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Femtosecond parabolic pulse nonlinear compression
with gas-filled hollow-core fiber*
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We study theoretically the spectral intensity evolutions of the femtosecond Gaussian and parabolic pulses with dif-
ferent initial pulse energies and compare the nonlinear compressions of these pulses based on a meter-long hollow-core
fiber filled with neon for different initial pulse durations. The pulses are first coupled into gas-filled hollow-core fiber for
spectrum broadening, then compressed by the optimal chirp compensation. The parabolic pulse possesses a shorter pulse
duration, larger peak power, and cleaner wings than Gaussian pulse. The properties are useful for compressing the pulses

and thus generating the high-energy, short-duration pulses.
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1. Introduction

Optical pulse compression through hollow-core fiber
(HCF) has been developed into a powerful technique for
generating intense few-cycle pulses in the visible and near-
infrared spectral range.l'"# Compared with the pulse com-
pression using traditional optical fibers of bulk materials,
the hollow-core fiber improves the output energy level to
micro- and even milli-joule while preserving the few-cycle
duration.] The basic principle of HCF compressor is sim-
ple. Intense pulses first propagate in a meter-long with gas-
filled HCF to broaden the spectrum via self-phase modulation
(SPM) and obtain positive chirp, then they are compressed
by the suitable negative chirp compensation.[%°1 SPM effect
plays a very important role in this process: it makes the pulse
obtain the nonlinear phase related to pulse intensity in the time
domain, and SPM-induced frequency chirp results from the
time-dependent nonlinear phase shift. For a positively chirped
pulse, when we compensate for the pulse in the anomalous dis-
persion region, the trailing edge moves faster than the leading
edge. As a result, the pulse is compressed after an optimum
propagation distance. It should be noted that only linear chirp
produced in the spectral broadening process is useful for com-
pressing the pulses. As is well known, Gaussian pulse is one
of most widely used pulses. However, for Gaussian pulse, lin-
ear chirp generated in the nonlinear spectral broadening pro-
cess concentrates mainly in a central portion of pulse. When
we compensate for the pulse, only the central portion is com-
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pressed, and the pulse on both sides of the wing retains part of
the energy not compressed, thus it is not a high-quality pulse.

Theoretical and experimental results showed that input
optical pulses with parabolic temporal shapes are important
for suppressing the undesired wave breaking in the nonlin-
ear spectral broadening process, and contribute to a low-ripple
supercontinuum generation and pulse compression compared
with Gaussian pulse and other pulse shapes such as triangu-

10.111 Parabolic pulse acquires a linear chirp after

lar pulse.!
propagating in the HCF, then a high-quality pulse with shorter
duration and cleaner wings is obtained by a suitable chirp

121 A few linear techniques including filtering

compensation.
with a specially-designed superstructured fiber Bragg grat-
ings (SSFBG), 3! pulse shaping based on temporal coherence
synthesization and long period fiber gratings (LPFGs) were
used to obtain the different pulse shapes including parabolic
pulse.l'*15] Moreover, the different pulse shapes are also de-
veloped by first using the amplifier to modify their spectrum
and then being compressed by certain compensation. 617!

In this paper, we report on the first theoretical analysis of
the femtosecond parabolic pulse nonlinear compression with
gas-filled hollow-core fiber. The rest of this paper is orga-
nized as follows. In Section 2 the detailed model of nonlin-
ear compression with gas-filled HCF is described. In Sec-
tion 3, the differences in time and frequency domain between
femtosecond Gaussian and parabolic pulses are compared, be-

sides, SPM-induced frequency chirp produced from spectral
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broadening process in the HCF is also analyzed in detail. Next,
we simulate and compare the spectral evolutions of Gaussian
and parabolic pulses with different initial energies that range
from 0.1 mJ to 1 mJ for considering whether the effect of
plasma appears. Then, several examples about spectral evolu-
tion for certain input pulse energy with increasing the distance
of fiber and output pulses after compression by the optimum
chirp compensation are given. Finally, we study numerically
the Gaussian and parabolic pulse compressions by using the
optimal group-delay dispersion (GDD) and third-order disper-
sion (TOD) compensations based on a meter-long hollow-core
fiber filled with neon at different input pulse durations from ten
to twenty cycles (central wavelength is 800 nm), in addition,
we also show the compression ratio, peak power, and transmis-
sion versus different pulse cycles for these pulses. In Section 4
some conclusions are drawn from the present studies.

2. Model and methods

The spectrum broadening is achieved in a meter-long with
gas-filled HCF based on self-phase modulation effect. Here,
we use a single HCF with static gas pressure, and neon is used
for a compromise between nonlinearity and ionization poten-
tial. The envelop E(z,t,r), assumed to be slowly varying in
time, evolves along the propagation axis z according to the
fundamental mode equation, ['3:1%]

OE . ..
9= _ iLE+iT(“’°n2yE2E)
dz c
[ogp. 1%
2 2cmome &y

Tl(dE)} — 2|JI;|2E’ (1)

where linear operator

L=i0 —aWa/a.+ Y (i"9™/en)[B™ +ia™]/m!
m=2

describes the waveguide mode attenuation o =
d"o/do"|@ = @y and dispersion parameter B(") =
d"B/do™| @ = wy with the central angular frequency of
the pulse wp. Here, 7 refers to the retarded time variable
t —z/vg with group velocity v, = 1/ B, Constants ¢, o,
ge, Me, and g are light speed in vacuum, impact ionization
cross section, electron charge, and mass, and vacuum per-
mittivity respectively. The operator T = 1+ (i/wp)(d/;)
gives rise to self-steeping effects. n, denotes the nonlinear
index of refraction proportional to the third order compo-
nent ¥ of the susceptibility tensor of the gas. The co-
efficient y = [§V*-rdr/[fV?-rdr with pulse transverse
mode V = Jo(ur/a), where r is the transverse coordinate,
a is the fiber inner radius, Jo(x) is the Oth order Bessel
function of the first kind, u is the first zero point of Jo(x);
d= |§pV?-rdr/[§V? -rdr with electron density p; f =
Jo W (pne — p)Up - rdr/ [§V*-rdr, where W is the ionization
rate, Ppc is the neutral density of the gas, and Uj, is the ion-
ization potential. The terms on the right-hand side of Eq. (1)

describe the propagation losses and higher order dispersion,
self-focusing related to the Kerr effect with self-steeping ef-
fect, defocusing due to the plasma, and energy absorption due
to ionization respectively. Assuming electrons to be born at
rest, the electron density evolves as

ap c 2
5 —W(pm—p)+gpp EI", 2

where ionization rate W is obtained by Perelomov, Popov, and
Terent’ev (PPT) theory. [20]
The input parabolic pulse coupled into the fiber can be

expressed as!!#18]

12 r?
E(ZO,t,r)\/Ipeak1/127,2exp(wg> 3)
p

at |t| < T, /v/2, where E(z,t,r) = 0 for |t| > T,/v/2 and T, is
the pulse full width at half maximum (FWHM), I,c.x denotes
the pulse peak intensity, and the beam width wy is chosen to
be 0.65a to guarantee that the energy coupled to fundamental
mode is highest,*!1 i.e. 98% of the total energy. The pulse en-
ergy is given by U =27 [[ |E|*rdzdr, then we can obtain the
peak intensity Ineqk, and according to input pulse energy Uy it
can be expressed as follows:

Ioeak = U/ { / (1-202/12)dt / 2rexp(—272 /wd)dr|,
oo 0
and further it can be written as Ipeax = 3Up/ \@ﬂw% T,with con-
sidering the integral [;° rexp(—2r%)dr = 0.25.

3. Numerical results

The numerical values given in this section correspond to
a central wavelength 800 nm of laser, the length of the HCF
filled with neon gas is 1 m, the pressure within the fiber is set
to be 1 bar (1 bar=10° Pa), and the inner diameter is 250 pm.

We first compare the differences in time and frequency
domain between femtosecond Gaussian and parabolic pulses.
Figure 1(a) shows temporal profiles of pulses, and we can see
that parabolic pulse has a higher peak power and steeper along
the pulse front and back edge, while it has the opposite sce-
nario to its spectral intensity from Fig. 1(b). These differ-
ences make Gaussian and parabolic pulses gain the different
frequency chirps by SPM effect related to their pulses inten-
sity. Figure 1(c) gives the SPM-induced frequency chirp in
spectral broadening process in the HCF, and figure 1(d) shows
the enlarged central part of Fig. 1(c). It is clear that parabolic
pulse obtains linear frequency chirp for that process, while lin-
ear chirp mainly concentrates in the central portion of pulse for
Gaussian pulse, and the former has a greater chirp value than
the latter, thereby leading to different results in the nonlinear
compression process.
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Fig. 1. (color online) Temporal profiles of Gaussian (solid curves) and parabolic (dashed curves) pulses (a), their spectral intensities
(b), and SPM-induced frequency chirps (c). Panel (d) shows the enlarged central part of the curves in panel (c), with frequency chirp

value ranging from —1 to 1.

Next, we compare and simulate the spectral intensity evo-
lutions of Gaussian and parabolic pulses of 10 cycles (about
26.7 fs, FWHM) with different initial energies that range from
0.1 mJ to 1 mJ. Figures 2(a) and 2(b) show the spectral inten-
sity evolutions of initial Gaussian and parabolic pulses, respec-
tively. The latter has a wider spectrum, and the same scenario
is shown in Fig. 1(b). In the case with considering the plasma
effect, their output spectral evolutions are given in Figs. 2(c)
and 2(d). We can see that Gaussian pulse presents a symmetric
spectrum broadening with modulations from 0.4 mJ to 0.7 mJ,
and a blue shift after 0.7 mJ.!??! For parabolic pulse, there is
a symmetric spectrum broadening without modulations until
0.6 mJ after which a steady blue-shift is observed. Figures 2(e)
and 2(f) show the results in the absence of plasma effect, in
comparison with the middle row, it can be seen that these
pulses exhibit only red shift and their spectral evolutions are
more severe. In other words, plasma effect begins to play an
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important role after about 0.6 mJ, which leads to blue shift of
spectral evolution. It should be noted that the spectrum mod-
ulation of Gaussian pulse is caused by spectral interference.
Figure 1(d) shows that two different time points corresponds to
the same frequency chirp value for the Gaussian pulse, while
for the parabolic pulse only one time point corresponds to one
frequency chip value.

Then, we study spectral evolution for a certain input pulse
energy with increasing the distance of fiber for 10 pulse cycles.
Figures 3(a) and 3(b) show the spectral evolutions of Gaussian
and parabolic pulses in the HCF at an initial pulse energy of
0.4 mJ respectively. When the input energy is set to be 0.7 mJ,
the simulation results are given in Figs. 3(c) and 3(d). For
Gaussian pulse, the spectrum is split early and wide for the
greater initial pulse energy. For parabolic pulse, its spectrum is
blue-shifted and more intense than that of the Gaussian pulse.

1.1
0.8
0.5

(b)

1.1
0.8
0.5
1.1
0.8
0.5

1.0

0.8
Input energy/mJ

0.2 0.4 0.6

Fig. 2. (color online) Spectral intensity evolutions of Gaussian ((a), (c), and (e)) and parabolic ((b), (d), and (f)) pulses with initial
energies ranging from 0.1 mJ to 1 mJ. Spectral evolutions of input pulses ((a) and (b)), output pulses with ((c) and (d)) and without

((e) and (f)) plasma effect.
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Fig. 3. (color online) Spectral intensity evolutions of Gaussian ((a) and (c)) and parabolic ((b) and (d)) pulses with the fiber distance
increasing from 0 to 100 cm, where the first row corresponds to 0.4 mJ and the second row corresponds to 0.7 mJ.

Moreover, we simulate input Gaussian and parabolic
pulses of 10 cycles (about 26.7 fs, FWHM) with different ini-
tial energies. Figures 4(a), 4(c), and 4(e) show the temporal
intensity profiles of output pulses after compression with opti-
mum chirp compensation at input energies of 0.1 mJ, 0.42 mJ,
and 1 mJ, respectively, while figures 4(b), 4(d), and 4(f) show
the temporal evolutions of their corresponding spectral intensi-
ties. We can see that the profiles and spectrum characteristics
of output pulses in the second row (FWHM 8.1 fs for Gaus-
sian pulse and 4.3 fs for parabolic pulse) are better than the
other two rows (solid curves and dashed curves, 18.6 fs, 4.6 fs
for Gaussian pulse and 10 fs, 3 fs for parabolic pulse, respec-
tively). This is caused by initial pulse energy: for the small
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input energy, the nonlinear effects are weak which restricts
the spectral broadening of pulse in the HCF, however, when
the pulse intensity is quite high, the nonlinear effects become
more obvious and they will cause the pulse to break up heav-
ily. Here, initial pulse energy 0.42 mJ is the optimal for these
three cases. Besides, it is clear that parabolic pulse obtains a
shorter duration, a greater peak power and cleaner wings by a
suitable chirp compensation, for which the main reason is that
the parabolic pulse acquires a linear chirp after propagating in
the HCF. In addition, for the greater initial pulse energy (such
as Fig. 4(e)), the peak power of parabolic pulse is smaller than
that of Gaussian pulse: this phenomenon may be caused by

the plasma effect.
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Fig. 4. (color online) Temporal profiles of Gaussian (solid curves) and parabolic (dashed curves) output pulses ((a), (c), and (e)) and
their spectral intensities ((b), (d), and (f)) after compression with optimal chirp compensation for initial energies of 0.1 mJ, 0.42 mJ,

1 mJ respectively.

Finally, we consider the evolutions of Gaussian and parabolic input pulses with pulse durations that range from ten cycles
(about 26.7 fs, FWHM) to twenty cycles (about 53.3 fs, FWHM) at initial energy 0.42 mJ. Figures 5(a) and 5(b) show the
temporal intensities of Gaussian and parabolic pulses after chirp compensation with increasing the input cycle respectively. It

is obvious that the parabolic pulse obtains a shorter pulse duration and cleaner wings than the Gaussian input pulses under the

same conditions but different input cycles. The values of compression ratio (input pulse duration to output pulse duration) and
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peak power of these pulses are shown in Figs. 5(c) and 5(d), respectively. We notice that parabolic pulses have excellent results

in both compression ratio and peak power. Figure 5(e) shows the transmittances of the pulses for different input cycles. We can

see that Gaussian pulse transmittances are slightly larger and their values range from 0.86 to 0.87 at different pulse durations.
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Fig. 5. (color online) Intensity variations of Gaussian (solid curves) (a) and parabolic (dashed curves) (b) pulses after chirp compen-
sation, and their compression ratios (c), peak powers (d), and transmittances (e) with input cycle at initial energy 0.42 mJ.

4. Conclusions

In this paper, we compare and simulate the spectral inten-
sity evolutions of Gaussian and parabolic pulses of 10 cycles
with initial energies ranging from 0.1 mJ to 1 mJ based on a
meter-long hollow-core fiber filled with neon and study theo-
retically the nonlinear compressions of Gaussian and parabolic
pulses by using the optimal chirp compensation for different
initial pulse durations from ten to twenty cycles. Moreover,
we also analyze the SPM-induced frequency chirp produced
in the spectral broadening processes of Gaussian and parabolic
pulses. For Gaussian pulse, linear chirp concentrates mainly
in the central portion of pulse, while for parabolic pulse, it
obtains a linear chirp. This difference causes many different
and interesting results in the nonlinear compression process.
Our results clearly show that the parabolic pulse possesses a
shorter pulse durations, larger peak power, and cleaner wings
than Gaussian pulse under the same conditions. These results
could be used to compress ultrafast pulses with higher energies
and shorter durations.
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