a). In all cases,

the amplification gain peaked at around 0.8–0.9 bar. The

peak gain is much higher at the time delay of -70 fs

(center wavelength of 535 nm) than the other time delays

of ?70 fs (center wavelength of 555 nm) and ?200 fs

(center wavelength of 590 nm), indicating that the wave-

length dependence of the amplification gain is inhomoge-

neous. This inhomogeneity is also indicated in the result in

Fig. 4. When the same measurement was repeated after

reducing the input pump energy to 150 lJ, the peak gas

pressures changed to 1.3–1.4 bar (Fig. 5b), which are

higher than those in the above measurement. Moreover,

inhomogeneity in the wavelength dependence of the

amplification gain was not seen in this case (see Fig. 5b).

5 Discussion

To discuss the source of the inhomogeneity in the wave-

length dependence of the amplification gain, an input pump
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peak intensity of 27 TW/cm2 is assumed. This assumption is

based on the parameter values for the pump pulse duration

of 150 fs, a beam radius of 51 lm for the EH11 mode inside

the hollow-core fiber, and the pump pulse energy used in the

experiment (Figs. 3, 4, 5). These parameters reproduce the

experimentally measured spectra of the output pump pulses

(Fig. 6), where Eqs. 3 and 4 were solved numerically by the

split-step Fourier method [27]. By considering the linear

propagation loss for the EH11 mode, the pump intensity

is 18 TW/cm2 at the exit of the hollow fiber. Using this

value for the pump intensity, the dependence of the coher-

ence length with respect to the signal wavelength and

the gas pressure was calculated (Fig. 7a), in which Eq. 10

was used to calculate the effective phase mismatch

(j = Db ? DbNL). This mismatch was then used for cal-

culating the coherence length as p/|j|. The coherence length

calculated considering only the linear phase mismatch

(j = Db) is also shown in the same figure.

The calculated pressure dependence of the coherence

length agrees with the experimental observation when both

linear and nonlinear phase mismatch are taken into

account. The coherence length peaks at around 530 nm for

a gas pressure of 0.8 bar, which is consistent with the

experimentally measured peak pressure of the amplifica-

tion gain of around 0.8 bar (Fig. 5a). Neglecting the non-

linear phase mismatch and considering only the linear

phase mismatch, the calculated coherence length peaks at

around 1.6 bar for a signal wavelength of 530 nm, which

fails to agree with the experimental observation. The curve

calculated for j = Db ? DbNL predicts that the phase-

matching pressure is high for short signal wavelengths,

which should result in a high peak amplification gain. This

is also consistent with the experimental observation

(Fig. 5a), in which the peak amplification gain is higher for

the short signal wavelength (time delay of -70 fs) than the

other two cases.
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For a low-intensity pump pulse, the influence of the

XPM is not large and the amplification gain is expected to

peak at a pressure around 1.6 bar. This is consistent with

the measured peak pressure around 1.4–1.5 bar when the

low-energy pump pulse was used (Fig. 5b). The two-

dimensional plot of the coherence length (DbNL = 0,

Fig. 7a) indicates that the wavelength dependence of the

peak pressure of the coherence length is small in the

wavelength range of 530–590 nm when the nonlinear

phase mismatch is negligibly small. This leads to a small

wavelength dependence of the amplification gain, which is

consistent with a small inhomogeneity in the observed

wavelength dependence of the peak amplification gain

under a low pump intensity (Fig. 5b).

The wavelength dependence of the amplification gain is

calculated using the analytical solution of the amplification

gain, Eq. 12. When considering both linear and nonlinear

phase mismatches, the calculation reproduces well the rel-

ative peak intensities of the amplified seed spectra measured

at the three different pump time delays (Fig. 7b). In con-

trast, when the calculation was repeated after neglecting the

nonlinear phase mismatch, the calculated wavelength

dependence of the amplification gain did not agree with the

experimental observation (Fig. 7b). The spectral shape of

each amplified signal pulse is well reproduced with

numerical simulations based on the coupled equations

(Eqs. 1–4) solved with the split-step Fourier method [27].

Here, the input seed pulse is assumed to have a super-

Gaussian spectral shape with a full width at half maximum

of 180 THz, in accordance with the experimental spectrum

extending from 450 to 700 nm. The linear frequency chirp

with a GDD of 1,000 fs2 is assumed, as estimated from the

experimentally measured relative group delays of the

wavelength components of 535, 550, and 590 nm. Calcu-

lated spectral features (Fig. 8) are in fair agreement with the

experimental spectra. The relative intensities of the three

amplified signal pulse are well reproduced by the numerical

simulation. The difference in the absolute values of the

spectral intensities between the experiment and the simu-

lation might be related to the imperfect spatial overlap

between the pump and signal modes in the experiment.

From these investigations, the nonlinear phase mismatch

does appreciably affect the amplification wavelength, the

wavelength dependence of the amplification gain, and the

phase-matching pressure for the FWOPA. Consideration of

only the linear phase mismatch fails to reproduce these.

From analysis using the analytical solution (Eqs. 10–12),

these results are not related to the pulse duration of the

pump pulse. Hence, the above discussion should apply also

to long pump pulses, e.g., of a picosecond duration, pro-

vided that the pump intensity is sufficiently high to induce

a nonlinear refractive index change.

In the presence of SPM and XPM induced by the pump

pulse, an amplified signal pulse is spectrally broadened

during amplification. However, the efficiency in the non-

linear phase modulations obtained in this study is not as

large as those in a previous study [22]; slight spectral

broadening of the amplified signal pulse has been observed.

The spectral width of the amplified signal pulse increased

with increasing gas pressure (Fig. 9). The spectrum of the

amplified signal pulse was simulated numerically using

Eqs. 1–4, the result of which is given in the same figure.

Although there is a slight difference in the spectral width

between the experimental spectrum and the simulated

spectrum, the spectral shape of the simulated curves

qualitatively agrees with the experimental spectrum.

6 Conclusions

In conclusion, the FWOPA in a gas-filled hollow fiber was

investigated for direct amplification of a supercontinuum

pulse. The fundamental propagation mode EH11 was used

as the propagation mode for the pump, signal, and idler

pulses. Amplification in the wavelength range 500–700 nm

and an amplification gain up to 100 were obtained when

pumping at 784 nm. The amplification bandwidth supports

sub-10-fs pulse durations. For the FWOPA with a high

amplification gain, the influence of the nonlinear phase

mismatch arising from the XPM induced by the intense

pump pulse needed to be taken into account. The nonlinear

phase mismatch lowers the phase-matching pressure and

substantially modifies the wavelength dependence of the

amplification gain and amplification bandwidth. If the

nonlinear phase modulation is not considered, the phase-

matching pressure and the wavelength dependence of the

amplification gain are not reproduced; this conclusion

contrasts a previous study based on high-order propagation
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Fig. 8 Amplification gain simulated using the coupled equations (left

ordinates, solid lines). Experimental spectra from Fig. 5 are also

shown for comparison (right ordinate: the time delay of -70 fs, open

circle; ?70 fs, triangle, ?200 fs, square)
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modes and narrowband input seed pulses [22]. To obtain a

broader bandwidth after the amplification, use of a short

pump pulse (about 200 fs or shorter) with a higher intensity

than that used in this study might be useful in yielding

simultaneous amplification and spectral broadening using

XPM. By combining the technique reported herein and the

high-power picosecond or sub-picosecond laser technolo-

gies in developing a preamplifier for the Ti:sapphire-free

TW–PW OPCPA, the nonlinear pulse compression tech-

nique might be a key technique providing 200-fs or shorter

pump pulses at 515 nm [28].
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Fig. 9 Spectra of the output

signal pulses for gas pressures

of 0.61, 0.81, 1.0, and 1.2 bar.

Experimental spectra are

marked with dotted lines,

whereas those obtained by

numerical simulations with

solid lines
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