Chin. Phys. B Vol. 25, No. 12 (2016) 124207

Nonlinear compression of picosecond chirped pulse from thin-disk
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We theoretically study the nonlinear compression of a 20-mJ, 1030-nm picosecond chirped pulse from the thin-disk
amplifier in a krypton gas-filled hollow-core fiber. The chirp from the thin-disk amplifier system has little influence on
the initial pulse, however, it shows an effect on the nonlinear compression in hollow-core fiber. We use a large diameter
hollow waveguide to restrict undesirable nonlinear effects such as ionization; on the other hand, we employ suitable gas
pressure and fiber length to promise enough spectral broadening; with 600-ym, 6-bar (1 bar =10 Pa), 1.8-m hollow fiber,
we obtain 31.5-fs pulse. Moreover, we calculate and discuss the optimal fiber lengths and gas pressures with different initial
durations induced by different grating compression angles for reaching a given bandwidth. These results are meaningful

for a compression scheme from picoseconds to femtoseconds.
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1. Introduction

The thin-disk laser has been used as an important laser
technology for scientific research, [ medical,! and indus-
try application!=! since its invention by Giesen!!! ez al. Over
the past few years with the pump laser diodes power increasing
while the price decreases drastically,!'!! the thin-disk laser has
been widely used in industries, for it combines the properties
of excellent beam quality, high optical-optical efficiency, good
thermal management, high average power, as well as high re-
liability, and moderate cost.l'2] Thanks to the thin-disk tech-
nology, its unique aspect ratio of the laser crystal allows the
heat to be removed from the disk efficiently. On the other
hand, cooling from the rear side of the crystal makes the tem-
perature distribution on the disk nearly a one-dimensional heat
flow which allows the laser operated in a very good mode. An-
other typical character of a thin-disk is the ease of the power
scaling. By expanding the diameter of the pump laser while
keeping the pump intensity constant we can achieve the power

(131 Apart from this, power scaling can also be

scaling easily.
maintained through using multiple crystals in a single cav-
ity. By carefully designing the cavity, we can easily operate
the laser in fundamental mode which will benefit the user a
lot. However, for some fundamental scientific researches, such

as the high-harmonic generation (HHG),!'*! the generation
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[15] [16]

of bright x-ray,'"~! time-resolved attosecond spectroscopy,
and pump-probe analysis,!!”! the ultra-short few-cycle pulse is
desired. But in the case of a thin-disk laser, its typical pulse
duration is limited to a few picoseconds.

To achieve a shorter pulse, the external spectral broad-
ening is needed. So far, lots of spectral broadening tech-
niques have been developed, such as filamentation, '8! pla-

(19 201 and hollow-core fiber

nar waveguide,!'”! bulk material,
(HCF).?1-22l Among them, the compression through a noble
gas-filled HCF is widely used as it can compress the millijoule
picosecond pulse down to the femtosecond level while keeping
a comparatively good beam quality. Nowadays, HCF is mainly
used to compress a tens of femtoseconds’ pulse to few-cycles’
pulse.?! However, with the development of a high average
power laser system, more work needs doing in the field of
pulse compression from picoseconds to femtoseconds. [>+2>]
In this paper, we theoretically study the nonlinear com-
pressions of 20-mJ, 1-kHz picosecond pulses with different
chirp factors through a krypton gas-filled HCF. In Section 2
we describe the schematic layout of 20-mJ, 1-kHz thin-disk
amplification system and the model of nonlinear compression
by gas filled HCF. In Section 3, firstly, we show how to obtain
the initial picosecond chirped pulse after the thin-disk ampli-

fier system, then we investigate the influences of gas pressure,

*Project supported by the National Basic Research Program of China (Grant No. 2011CB808101), the Funds from the Chinese Academy of Sciences, and the
National Natural Science Foundation of China (Grant Nos. 11127901, 10734080, 61221064, 60908008, and 61078037).

Corresponding author. E-mail: lengyuxin@siom.ac.cn
© 2016 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

124207-1


http://dx.doi.org/10.1088/1674-1056/25/12/124207
mailto:lengyuxin@siom.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 25, No. 12 (2016) 124207

inner diameter and fiber length on pulse width and spectral
broadening for selecting the suitable parameters to compress
the picosecond pulse. Moreover, we discuss the relation be-
tween initial durations induced by different compressor angles
and fiber parameters including fiber length and gas pressure
for reaching the same Fourier transform limited pulse width.
We draw some conclusions in Section 4 finally.

2. Layout of kHz amplifier system and model of
spectrum broadening

The 20-mJ, 1-kHz chirped pulse amplification (CPA) sys-
tem includes a seeding laser operating at 1030 nm, an offner
type stretcher, a pulse picker, a thin-disk standing-wave re-
generator amplifier and a Treacy-type compressor as shown in
Fig. 1. The seed laser comes from a commercial Ti:sapphire
solid-state oscillator (Mira 900, coherent) which is character-
ized with a tens of nanometers’ bandwidth, 110-fs pulse width
and 80 megahertz repetition. The seed is then stretched by an
Offner-type stretcher with a chirp factor of 210 ps/nm. Then
the stretched pulse sequence is chosen to be 1 kHz by a pulse
picker. After the stretcher, the seed has a 0.5-nJ energy and
10-nm spectral bandwidth. Afterwards the pulse is injected
into a regenerator, which contains a faraday rotator to separate
the incoming pulse from the outgoing pulse, and a Pockels cell
with double 20-mm-thick BBO crystal and a clear aperture of
5.8 mmx5.8 mm to couple out an amplified pulse from the
regenerator. An approximately 215-um-thick Yb:YAG thin
disk provided by Dausinger + giesen GmbH is used as a gain
medium. The 7-at.% doped Yb:YAG disk has a diameter of
12 mm and a radius of —7 m. The disk is pumped with contin-
uous wave (CW) fiber-coupled diodes with a 3.2-mm-diameter
pumping spot at a wavelength of 940 nm with a near-flat-top
profile. With a pump power of 300 W, a pulse with an en-
ergy of 20 mJ, a pulse width of 2 ps and repetition of 1 kHz is
expected after being compressed with the grating pair.
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Fig. 1. (color online) Schematic layout of 20-mJ, 1-kHz thin-disk am-
plifier system.

In the thin-disk laser, the material dispersion is mainly
introduced by BBO crystal and YAG crystal. The Sellmeier
equation for BBO crystal*?”] and YAG crystal are, respec-
tively, as follows:

0.01878
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where ng, (o) and ny,, are refractive index in normal light

YAG

in BBO crystal and YAG crystal, respectively; A is the cen-
ter wavelength of the thin disk laser in micron. Dispersions

introduced by stretcher and compressor?®! are calculated as
follows:
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where ¢?(ay), @*(ap), and @*(ay) are corresponding to

Group dispersion delay (GDD), the third order dispersion
(TOD), and the fourth order dispersion (FOD) respectively;
b is the slant distance between two gratings; G is the perpen-
dicular distance between the gratings of the grating pair; @y is
the center angular frequency; po is the diffraction angle.

The spectral broadening is based on self-phase modu-
lation (SPM) through a noble gas-filled HCF. The envelop
E(z,t,r) of the light is assumed to vary slowly with time, and
evolves through the propagation direction z following the fun-

damental mode equation of propagation. 27391
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where the waveguide mode attenuation is described by the lin-
ear operator L. = ia(®) —aMad/a; + ¥ (i"9™/dem)[B™ +
m=2

ia™]/m!, a™ = d"o/d ™| p—w,» and dispersion parame-
ter B0 = d"B/d@™|,—a, With center angular frequency y,
with 7=t — z/v, referring to retarded time and group veloc-
ity being vy = 1/B(). Constants such as ¢, G, ge, me, and &
represent the light speed in a vacuum, impact ionization cross
section, electron charge, mass, and vacuum permittivity, re-
spectively. The operator T=1+ (i/wp)(d/d;) introduces the
self-steeping effects, while n, refers to the nonlinear index
of refraction. The coefficient g = [§'V* x rdr/[§V? x rdr
with pulse transverse mode V = Jo(ur/a)), where r, a are the
transverse coordinate and 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). Parameters d = [§ pV?-rdr/[§V?-rdr and
f=JfsW(pw—p)Up-rdr/ [y V*-rdr, where p is the density
of electron, W is the ionization rate, p,, is the neutral density
of the gas, and U, is the ionization potential. The terms on
the right-hand side (RHS) of Eq. (7) take account of losses,
high order dispersion, self-focusing due to the Kerr effect and
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self-steeping, defocusing due to plasma, and energy absorp-
tion due to ionization. Assuming that electrons born at rest,
electron density evolves as

ap c 2
L —w(ou—p)+—p|E]*. 7
5 = W (Pu p)+Upp| | 7
Ionization rate W is achieved through Perelomov, Popov and

Terent’ev (PPT) theory.[3!]

3. Numerical results and analysis

Firstly, we calculate GDD, TOD, FOD introduced by the
thin-disk amplifier system. The material dispersion is mainly
introduced by the standing wave regenerator with pulse os-
cillating nearly 100 round trips. BBO crystal in the cavity is
40 mm in length and the thin disk crystal is about 0.215-mm
thick. For each round trip, the normal light travels through
BBO crystal twice and V-pass four times for the thin-disk. The
total lengths for BBO crystal and YAG crystal are 8000 mm
and 172 mm, respectively. The dispersions per millimeter for
YAG crystal and normal light for BBO crystal are shown in
Table 1.

Table 1. Dispersions per mm for BBO and YAG crystal.

Item GDD/fs? TOD/fs? FOD/fs*
YAG 66.6 67.3 429
BBO(0) 475 58.4 -382

Then we calculate the dispersions introduced by the
stretcher and compressor. The incident angle for the stretcher
is 70.0°; in order to find the influence of mismatching be-
tween compressor and stretcher on the fiber compression, we
calculate the dispersions introduced by the compressor with
incident angle varying from 69.6° to 70.1°. Dispersions intro-
duced in the laser system are shown in Table 2. The mismatch-
ing of incident angle between the stretcher and compressor is
the main source of the chirped pulse.

Figure 2(b) shows the spectral intensity profile of the
compressed pulse characterized with a center wavelength of
1030 nm and bandwidth of 1 nm, the spectrum is measured
through USB 2000 + (ocean optics). The blue solid curve in
Fig. 2(a) represents the FTL pulse envelope, and the red dash
curve corresponds to Gauss fitted pulse with the same pulse
width of 1.558 ps.

Table 2. All dispersions of the system.

Item Incident angle GDD/fs? TOD/fs? FOD/fs*
Oscillator - 6.17x10* - -
Material - 5.87x10° 7.19%10° —4.70x10°
Stretcher 70.0° 1.09x108 -1.18x10° 2.15%10'0
69.6° -1.11x108 1.22x10° —2.25%10'0
69.7° ~1.11x108 1.21x10° —2.22x1010
c 69.8° -1.10x 108 1.20x10° —2.20%10'0
ompressor
69.9° -1.10x108 1.19%x10° -2.17x10'0
70.0° -1.09%108 1.18x10° —2.15%10'0
70.1° -1.09% 108 1.17x10° —2.12x10'0
1.0 1.0
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Fig. 2. (color online) (a) The FTL pulse and (b) spectral profile of the input pulse with an energy of 20 mJ at 1030 nm. Red dash curve

represents Gauss fitted pulse, with a duration of 1.558 ps.

The blue solid curves in Figs. 3(a) and 3(b) show the tem-
poral and spectral profile of the initial chirped pulse with an
incident angle of 70.0° for stretcher and also compressor. Con-
sidering the dispersions introduced by the oscillator and ma-
terial, the pulse is stretched to 1.939 ps. The corresponding
spectral phase is shown in Fig. 3(b); as we can see, the pulse

obtains a positive near-linear chirp.

Previously, Huang et al.!*>! simulated the compression
of a 10-mJ, 10-Hz, 5-ps pulse to 67 fs through krypton
filled HCF. Based on his work, at first, we try to use a
larger-inner-diameter krypton filled with HCF to compress
the chirped picosecond pulse. Here we employ a root-mean-
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square (RMS) value to describe the spectral broadening.[3?!

The spectral broadening factor due to HCF can be written as
0 = A®@ms/A@y, A®rys, and Aay represent the RMS spectral
widths of output and input pulse, respectively, and they are
defined, respectively, as follows: 3]
(A0)* = ((0-w)*) — ((0—w))’,

o (o) (0)do ®

{(0-a0)") = [ I(w)dw ’

where I(w) is the spectral intensity, and @y is calculated by

%:/_Zwl(w)dw//_il(a))dw.
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Fig. 3. (color online) (a) Temporal and (b) spectral profile of the input

pulse with initial chirped duration of 1.939 ps at compressor angle of

70°, with the green dash curve corresponding to phase distribution.

Figure 4 shows the spectral broadening factor (blue cir-

cle curve) and FTL duration (green square curve) of the out-
put pulse with gas pressure increasing from 0.3 bar (1 bar =
103 Pa) to 3 bar. Broadening factor presents a linear relation
with gas pressure, and the slope of FTL duration shows that
the pulse can be compressed to 100 ps~200 fs as well as a few
tens of femtoseconds, but it makes more effort to achieve the
shorter one. Figure 5 gives the temporal and spectral inten-
sity profile of the output pulse. When paying attention to the
red solid curve in Fig. 5(a), we can observe some oscillation
appearing near the peak of the pulse, which is induced by the
ionization effect.’*33] With increasing gas pressure, the en-
hanced oscillation will restrict the compressed pulse quality.
To suppress this effect, we present the relation between the
temporal profile and fiber inner diameter as shown in Fig. 6.
For 600-pum inner diameter fibers, even with 10-bar gas pres-
sure in HCF, the output pulse still obtains an excellent tempo-
ral profile.

Figures 7(a) and 7(b) show the variations of FTL dura-
tion of output pulse with gas pressure (blue square curve) and
fiber length (red circle curve), respectively. The fiber length
and inner diameter are 1-m and 600 pm, respectively, and the
pressure is 6-bar. In order to obtain shorter duration, we need
to use the large gas pressure to promise enough spectral broad-

ening.
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Fig. 4. (color online) Broadening factor (blue circle curve) and FTL du-
ration (green square curve) of the output pulse for fiber inner diameter
of 400 um, and fiber length of 1 m.
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Fig. 5. (color online) (a) Temporal profiles for input (blue dash curve)
and output (red solid curve) pulse, respectively. (b) Spectral intensity
profiles of the input (blue dash curve) and output (red solid curve) pulse,
respectively. The fiber inner diameter is 400 pum, fiber length is 1 m, and
gas pressure is 3 bar.
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Fig. 6. (color online) Temporal profile evolutions with increasing of
fiber inner diameter, gas pressures for fibers with diameters of 400 pum,
500 pm, and 600 pum, corresponding pressures are 4 bar, 5 bar, and
10 bar, respectively. The fiber length is 1 m.
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Fig. 7. (color online) (a) Variation of FTL duration of the output pulse with gas
pressure for a fiber length of 1m and inner diameter of 600 um, and (b) fiber
length for gas pressure of 6 bar and inner diameter of 600 pm.

In addition, we can also increase the propagation length to
reach the same bandwidth at a suitable gas pressure as shown
in Fig. 7(b). Through simulation, we find that by using a 1.8-
m fiber at a pressure of 6-bar, a pulse with a bandwidth of
nearly 100 nm can be obtained, the corresponding FTL du-
ration reaches 24.8 fs, as shown by the blue solid curve in
Fig. 8(b) and by the black dash curve in Fig. 8(a), respectively.

In the next step we are going to perform the experiment.
The experiment setup is shown in Fig. 9. Firstly, we use a
lens with a focal length of 0.9 m to focus the 3-mm diameter
pulse into about 380 wm, so that we can guarantee a maxi-
mum coupling efficiency*®! into the 600-pm-diameter fiber,
then we use three pairs of chirp mirrors to compensate for the
redundancy GDD. After passing on the chirp mirror pairs three

times, the pulse receives a total GDD of —6000 fs2, afterwards
we expect to obtain a pulse with a duration of 31.5 fs.
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Fig. 8. (color online) (a) FTL pulse (black dash curve) and tempo-
ral profile (blue solid curve) of the compressed pulse. (b) The spectra
intensity profile (blue solid curve) and phase distribution (green dot-
ted curve) of the compressed pulse, with the fiber inner diameter being
600 um, fiber length being 1.8 m, and gas pressure being 6 bar.
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Fig. 9. (color online) Layout of fiber compressor, L1 is a lens with a focal length of 0.9 m, M1 and M2 are flat high reflective mirrors, and F1 is a

fiber with a core diameter of 600 um and length of 1.8 m.

On the other hand, a different incident angle of the grat-
ing compressor will introduce a different chirp in the pulse
(see Table 2), resulting in various pulse durations. In the pre-
vious case, for compressor angle 70° (input duration 1.939 ps),
to obtain the FTL duration 24.8 fs, the fiber parameters can be
set to be (6 bar, 1.8 m), (6.5 bar, 1.67 m), or (7 bar, 1.55 m) as
shown in Fig. 10.

Moreover, owing to a similar input duration, for angle
69.7° (1.942 ps), the corresponding parameters are (6 bar,
1.82 m), (6.5 bar, 1.68 m) or (7 bar, 1.56 m). But for angles
69.6° (2.434 ps) and 70.1° (2.431 ps), they have the larger du-
rations, thus we need to increase gas pressure and fiber length

for reaching the same FTL bandwidth, corresponding to the
parameters (7 bar, 2.93 m), (7.5 bar, 2.51 m), (8 bar, 2.19 m),
and (7 bar, 2.88 m), (7.5 bar, 2.46 m), (8 bar, 2.15 m), re-
spectively. However, for angle 69.8° (1.581 ps) and 69.9°
(1.620 ps), with the same input energy, the shorter pulse has
the higher peak intensity that will enhance the ionization ef-
fect. Therefore, we should use the larger inner diameter such
as 800 um to suppress the oscillation. The used fiber param-
eters are (5 bar, 2.55 m), (5.5 bar, 2.33 m), (6 bar, 2.13 m),
(5 bar, 2.67 m), (5.5 bar, 2.43 m), and (6 bar, 2.22 m), respec-
tively.
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Fig. 10. (color online) Fiber lengths and gas pressures for compressor
incident angle ranging from 69.6° to 70.1° and stretcher incident angle
is 70.0° while compressing the pulse to FTL duration of 24.8 fs.

4. Conclusions

In this work, we theoretically study the nonlinear com-
pression of picosecond chirped pulse from the thin-disk am-
plifier system based on krypton gas-filled HCF. We show how
to choose the suitable HCF parameters to compress the ini-
tial picosecond pulse and also promise the compressed pulse
quality. For a 20-mJ, 1.939-ps, 1030-nm chirped pulse, us-
ing 1.8-m fiber length and 6-bar gas pressure, after making
—6000 fs?> compensation, we obtain a compressed pulse du-
ration of 31.5 fs. In addition, for the different initial pulse
durations induced by various compressor angles, reaching a
given FTL bandwidth (24.8 fs), we present and compare the
corresponding fiber parameters including fiber length and gas
pressure, which is useful for designing the HCF compression
scheme.
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