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Ionization-induced effects in the soliton dynamics of high-peak-power femtosecond pulses
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Ionization phenomena are shown to modify the soliton propagation dynamics of high-peak-power laser
pulses in hollow-core photonic-crystal fibers (PCFs). Based on the numerical solution of the pulse-evolution
equation for a high-peak-power laser field in an ionizing gas medium in a hollow PCF, we demonstrate that
hollow PCFs filled with gases having high ionization potentials I, can support soliton transmission regimes for
gigawatt femtosecond laser pulses. In hollow PCFs filled with low-1,, gases, on the other hand, the ionization-
induced change in the refractive index of the gas leads to a blueshifting of soliton transients, pushing their
spectrum beyond the point of zero group-velocity dispersion, thus preventing the formation of stable high-

peak-power solitons.
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I. INTRODUCTION

Through the past few years, hollow-core photonic-crystal
fibers (PCFs) [1,2] have emerged as an interesting type of
optical waveguides, offering much promise for high-field
physics and nonlinear optics. Diffraction-induced radiation
losses, typical of hollow waveguides [3], can be substantially
reduced in hollow PCFs due to the high reflectivity of a
two-dimensionally periodic cladding within photonic band
gaps (PBGs) [1,2,4-6]. Hollow PCFs offer a fiber format of
high-power beam delivery in materials processing and re-
lated technologies [7,8] and suggest solutions for the devel-
opment of advanced fiber-laser sources of ultrashort pulses
[9-12], fiber microendoscopes [13,14], and other fiber-based
components for biomedical applications [15]. Fibers of this
type open new horizons in optical science by allowing
guided-wave nonlinear-optical interactions of nondiverging
laser beams with transverse sizes of a few microns—a
unique regime of nonlinear optics that could not be accessed
with previously known optical waveguides [16]. Large
propagation lengths, phase-matching management through
PCF structure engineering, and high peak powers of laser
fields attainable with small-core hollow PCFs suggest attrac-
tive strategies toward a radical enhancement of a variety of
nonlinear-optical processes, such as stimulated Raman scat-
tering [17,18], off-resonance four-wave mixing [19,20], and
coherent anti-Stokes Raman scattering [21,22]. The spatial
self-action of intense ultrashort laser pulses gives rise to in-
teresting waveguiding regimes in hollow PCFs below the
beam blowup threshold [23].

In the regime of anomalous dispersion, the temporal self-
action of laser pulses guided in the hollow core of PCFs can
lead to the formation of solitons. While in standard optical
fibers, the peak power of an individual (fundamental) soliton
with a typical pulse width of 100 fs is usually on the order of
a hundred watts; the peak power of solitons that can be pro-
duced in hollow PCFs can be as high as a few megawatts
[24]. Soliton phenomena in hollow PCFs permit compression
of high-peak-power laser pulses [25], allow the creation of
wavelength-tunable high-peak-power fiber sources for non-
linear spectroscopy [26], and enable attractive regimes of
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long-distance transmission for high-power ultrashort laser
pulses [27]. Skryabin et al. [28] have predicted the existence
of two-color solitons in hollow PCFs filled with a Raman-
active gas.

The main physical factors that limit the power of solitons
in hollow PCFs include ionization of the gas filling the fiber
core and the laser damage of the fiber cladding. We demon-
strate in this work that, with an appropriate design of a hol-
low PCF, the peak power of fundamental solitons guided in
the hollow core of such a fiber can be scaled up to several
gigawatts. Ionization phenomena, on the other hand, will be
shown to modify the soliton propagation dynamics of high-
peak-power laser pulses in hollow-core PCFs. Numerical so-
Iution of a pulse-propagation equation for a high-peak-power
laser field in an ionizing gas medium reveals two qualita-
tively different scenarios of soliton evolution in a hollow
PCF, controlled by the ionization potential [, of the gas fill-
ing the fiber core. Hollow PCFs filled with high-I,, gases are
shown to allow the formation of gigawatt soliton features,
which remain stable over large propagation distances, with
their spectrum undergoing a continuous redshift due to the
retarded nonlinearity of the fiber cladding and, in the case of
Raman-active gases, due to the Raman effect in the gas. In
hollow PCFs filled with low-I,, gases, the ionization-induced
change in the refractive index of the gas leads to a blueshift-
ing of soliton transients, pushing their spectrum beyond the
point of zero group-velocity dispersion, thus preventing the
formation of stable high-peak-power solitons.

II. MODELING PROPAGATION DYNAMICS OF HIGH-
PEAK-POWER FEMTOSECOND PULSES IN A
HOLLOW PCF FILLED WITH AN IONIZING GAS

To analyze the spectral and temporal evolution of a high-
peak-power ultrashort pulse in a gas-filled hollow PCF, we
work in the framework of the slowly evolving wave approxi-
mation (SEWA) [29,30]. In the earlier work on filamentation
and supercontinuum generation in the atmosphere [31-34],
the basic SEWA equations have been adapted to the descrip-
tion of high-intensity short laser pulses propagating in ioniz-
ing gas media [35-40]. While the evolution of high-intensity
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laser fields in an ionizing atmosphere is usually analyzed
with the dispersion profile of the medium included through a
third-order polynomial expansion of the wave number in the
frequency [40], thus accounting for dispersion effects up to
the third order, an adequate description of the dispersion of
hollow PCFs typically requires the inclusion of higher-order
dispersion terms. In particular, a satisfactory fit for the dis-
persion profiles of hollow PCFs considered in this work is
provided with a sixth-order polynomial. We therefore have to
include dispersion effects up to the sixth order in our model.

Another important modification of pulse-evolution equa-
tions used throughout this work with respect to the equations
employed to describe pulse propagation dynamics accompa-
nying filamentation and supercontinuum generation in the
atmosphere is related to the composite nature of optical non-
linearity of hollow PCFs, where both the gas filling the fiber
core and the cladding material contribute to the instanta-
neous (Kerr-type) and retarded (Raman-type) parts of the
overall nonlinear-optical response [41]. Since we consider
here the propagation of laser fields in spatial modes of a
hollow PCF with stationary transverse field profiles F(x,y),
where x and y are the transverse coordinates, we omit the
terms governing the spatial dynamics of the laser field in the
field-evolution equation. Instead, the nonlinear coefficients
in our pulse-evolution equation are renormalized to include
the transverse field profiles F(x,y) in waveguide modes in
accordance with the standard procedure [42,43], as specified
in the nomenclature below. The resulting pulse-evolution
equation for the field envelope A(z,7) considered as a func-
tion of the propagation coordinate z and the retarded time 7
reads
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where « is the attenuation coefficient, which includes the
waveguide loss, I, is the ionization potential, I (z, 7) is the
field intensity, n, is the electron density, fS,,
=(d"B/ ﬁw’")w=w0, B is the propagation constant of the wave-
guide mode, w, is the central frequency of the laser field,
Roe(0) and R, /(6) are the Raman response functions of the
gas filling the fiber core and the material of the fiber clad-
ding, ko=wy/c is the wave number, w,(z,7)
=[4me*n,(z,7)/m,/1"* is the plasma frequency, e and m,
being the electron charge and mass, respectively.
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The nonlinearity coefficients of the core and the cladding
are defined as

Ny, ﬂ |F(x,y)[*dxdy
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where n,, and n,,; are the nonlinear refractive indices of the
gas filling the fiber core and the material of the fiber clad-
ding, 3. and 2, are the core and the cladding domains,
respectively, 2., is the infinite domain, and \ is the radiation
wavelength. With ionization terms omitted and the nonlinear-
ity of the cladding neglected, Eq. (1) recovers the standard
generalized nonlinear Schrodinger equation for pulse dynam-
ics in optical fibers [43-45].

Qualitatively, the influence of ionization phenomena on
pulse-propagation dynamics in a hollow PCF filled with an
ionizing gas can be explained in terms of the following sim-
plified arguments [46,47]. With an intensity of a laser pulse
being high enough to ionize the gas, free electrons generated
as a result of this ionization process reduce the refractive
index of the gas medium at the frequency w, by &n, (1)~
—[wp(t)]Z/(Zw(z)), where wp(t)=[471'ezne(t)/me]”2 is the
plasma frequency, e and m, are the electron charge and mass,
respectively, and n,(r) is the density of free electrons pro-
duced by the laser pulse. In Fig. 1, we plot the time depen-
dence of én,, calculated as a function of time by solving the
relevant kinetic equation for the electron density dn,/dt
=Wn, where W is the ionization probability and n is the
density of neutral species, and using the standard expressions
for the ionization probability W in the multiphoton and tun-
neling regimes [48,49] (see [39,40] for a review) in the field
of a 50 fs laser pulse (shown by the dashed line in Fig. 1) for
laser field intensities varying from 2.7X10" to 5.0
X 10'* W/cm?. Since the time-dependent electron density
n,(t) monotonically increases as long as the short-pulse laser
field is on, dn,(t) is also a monotonic function of time, lead-
ing to a monotonic decrease in the refractive index of the gas
in the course of the laser pulse and inducing a phase shift of
the laser pulse ¢,(t)=wyldn,(t)/c, where [ is the length of
the ionizing gas medium and c is the speed of light. The
time-dependent phase shift gives rise to a frequency shift of
the laser pulse, dw,=~—d@,(t)/dt=—(wyl/c)dlon,(1)]/dr. As
the electron density n,(r) monotonically increases within the
laser pulse, o on,(1)]/9r<0 as long as the laser field is on
(Fig. 1). Thus, the ionization-induced time-dependent change
in the refractive index of a gas medium translates in a blue-
shift of the laser pulse, 5wp>0.

The above-outlined simple scenario of blueshifting has
been identified in earlier work on the dynamics and spectral
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FIG. 1. (Color online) Ionization-induced change in the refrac-
tive index dn,, of an atmospheric-pressure air in the field of a laser
pulse (shown by the dashed line) with a pulse width of 60 fs and
peak intensities of 2.7 X 10" W em™, 4.0X 10'> W cm™2, and 5.0
X 10'® W cm™2. The normalization constant én is defined as the
absolute value of the ionization-induced change in the refractive
index of an atmospheric-pressure air at the trailing edge of a 60 fs
laser pulse with a peak intensity of 3.6 X 10! W cm™.

transformations of high-intensity laser pulses in ionizing gas
media [46]. In the waveguide regime, as shown below in this
paper, this effect may lead to interesting and significant con-
sequences, competing with a redshift of optical solitons in-
duced by the Raman effect and giving rise to a net blueshift-
ing of high-peak-power solitonic features of the laser field.

III. SOLITON DYNAMICS OF HIGH-PEAK-POWER
PULSES IN A HOLLOW PCF FILLED WITH A RAMAN-
ACTIVE GAS

We start our analysis with the dynamics of pulse propa-
gation in a hollow PCF with a core diameter of 13 um and a
period of the photonic-crystal cladding of 5 um. The disper-
sion profile for this fiber is shown in Fig. 2. Hollow PCFs of
this and similar types have been earlier used for the experi-
mental demonstration of high-peak-power solitons and en-
hance nonlinear-optical interactions of laser pulses within a
broad range of pulse widths [2,5,6,8,26,41]. The considered
type of PCF provides a transmission band in the range of
wavelengths from 775 to 855 nm with a waveguide loss of
2 dB/m at the maximum of transmission. Typically of hol-
low PCFs, the spectral profile of the group-velocity disper-
sion (GVD) is flat inside the transmission band, but becomes
very steep near the edges of this band, where the reflection
from the photonic-crystal cladding rapidly drops off and the
phase shift induced by the reflection from the core-cladding
interface is a rapidly changing function of frequency. The
considered type of PCFs, as can be seen from Fig. 2, pro-
vides anomalous dispersion within the wavelength range
from 787 nm (the point of zero GVD) up to 855 nm (the
long-wavelength edge of the transmission band of the PCF).

Here, we assume that, similar to experiments reported in
[24,26,41], the fiber is filled with atmospheric-pressure air
and solve Eq. (1) with the Raman function of atmospheric air
used as R, and the standard Raman function of silica used
as R, as follows:
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FIG. 2. (Color online) Group-velocity dispersion (solid line) as
a function of the wavelength for a hollow-core PCF with a core
diameter of 13 wm and a period of the photonic-crystal cladding of
5 pum. Also shown is the spectrum of a femtosecond Ti:sapphire
laser pulses used as a PCF input (dashed curve). The inset shows
the Raman functions of the silica cladding of PCF (1) and atmo-
spheric air filling the fiber core (2).

Rcore,cl(o) = (1 _fl,Z) 5(0)

ot 7 0
+£120(0) 22 main| — ), (4)
T127 2 T2

where f; is the fractional contribution of the Raman response,
8(0) and O(6) are the delta and the Heaviside step functions,
respectively, 7; and #; are the characteristic times of the Ra-
man response, and i=1,2 for the core and the cladding, re-
spectively. For a hollow PCF filled with atmospheric air, f;
~(.5, 7;=62.5fs, and 5, =77 fs. For a fused silica PCF
cladding, f,=0.18, 7,=12.5 fs, and 7,~32 fs. The Raman
response functions for the atmospheric air and fused silica
are shown in the inset to Fig. 2.

Figures 3 and 4 illustrate two representative scenarios of
pulse-propagation dynamics in the regime of anomalous dis-
persion in the considered PCF for a laser field with an input
spectrum shown by the dashed line in Fig. 2 and two differ-
ent input peak powers. In Fig. 3, we present the temporal
evolution of a laser pulse with an input peak power of
2.3 MW. For the fundamental waveguide mode of the con-
sidered PCF, these parameters of the input pulse correspond
to a field intensity of 3.0X 10'> W/cm?. Such a field inten-
sity is too low to produce a noticeable electron density in the
gas filling the fiber core (see Fig. 1), and the influence of
ionization effects on pulse-propagation dynamics is negli-
gible. The input peak power of laser pulses, at the same time,
is too low for the formation of solitons. As a result, although
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FIG. 3. (Color online) Temporal dynamics of a laser pulse
propagating in a hollow PCF filled with an atmospheric-pressure
gas. The input peak power is 2.3 MW. The input spectrum of the
laser field is shown by the dashed line in Fig. 2.

the input spectrum of the laser field falls within the range of
anomalous dispersion (Fig. 2), the laser pulse, as can be seen
in Fig. 3, undergoes a PCF-dispersion-induced spreading in
the time domain as it propagates down the fiber. Within
20 cm of PCF, the pulse width increases in this regime from
50 fs at the input of the fiber to approximately 200 fs.

Input laser pulses with a higher input peak power tend to
form solitons as they propagate through the PCF in the re-
gime of anomalous dispersion. This type of pulse-
propagation dynamics is illustrated by Figs. 4(a) and 4(b),
representing the results of simulations performed for an input
laser pulse with an input spectrum shown by the dashed line
in Fig. 2 and a peak power of 31 MW, corresponding to the
field intensity of 4.0 X 10'*> W/cm? in the fundamental mode
of the considered fiber. In this regime, the solitonic dynamics
suppresses the spreading of the laser field in the time domain
[Fig. 4(a)]. At the initial stage of pulse propagation (within
approximately 6 cm in the case considered here), the laser
field undergoes solitonic pulse compression. This effect in-
creases the peak intensity of the laser field by a factor of
about 1.5, enhancing ionization of the gas filling the fiber
core. As a result, the laser field experiences a noticeable
blueshifting, as shown by the snapshot of the field spectrum
corresponding to the propagation distance z=6 cm in Fig.
4(b). As the pulse propagates further on along the fiber, it
loses its energy through ionization and because of waveguide
loss, which tends to increase as the field spectrum is shifted
toward the short-wavelength edge of the transmission band.
These effects arrest the spectral blueshifting of the laser field,
leading to the domination of the Raman-effect-induced red-
shifting of solitonic features (soliton self-frequency shift
[43,50,51]) for larger propagation lengths [z>9 c¢m in Fig.
4(b)].

IV. DESIGNING A HOLLOW PCF FOR THE
TRANSMISSION OF GIGAWATT FEMTOSECOND PULSES

We now proceed with the analysis of soliton-propagation
dynamics for laser fields in the gigawatt range of peak pow-
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FIG. 4. (Color online) Temporal (a) and spectral (b) dynamics of
a laser pulse propagating in a hollow PCF filled with an
atmospheric-pressure gas. The input peak power is 31 MW. The
input spectrum of the laser field is shown by the dashed line in Fig.
2.

ers. In designing waveguide structures for the transmission
of such laser fields, special precautions should be taken to
avoid laser damage of the fiber cladding. Mathematically, the
requirement of no laser-induced damage in the fiber cladding
is formalized by the inequality

mgx{G(x,y)} <Gy, (5)

where Gy, is the threshold fluence corresponding to the laser
damage of the cladding material, G(x,y) is the local fluence
at a point with coordinates (x,y) in PCF cross section, and
maxs{G(x,y)} stands for the global maximum of G(x,y)
over the entire PCF cross-section area 3..

An idealized PCF structure satisfying condition (5) is pre-
sented in inset 1 to Fig. 5. Dispersion and loss, as well as
transverse field profiles for the waveguide modes of this PCF
were analyzed numerically using the localized-function tech-
nique described in detail elsewhere [22,52]. A large fiber
core of the considered PCF (its diameter is equal to 30 um,
and the effective area of the fundamental waveguide mode is
about 380 um?) helps to accommodate high-peak-power la-
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FIG. 5. (Color online) The group-velocity dispersion as a func-
tion of the wavelength for the hollow PCF shown in inset (a) (solid
line 1) and the input spectrum of the laser pulse used in simulations
(dashed line 2). Inset (b) displays the waveguide loss for the fun-
damental mode of the hollow PCF as a function of the wavelength.

ser pulses, reducing the fraction of the total radiation power
guided along the fiber-cladding laser energy. The fiber pro-
vides a transmission band in the range of wavelengths from
760 to 845 nm (inset 2 in Fig. 5). For laser pulses with an
input peak power of 3 GW and an initial pulse width of 50 fs
coupled into the fundamental mode of the considered fiber,
our numerical simulations yield maxs{G(x,y)}=0.6 J/cm?.
Such a fluence is lower than the threshold fluence for bulk
silica (G,,~3 J/cm? for 800 nm, 50 fs laser pulses), and no
laser damage of the fiber cladding is expected for the regime
of the established guided mode.

Figure 5 displays the wavelength dependence of the
group-velocity dispersion (GVD) for the fundamental mode
of the considered type of hollow PCF. The GVD is anoma-
lous for radiation wavelengths exceeding the zero-GVD
wavelength A =770 nm. This fiber is thus ideally suited for
a low-loss transmission of femtosecond high-peak-power Ti-
:sapphire laser pulses in the anomalous dispersion regime
(shown by the dashed line in Fig. 5). The spectral and tem-
poral dynamics of such pulses in the considered type of PCF
will be examined in the following section.

V. SOLTION DYNAMICS OF GIGAWATT LIGHT PULSES
IN A HOLLOW PCF FILLED WITH A RARE GAS

As the intensity of the laser field increases, ionization
effects play a progressively important role in the dynamics of
pulse propagation in an ionizing gas medium. For a given
level of laser intensity, however, the ionization probability
may vary within a broad range, depending on the ionization
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potential /, of an atom or a molecule. To understand the
influence of this parameter on the soliton dynamics of high-
peak-power laser pulses in hollow PCFs, we consider fibers
filled with three different rare gases—argon, helium, and
neon. These gases are a common choice for hollow-
waveguide high-field laser experiments as they do not react
with the walls of the waveguide and are safe and predictable
with respect to interactions with high-intensity laser radiation
and plasma formation. Methodologically, since these gases
are not active in Raman scattering, they allow us to isolate
ionization-induced effects from the redshift of laser pulses
related to the Raman part of nonlinear-optical response. It
should be noted here that, because of the Raman nonlinearity
of the fiber cladding, the Raman-effect-induced soliton fre-
quency shifts in hollow PCFs cannot be completely elimi-
nated even with rare gases filling the fiber core.

In Figs. 6(a)-6(c), we plot the time dependence of the
ionization-induced change in the refractive index én, of ar-
gon, helium, and neon at three different pressures calculated
as a function of time by solving the relevant kinetic equation
for the electron density and using the standard expressions
for the ionization probability in the multiphoton and tunnel-
ing regimes in the field of a 50-fs laser pulse (shown by the
dashed line) with a peak power of 3 GW. Comparison of
these results shows that, for given parameters of a laser
pulse, the most significant ionization effects in pulse-
propagation dynamics should be expected in the case of ar-
gon [Fig. 6(c)], where the ionization potential is lowest (7,
=~ 15.75 V), leading to the largest change in the refractive
index. In helium, on the other hand, where the ionization
potential is much higher (/,~24.58 eV), the refractive index
change on, is much smaller [Fig. 6(a)], leading to much less
dramatic ionization effects in pulse-propagation dynamics.

Numerical simulations of the spectral and temporal dy-
namics of gigawatt femtosecond laser pulses propagating in
hollow PCFs filled with rare gases were performed for low
gas pressures, ranging from 0.01 to 0.03 atm, which helped
us to avoid uncontrollable plasma effects. Gas pressures are
also typically kept low in experiments where hollow
waveguides are used to compress high-intensity laser pulses
or to generate high-order optical harmonics. At this level of
gas pressures, the nonlinearity of the fiber cladding often
dominates the overall nonlinearity of the hollow PCF. For
example, in the case when a hollow PCF with a transverse
structure shown in inset 1 to Fig. 5 is filled with argon at a
pressure of 0.01 atm, the ratio 7,/ .o 1S estimated as 40.

For hollow PCFs filled with low-Ip gases, such as Ar,
ionization leads to a strong blueshift of the pulse [the dashed
line in Figs. 7(a) and 7(b)]. Under these conditions, the field
loses much of its energy through gas ionization. At the same
time, the ionization-induced blueshift rapidly pushes the
spectrum of the field beyond the zero-GVD point into the
region of normal dispersion [z=1 c¢m in Fig. 7(b)], where the
pulse undergoes a fast temporal spreading [Fig. 7(a)], losing
its intensity.

In the case of a hollow PCF filled with high-/, gases, such
as helium, the influence of ionization effects is much less
dramatic [the solid line in Figs. 7(a) and 7(b)]. In this case,
following the initial stage of spectral broadening, the laser
field undergoes a series of transformations typical of a short
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FIG. 6. (Color online) Ionization-induced change in the refrac-
tive index of (a) helium, (b) neon, and (c) argon at a pressure of (1)
0.01 atm, (2) 0.02 atm, and (3) 0.03 atm in the field of a laser pulse
(shown by dashed line 4) with a pulse width of 50 fs and a peak
power of 3 GW. The normalization constant dn is defined as the
absolute value of the ionization-induced change in the refractive
index of an atmospheric-pressure air at the trailing edge of a 60 fs
laser pulse with a peak intensity of 3.6 X 10> W cm™.

laser pulse propagating in a nonlinear fiber close to the zero-
GVD wavelength, as identified in the classical texts on fiber
nonlinear optics. The spectrum of the laser field in this re-
gime splits into two parts [Fig. 7(b)] with a depletion of the
central part of the spectrum, lying close to the zero-GVD
wavelength. The long-wavelength part of the field spectrum
falls within the region of anomalous dispersion, giving rise
to a soliton, which undergoes redshifting due to the Raman
part of optical nonlinearity in the fiber cladding.
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FIG. 7. (Color online) Temporal (a) and spectral (b) dynamics of
a laser pulse propagating in a hollow PCF filled with helium (solid
line) and argon (dashed line) at a pressure of 0.01 atm. The input
pulse peak power is 2 GW. The initial pulse width is 50 fs.

Hollow PCFs filled with high-I, gases thus allow trans-
mission of solitons in the gigawatt range of peak powers
with minimal distortions induced by ionization effects. In
Figs. 8(a) and 8(b), we illustrate this interesting and practi-
cally significant regime of high-power pulse waveguide
transmission by presenting the spectral and temporal evolu-
tion of laser pulses with an input peak power of 3 GW and
an initial pulse width of 50 fs in the considered type of hol-
low PCF filled with helium and neon at a pressure of
0.03 atm. In this regime, the field spectrum is also split into
two parts, with its central part lying close to the zero-GVD
wavelength being depleted [Fig. 8(b)]. The long-wavelength
part of the field falls in the range of anomalous dispersion,
giving rise to prominent high-peak-power solitonic features
in the time domain [Fig. 8(a)]. As the ionization potential of
neon (/,~21.52 eV) is lower than the I, of helium, the soli-
tonic part of the field in a neon-filled PCF experiences a
more pronounced blueshift than the solitonic features formed
in a helium-filled PCF [cf. the solid and dashed curves in
Fig. 8(b)]. For the nonsolitonic part of the field [the shorter
wavelength peaks in Fig. 8(b)], the blueshift is much less
significant because this part of the field experiences temporal
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FIG. 8. (Color online) Temporal (a) and spectral (b) dynamics of
a laser pulse propagating in a hollow PCF filled with helium (solid
line) and neon (dashed line) at a pressure of 0.03 atm. The input
pulse peak power is 3 GW. The initial pulse width is 50 fs.
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spreading and its intensity is much lower than the intensity
of the solitonic part of the field.

VI. CONCLUSION

We have shown in this paper that ionization phenomena
can substantially modify the soliton propagation dynamics of
high-peak-power laser pulses in hollow-core PCFs. Numeri-
cal solution of the pulse-evolution equation for a high-peak-
power laser field in an ionizing gas medium reveals two
qualitatively different scenarios of soliton evolution in a hol-
low PCF controlled by the ionization potential /, of the gas
filling the fiber core. Hollow PCFs filled with high-/, gases
are shown to allow formation of gigawatt soliton features,
which remain stable over large propagation distances, with
their spectrum undergoing a continuous redshift due to the
retarded nonlinearity of the fiber cladding. In hollow PCFs
filled with low-/, gases, the ionization-induced change in the
refractive index of the gas leads to a blueshifting of soliton
transients, pushing their spectrum beyond the point of zero
group-velocity dispersion, thus preventing formation of
stable high-peak-power solitons. Hollow waveguides capable
of providing soliton transmission regimes for gigawatt laser
pulses suggest attractive solutions for long-distance trans-
mission of high-power optical signals, creation of
wavelength-tunable sources of high-peak-power ultrashort
light pulses, fiber-format beam delivery in materials micro-
processing, as well as the development of fiber endosopes
and fiber components for laser surgery, vessel photodisrup-
tion, laser ophthalmology, and optical histology.
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