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Picosecond pulses compression at 1053-nm center wavelength
by using a gas-filled hollow-core fiber compressor*
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We theoretically study the nonlinear compression of picosecond pulses with 10-mJ of input energy at the 1053-nm
center wavelength by using a one-meter-long gas-filled hollow-core fiber (HCF) compressor and considering the third-order
dispersion (TOD) effect. It is found that when the input pulse is about 1 ps/10 mJ, it can be compressed down to less than
20 fs with a high transmission efficiency. The gas for optimal compression is krypton gas which is filled in a HCF with
a 400-pum inner diameter. When the input pulse duration is increased to 5 ps, it can also be compressed down to less
than 100 fs efficiently under proper conditions. The results show that the TOD effect has little impact on picosecond pulse
compression and the HCF compressor can be applied on compressing picosecond pulses efficiently with a high compression

ratio, which will benefit the research of high-field laser physics.
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1. Introduction

The chirped pulse amplification (CPA) technique has
made remarkable advances to the generation of ultrashort laser
pulses with extremely high-peak power.!!] The powerful CPA
lasers have been used in fundamental research areas, such
as the generation of bright X-ray, the fast ignition approach
of laser fusion, relativistic particle acceleration, experimen-
tal quantum electrodynamics, and laboratory astrophysics.>~1
Based on laser materials, such as Nd:glass, the technology of
high power and short pulse lasers near 1 pum is mature. Lim-
ited by the narrower gain bandwidth of Nd:glass, the pulse
duration near 1 micron is generally in the picosecond level,!!
and the pulse has high-order dispersion.[©]

To obtain shorter pulse durations, external-cavity spec-
tral broadening and pulse compression techniques are
necessary.!”] Nonlinear propagation through a noble gas-filled
hollow-core fiber (HCF) is a widely used technique to acquire
efficient spectral broadening in the visible and near-infrared

8111 Compared with the pulse compression

spectral range.!
using traditional optical fibers of bulk materials, the hollow-
core fiber improves the output energy level to the milli-joule
while preserving the few-cycle duration.['”! In addition, the
confinement of the dielectric waveguide ensures spatially uni-

form broadening and an excellent output beam profile.!'3] The
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HCF compressor is now mainly used to compress femtosec-
ond multi-optical-cycle pulses to few-cycle pulses. However,
as far as we know, few simulations have been carried out for
picosecond pulses compression in the mJ energy level in the
I-micron pulse duration region by using a HCF compressor.
In this paper, we theoretically study the nonlinear com-
pression of the picosecond pulses with 10-mJ input energy at
1053-nm center wavelength by using a gas-filled hollow-core
fiber and considering the third-order dispersion (TOD) effect.
This paper is organized as follows. Section 2 describes the
schematic layout of the CPA laser and the model of nonlinear
compression with a gas-filled HCF. In Section 3, we first com-
pare the results obtained with different types of noble gases,
gas pressures within the fiber, and inner diameters of the fiber
to obtain the optimal compression parameters. The spectral
phases before and after chirp compensation are analyzed, and
the process of chirp compensation is also given. Then, the
spectral intensity evolutions of the pulses by increasing the gas
pressures and the distances of the HCF are presented. Next, we
show the nonlinear compression of the picosecond pulses with
TOD by using a krypton gas-filled HCF compressor. Finally,
we give the compression results when the initial pulse dura-
tion is increased to 5 ps. The paper ends with a conclusion in

Section 4.
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2. The model of CPA laser and spectral broad-
ening

The 10-Hz, 10-mJ CPA laser consists of a 20-kHz fiber
laser operating at 1.03—1.06 um, a grating stretcher, a pulse se-
lector, a regenerative amplifier, a Nd:glass amplifier working
at 10 Hz, and a grating compressor, as shown in Fig. 1. The
seed pulses of CPA come from the fiber laser and are charac-
terized by a few nanometers of spectrum width and hundreds
of picosecond of pulse width. Laser pulses from the 20-kHz
fiber laser are stretched to > 1 ns by a grating stretcher. Then
the laser pulses pass through a pulse selector to modulate at
10 Hz and are amplified in the regenerative amplifier and the
Nd:glass amplifier such that their energies reach 15 mJ.[!4l
After the grating compressor, the laser pulses have 10-mJ en-
ergy and 1-10 ps pulse duration at 1053 nm. Although the
second-order dispersion is compensated easily, the high-order
dispersion still exists in the output pulse. High-order disper-
sion comes from two places, one is the amplifiers and the other
is the fiber laser.

1 1J/300 ps >1 ns
fiber laser :> stretcher Q selector
1.03—1.06 ym/20 kHz
10 Hzﬂ

15 mJ 6 mJ e

Nd:glass C: et
A | <:: >generative
amplifier amplifier

B:> [10 mJ/10 Hz/1.05 pm/1—10 ps]

Fig. 1. (color online) Schematic layout of the 10-Hz 10-mJ CPA laser.

In the CPA laser, Nd:glass is used in the amplifiers, and
the total length of Nd:glass is 3—5 m. The Sellmeier equation

for Nd:glass is given as!3)

N 0.21105327A2
A2-0.01976189

1.03692728A2
A2 —0.00577291
0.7736246612
A2 —101.422203’

n? =1+

(1

where n is the refractive index, and A is the wavelength
of light in pm. We obtain the dispersion including the
second-order dispersion of 0.1198 ps?, the third-order disper-
sion of 2.0362 x 10~* ps?, and the fourth-order dispersion of
—2.2275 x 1077 ps* by the equation in the five-meter-long
Nd:glass at a center wavelength of 1053 nm. It should be noted
that the high-order dispersion within the output pulse is not
noticeable in the Nd:glass compared with the dispersion from
the fiber laser. For simplicity, the output pulse with high-order
dispersion can be expressed as

UOutput

_ iTODw? iFODw*

where U is Gaussian pulse without chirp, w is the angular fre-

quency of the pulse, F represents Fourier transform and F~!
is the inverse Fourier transform, TOD and FOD represent the
third-order and the fourth-order dispersion, respectively.

In order to achieve pulse durations below tens of fem-
toseconds, spectral broadening is necessary. Moreover, in
comparison with TOD, the fourth-order and higher-order dis-
persion is quite small, thus we just consider the influence of
TOD based on the process of spectral broadening in the HCF.

The spectral broadening is achieved in a one-meter-long
noble gas-filled HCF based on the self-phase modulation ef-
fect (SPM). Here, we use a single HCF with static gas pres-
sure. The envelope E(z,t,r), assumed to be slowly varying
in time, evolves along the propagation axis z according to the

propagation of the fundamental mode equation!%!7]

E ... ..
9% _LE+iT (@nmEFE)
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where the linear operator L = ia® — a(V9/o; +
Y (i"90™/3)[B™ + ia™]/m! describes the waveguide

m=2

mode attenuation ™ = d”o/d®™|w = @ and dispersion
parameter B(") = d"B/dw™|® = @y with the central an-
gular frequency of the pulse @j. Here, T refers to the re-
tarded time variable r — z/v, with group velocity v = 1/ B,
Constants ¢, O, ¢e, me, and & are light speed in a vac-
uum, impact ionization cross section, electron charge and
mass, and vacuum permittivity, respectively. The operator
T =1+ (i/an)(d/d:) gives rise to self-steeping effects. ny
denotes the nonlinear index of refraction proportional to the
third order component x3) of the susceptibility tensor of the
gas. The coefficients y = ['V*-rdr/ [y V?-rdr with pulse
transverse mode V = Jo(ur/a), where r is transverse co-
ordinate, a is the fiber inner radius, Jo(x) is the zero-order
Bessel function of the first kind and u is the first zero point
of Jo(x); d = J§pV?-rdr/[§ V2 rdr with electron density
p; f = J§W(pn—p)Up-rdr/ 5 V2 - rdr, where W is the ion-
ization rate, pp is neutral density of the gas (here its value
is 2.722 x 10*> m~2 with 1-bar pressure), and U, is the ion-
ization potential. The terms on the right-hand side of Eq. (3)
account for propagation losses and higher-order dispersion,
self-focusing related to the Kerr effect with the self-steeping
effect, defocusing due to the plasma, and energy absorption
due to ionization. Assuming electrons are born at rest, the
electron density evolves as

8p _ o 2
o = Wlew=p)+ o IEL, “
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where ionization rate W is obtained by the Perelomov, Popov,
and Terent’ev (PPT) theory. '8!

3. Numerical results and analysis

In order to obtain the optimal compression parameters,
we simulate the nonlinear compression of picosecond pulses
without considering the TOD at 1053-nm center wavelength
by using different types of noble gas, gas pressures within the
fiber, and inner diameters of the fiber.

We first use the neon gas-filled HCF with a 250-pm inner
diameter to compress the picosecond pulses with 1-ps pulse
duration and 10-mJ input energy at the gas pressure of 30 bar.
Figures 2(a) and 2(b) show the output pulse temporal profile
and spectral intensity after compression with optimal chirp
compensation, respectively. The duration (full width at half
maximum, FWHM) of the pulse is 35 fs and the energy trans-
mittance is about 78%. To improve the efficiency of the pulse
compression, we use argon gas, krypton gas, and xenon gas
with high nonlinear parameters to couple into the fiber, and the
inner diameter of 400 pm is employed to obtain the large en-
ergy transmittance. Figures 2(c) and 2(e) show the pulse tem-
poral profiles with the optimal compensation for argon gas at
10 bar and krypton gas at 6 bar, respectively, and the FWHMs
of the pulses are 21 fs and 12 fs, respectively. In addition,
the energy transmittance increases to about 90%. The output
spectral intensities are given in Figs. 2(d) and 2(f). In addi-
tion, the simulation results of pulse compression using xenon
gas at 3-bar pressure are shown in Figs. 2(g) and 2(h), from
which we can see that the pulse has a breakup, and a large
peak is developed in the corresponding spectrum from 0.9 pm
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A
0
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Time/fs

400

400
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to 1 um. In Table 1, we can notice that the xenon gas has
a lower ionization potential and a higher nonlinear refractive
index compared with the other gases; these properties lead to
this phenomenon. In comparison with those using neon gas
and argon gas, the pulse has the higher compression ratio when
employing the lower gas pressure by using a krypton gas-filled
HCEF, thus the krypton gas is the better choice to compress the
picosecond pulses.

Table 1. The ionization potential and nonlinear refractive index with
1-bar pressure at 1053 nm of the noble gas.

Ionization Nonlinear refractive index
Gas type potential/eV nofem? W1
Ne 21.56460 7.46 x 10721
Ar 15.75962 9.86 x 1020
Kr 13.99961 273 %1071
Xe 12.12980 1.09 x 10718

Moreover, figure 3(a) gives the spectral phases of the out-
put pulses before and after the chirp compensation for krypton
gas at O-bar gas pressure. Before the compensation of the
pulse, the fast modulations are observed around the center
wavelength, which is caused by the spectral broadening due
to the SPM effect.!®23 After the chirp compensation,>*!
the spectral phase performs like a straight line. However, in
the central region, the ripple-shape spectral phase including
high-order phase terms is observed and these high-order phase
terms are difficult to compensate simply by using the chirped
mirrors. Besides, in Figs. 2(a), 2(c), and 2(e), the compressed
pulses shift toward the positive side (time > 0) with differ-
ent types of noble gas and gas pressures. This phenomenon is

1.0
(b)
0.5 === input
—— Ne, 30 bar
0
0.8 0.9 1.0 1.1 1.2
s 10 - .
= (d) == Ar, 10 bar
5 0.5
e
50 ; ;
= 08 09 1.0 1.1 1.2
= 1.0
g (f)
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0.8 0.9 1.0 1.1 1.2
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0.5
O 1 1
0.8 0.9 1.0 1.1 1.2
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Fig. 2. (color online) The output pulses temporal profiles ((a), (c), (e), (g)) and spectral intensities ((b), (d), (f), (h)) after compression with optimal chirp
compensation for different types of noble gas and gas pressures, respectively. (a) and (b) neon gas at 30 bar, (c) and (d) argon gas at 10 bar, (e) and (f)
krypton gas at 6 bar, (g) and (h) xenon gas at 3 bar. The red dash curve represents the initial pulse spectrum.
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Fig. 3. (color online) (a) The spectral phases of the pulses passing through fiber (blue solid curve) and after compensation (red solid curve) using krypton
gas at the pressure of 6 bar. (b) The pulses temporal profiles with different chirp compensation using krypton gas at the pressure of 6 bar, the blue solid
curve, red dash curve, green and black dotted curves represent the input pulse, the output pulse without compensation, and the cases with compensation of

—0.00175 ps?, —0.00193 ps?, and 0.0000017 ps>, respectively.

caused by the self-steeping effect and chirp compensation,
as shown in Fig. 3(b), where the blue solid curve represents
the input pulse and the position of the center of the pulse is
zero, the red dash curve is the output pulse without compen-
sation, it shifts toward right side about 300 fs, while the green
and black dotted curves, with compensation of —0.00175 psz,
—0.00193 ps?, and 0.0000017 ps’, respectively, their positions
are between 100 fs and 200 fs. The TOD compensation is used
to decrease the wing based on the leading edge of the pulse.
Next, we simulate the nonlinear compression of the pi-
cosecond pulses by using a krypton gas-filled HCF at differ-
ent gas pressures ranging from 3 bar to 7 bar, as shown in
Figs. 4(a) and 4(c). The corresponding FWHMs are 23 fs,
18 fs, 15 fs, 12 fs, and 11 fs after the optimal GDD and TOD
compensation by using chirped mirrors, and the pulses obtain
the excellent profiles. Figures 4(b) and 4(d) show spectral in-
tensity evolutions with the increase of the gas pressures and the
distances of the fiber, respectively. When increasing the gas

pressures, we can see a wider and red-shift spectrum clearly
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though its intensity decreases. Besides, a symmetric spectrum
broadening appears due to the SPM effect. In this simulation,
the pulses have a better compression ratio when the gas pres-
sures are set to 6 bar and 7 bar.

The simulation results show that krypton gas with a high
nonlinear parameter is the optimal compression gas, the inner
diameter of 400 pm improves the energy transmittance, and
gas pressure is set to about 7 bar for the initial pulse with a
1-ps pulse duration and 10-mJ input energy at the center wave-
lIength of 1053 nm. Figures 5(a) and 5(c) are the input pulses
profiles with TOD from 0.1 ps> to 0.6 ps>, and the output pulse
profiles after the optimal compensation by using the krypton
gas-filled HCF are shown in Figs. 5(b) and 5(d). The initial
pulse durations are 1.035 ps, 1.098 ps, 1.160 ps, 1.217 ps,
1.270 ps, and 1.138 ps, and the output pulse durations after
compensation are 12 fs, 12 fs, 12 fs, 13 fs, 15 fs, and 14 fs
(the values were obtained by rounding the decimal fraction).
Figures 5(a) and 5(c) show that the main peak of the pulses

shifts toward the positive side severely and the trailing edges of

30 40 50

Distance/cm

Fig. 4. (color online) The output pulse temporal profiles at different gas pressures from 3 bar to 7 bar ((a) and (c)) and spectral intensity evolutions with
increasing gas pressures and the distances of the fiber ((b) and (d)) by using a krypton gas-filled HCF, respectively.
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Fig. 5. (color online) The input pulse temporal profiles ((a) and (c)) and the output pulse profiles ((b) and (d)) after compression with optimal chirp

compensation at different TOD from 0.1 ps> to 0.6 ps®, respectively.

the pulses have larger oscillatory structures with the increase
of the TOD. Moreover, the output pulses after the optimal
compensation in Fig. 5(b) obtain the better wings compared
with the pulses in Fig. 5(d), it is caused by different TOD ef-
fects. In addition, it is obvious that the pulse profiles shift to-
ward the right side of the time axis more when the pulses have
the large TOD; this is due to the different optimal chirp com-
pensation and self-steeping effect. Besides, the influence of
the self-steeping effect is decided by the gas pressures within
the fiber, the pulse durations, and the TOD effect.

Now, we turn to the case in which the pulse width in-

1.0 T

(a) =1, 10 mJ, 20 bar]
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.a 0.8 L
=
2 0.6f
&
~
Z 0.4}
n
=}
g
g 0.2

0 : ;
0 200 400 600 800
Time/fs

creases to 5 ps. Figure 6(a) shows the pulse profiles after
nonlinear compression by using a krypton gas-filled HCF. The
blue solid curve represents the case with 10-mJ input energy
at 20 bar, the red dash curve represents the case with 30 mJ
input energy at 10 bar, and the pulse durations are 100 fs and
67 fs, respectively. The corresponding spectral intensities are
given in Fig. 6(b). It is obvious that the pulse with an excel-
lent temporal profile and tens of femtoseconds of pulse width
is obtained by using the krypton gas-filled HCF compressor

for the picosecond pulses.

Kr, 10 mJ, 20 bar
—==Kr, 30 mJ, 10 bar

Intensity /arb. units

1.07

1.04 1.05

Time/fs

1.06

Fig. 6. (color online) The output pulse temporal profiles (a) and spectral intensities (b) after compression with optimal chirp compensation for krypton gas
with different gas pressures and input energies, respectively. The blue solid curves represent the case with 10-mJ input energy at 20 bar pressure, and the red

dash curves are the case with 30-mJ input energy at 10 bar pressure.

4. Conclusion

In conclusion, we have simulated the nonlinear compres-
sion of picosecond pulses with 10-mJ input energy at 1053-nm
center wavelength based on a one-meter-long gas-filled HCF
compressor. The gas for optimal compression is krypton gas
which is filled in a HCF with a 400-um inner diameter. By
using the krypton gas-filled HCF, the 1053-nm laser pulses

with excellent temporal profiles and pulse width below 20 fs

were obtained. When the initial pulse duration is increased
to 5 ps, the pulse duration can also be compressed down to
less than 100 fs efficiently with the proper parameters. The re-
sults show that the HCF compressor can be used to compress
picosecond pulses with TOD efficiently with a high compres-
sion ratio, which will be useful for the research of high-field

laser physics.
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