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Solitonic phenomena in hollow photonic-crystal fibers are shown to offer new solutions for the control,
transmission, and spectral-temporal transformation of ultrashort high-power laser pulses. With the initial pa-
rameters of laser radiation accurately matched with fiber dispersion and nonlinearity, submicrojoule laser
pulses are shown to exhibit a self-compression and soliton dynamics in the regime of anomalous dispersion.
Regimes of solitonic pulse evolution giving rise to few-cycle field waveforms are demonstrated. Based on
simple arguments of soliton theory, we derive semiempirical relations providing interesting insights into the
minimum pulse width of the laser field in a hollow photonic-crystal fiber as a function of the input laser energy.
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I. INTRODUCTION

Hollow-core photonic-crystal fibers �PCFs� �1,2� are opti-
cal waveguides of a novel type, which offer new interesting
options for high-field physics and nonlinear optics.
Diffraction-related radiation losses typical of hollow
waveguides �3� can be substantially reduced for hollow PCFs
relative to standard, solid-cladding hollow fibers �4,5� due to
the high reflectivity of a periodic PCF cladding within pho-
tonic band gaps �PBGs� �1,2,6�. This enables transmission of
high-intensity laser pulses through a hollow fiber core in
isolated guided modes with typical transverse sizes of
10–20 �m. Due to this unique property, hollow PCFs can
substantially enhance nonlinear-optical processes, demon-
strating an outstanding performance in high-field nonlinear
optics �7�. These waveguides have been recently demon-
strated to radically enhance stimulated Raman scattering
�8,9�, four-wave mixing �10�, coherent anti-Stokes Raman
scattering �11�, and self-phase modulation �12�. The spatial
self-action of intense ultrashort laser pulses gives rise to in-
teresting waveguiding regimes in hollow PCFs below the
beam blowup threshold �13�.

Air-guided modes in hollow PCFs can support megawatt
optical solitons �14�, allowing soliton pulse compression �15�
and femtosecond soliton pulse delivery over large distances
�16�, as well as transportation of high-energy laser pulses for
technological �17,18� and biomedical �19� applications. An
all-fiber chirped-pulse amplification system based on com-
pression in air-guiding photonic band-gap fiber has been
demonstrated by Limpert et al. �20�. Recently, de Matos et
al. �21� have shown that hollow-core PCFs allow the cre-
ation of all-fiber pulse compressors for high-peak-power
pulses within a broad range of wavelengths. Highly birefrin-
gent hollow-core PCFs �22� have been used by Lim et al.
�23� to simultaneously control polarization and support
stretched-pulse operation in mode-locked ytterbium fiber la-
sers. All these results indicate the key role of PCFs in the
development of the new all-fiber-format advanced ultrashort-
pulse laser sources.

In this work, we show that the recently discovered solito-
nic regimes of pulse propagation in hollow PCFs �14–16�

offer new solutions for the control, transmission, as well as
temporal and spectral transformation of ultrashort high-
power laser pulses. We analyze self-compression and soliton
formation scenarios of high-power laser pulse evolution in
hollow PCFs with several typical profiles of group-velocity
dispersion �GVD�. Regimes of solitonic pulse evolution giv-
ing rise to few-cycle field waveforms will be demonstrated.
Based on simple arguments of soliton theory, we derive
semiempirical relations providing interesting insights into
the minimum pulse width of the laser field in a hollow PCF
as a function of the input laser energy.

II. GENERIC EQUATIONS AND NUMERICAL
PROCEDURE

The key message of this work is that hollow PCFs allow
formation of few-cycle field waveforms. We therefore have
to abandon the slowly varying envelope approximation
�SVEA�, which cannot adequately describe the evolution of
such short pulses and/or transformations of broadband spec-
tra resulting from the evolution of ultrashort pulses in PCFs.
The finite-difference time-domain �FDTD� technique pro-
vides a means for numerical solution of Maxwell equations
for few-cycle and even subcycle field waveforms. However,
in the case of large propagation lengths, typical of optical
fibers, FDTD technique typically becomes impractical as it
requires too much computational effort.

To analyze the self-compression and soliton dynamics of
high-power laser pulses in hollow PCFs, we employ here an
approach based on a numerical solution of the first-order
non-SVEA unidirectional propagation equation for the Fou-
rier transform of the field amplitude in waveguide modes of
an optical fiber. The basic equation used in our treatment is
similar to the equation derived earlier by Husakov and Her-
rmann for the evolution of laser pulses in the process of
supercontinuum generation in PCFs �24�. This equation does
not involve a Taylor-series approximation of the dispersion
of the medium, but allows the exact dispersion profile of
guided modes to be included in the analysis.

We start our treatment with the wave equation for the
Fourier transform of the electric field, E=E�r ,��
=FT�E�r , t��,*Electronic address: zheltikov@phys.msu.ru
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� � � � E = k2E + �0�2P , �1�

where k=� /c, � is the radiation frequency, c is the speed of
light, and P is the polarization of the medium.

To include nonlinearity of the medium, we represent po-
larization P as a sum of linear, Pl, and nonlinear, Pnl, parts,

P = Pl + Pnl. �2�

Substituting Eq. �2� into Eq. �1�, we arrive at

��� + k2n2�E�r,�� + �����ln�n2� · E�r,��� +
�2E�r,��

�z2

+ �0�2Pnl�r,�� = 0, �3�

where n�n�r ,�� is the refractive index, �� and �� are the
transverse parts of the Laplacian and gradient operators in
the xy plane, and the nonlinear polarization appearing in the
last term on the left-hand side is the Fourier transform of the
time-domain nonlinear polarization of the medium.

We now assume that the field propagates along the z axis
in an optical fiber and represent the electric field as

E�r,�� = E�z,��E�x,y,�� , �4�

where x and y are the transverse coordinates and E�x ,y ,�� is
the Fourier transform of the field amplitude in the eigenmode
of the fiber,

E�r,�� = E�x,y,��ei�z, �5�

with � being the propagation constant. The function
E�x ,y ,�� and the parameter � are, respectively, the eigen-
function and the eigenvalue of the dispersion equation,

��� + k2n2�E�x,y,�� + �����ln�n2� · E�x,y,���

= �2���E�x,y,�� . �6�

Using Eqs. �4� and �6� and neglecting spatial self-action
effects, we rewrite Eq. �3� as

�2E�r,��
�z2 + �2E�r,�� + �0�2Pnl�r,�� = 0. �7�

Introducing

�nl
2 �z,�� = �2��� + �0�2Bnl�z,�� , �8�

where

Bnl�z,��E�r,�� = Pnl�r,�� , �9�

we derive

�2E�r,��
�z2 + �nl

2 �z,��E�r,�� = 0. �10�

We now express the operator on the left-hand side of Eq.
�10� as

�2

�z2 + �nl
2 � 	 �

�z
− i�nl
	 �

�z
+ i�nl
 �11�

and neglect the reflected wave. In this approximation, Eq. �7�
is reduced to

�E�r,��
�z

= i�nl�z,��E�r,�� . �12�

Assuming that the nonlinear part of the propagation con-
stant �nl is small as compared with its linear part, we repre-
sent this constant as a Taylor-series expansion,

�nl�z,�� � ���� +
�0�2

2����
Bnl, �13�

and rewrite Eq. �12� as

�E�r,��
�z

= i����E�r,�� + i
�0�2

2����
Pnl�r,�� . �14�

Introducing the retarded time �= t−z /u, where u is the
group velocity, we derive

�E�r,��
�z

= i	���� −
�

u

E�r,�� + i

�0�2

2����
Pnl�r,�� .

�15�

For a medium with an instantaneous Kerr nonlinearity, the
nonlinear polarization, appearing on the right-hand side of
Eq. �15�, is given by

Pnl�r,�� = �0�3�E�r,���2E�r,�� , �16�

where �3 is the third-order nonlinear-optical susceptibility
and the field E�r ,�� in the time domain is given by the
inverse Fourier transform of the field in the frequency do-
main,

E�r,�� = FT−1�E�r,��� . �17�

Representing the nonlinear polarization in the form of Eq.
�16�, we neglect third-harmonic generation and the retarded
part of Kerr nonlinearity �i.e., the Raman effect�. We thus
restrict our analysis here to the case of hollow PCFs filled
with non-Raman, e.g., rare, gases.

Multiplying both parts of Eq. �16� by E�x ,y ,�� and inte-
grating over the transverse coordinates, we reduce Eq. �15�
to a one-dimensional equation,

�E

�z
�z,�� = i	���� −

�

u

E�z,�� + i

�0�2

2����
Pnl�z,�� ,

�18�

where

Pnl�z,�� = 	�0FT��E�z,���2E�z,��� , �19�

E�z,�� = FT−1�E�z,��� , �20�

	 =
� � �3�x,y��E�x,y,���4dxdy

� � �E�x,y,���2dxdy

. �21�

The losses are included in Eq. �18� through the imaginary
part of the propagation constant �,
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�E�z,��
�z

= i�eff�z,��E�z,�� − 
eff�z,��E�z,�� , �22�

where

�eff�z,�� = ���� −
�

u
+

�0�2

2����
Re	Pnl�z,��

E�z,�� 
 , �23�


eff�z,�� = 
��� +
�0�2

2����
Im	Pnl�z,��

E�z,�� 
 , �24�

with 
��� being the intensity-independent magnitude of ra-
diation loss for the waveguide mode.

We solve Eq. �18� using a numerical procedure based on
an explicit difference scheme. Simulations were performed
for three realistic profiles of dispersion ���� and loss 
���
�Figs. 1�a�–1�c��, typical of commercial hollow-core PCFs
�25�. In what follows, hollow PCFs with dispersion and loss
profiles specified in Figs. 1�a�–1�c� will be referred to as
PCFs of the first, second, and third type, respectively. Simu-
lations were performed for hollow PCFs filled with a non-
Raman gas. Specific values of laser pulse energies and pow-
ers will be given for argon-filled hollow PCFs. To make the
main conclusions and predictions of the analysis presented
below applicable to any other non-Raman gas, characteristic
energy parameters should be redefined in such a way as to
keep the parameter 	 �Eq. �21�� constant.

With the ���� and 
��� profiles explicitly included in Eq.
�18�, our approach does not involve a standard Taylor-series
approximation of the dispersion and provides an exact ac-
count of waveguide loss. For a better understanding of pulse
dynamics in hollow PCFs and especially solitonic phenom-
ena, simulations were also performed with the ���� profile
approximated with the second; third; and fourth-order poly-
nomial fit. Pulse dynamics calculated with the use of such a
model for ���� were compared with the results of simula-
tions performed with the exact ���� profile. This comparison
has visualized effects related to high-order dispersion and
allowed the soliton dynamics in a hollow PCF with a realis-
tic dispersion profile ���� to be analyzed versus the standard
evolution of ideal solitons, defined as solutions to the non-
linear Schrödinger equation �NLSE�.

III. RESULTS AND DISCUSSION

A. Soliton dynamics

Our main task in this section is to explore the soliton
dynamics of high-power laser pulses propagating through
hollow PCFs with dispersion and loss profiles shown in Figs.
1�a�–1�c�. We will focus on laser pulses with initial energies
of hundreds of nanojoules and initial pulse durations on the
order of 100 fs. We will identify propagation regimes when
the temporal width of such pulses decreases to tens of fem-
toseconds. The peak powers will thus typically fall within the
megawatt range for the laser fields considered here.

In Fig. 2, we present a typical soliton dynamics of a laser
pulse propagating through the first-type PCF. The input pulse
energy is set equal to 400 nJ and the initial pulse width is

200 fs �Fig. 2�. The central wavelength of the input pulse is
1.08 �m. Soliton transmission and compression of femtosec-
ond laser pulses with such a central wavelength is of special
interest for the development of ytterbium-laser technologies,
including all-fiber ytterbium-based oscillator-amplifier sys-
tems. The central wavelength of the input field falls within
the range of anomalous dispersion of the considered PCF.
The input pulse therefore tends to form solitons as it propa-
gates through the fiber, with the pulse shape featuring, at
least within the initial section of PCF, a well-pronounced
oscillatory behavior �Fig. 2�. Such a behavior, as known
from the standard NLSE-based theory �26�, is typical of
high-order solitons. The soliton pulse shape displays one full
oscillation cycle within approximately one NLSE soliton pe-
riod �z=��0

2�6.2 ��2 � �−1, where �0 is the initial pulse width
defined as the full width at half-maximum and �2

FIG. 1. �Color online� Group-velocity dispersion �solid line 1�
and radiation loss �dashed line 2� vs the wavelength for hollow
PCFs of the first �a�, second �b�, and third �c� type.

PULSE COMPRESSION AND MULTIMEGAWATT OPTICAL¼ PHYSICAL REVIEW E 73, 066618 �2006�

066618-3



=�2� /��2 is the parameter characterizing group-velocity dis-
persion.

Further on along the PCF, deviations from NLSE predic-
tions become noticeable. Physically, these deviations origi-
nate from high-order dispersion effects and waveguide
losses. To illustrate the evolution of solitons in hollow PCFs,
we plot in Figs. 3�a�–3�d� the local soliton pulse width � as a
function of the propagation length z for various input pulse
parameters and different types of PCFs. The central wave-
lengths of input pulses are taken equal to 1.08, 1.53, and
0.8 �m for PCFs of the first, second, and third types, respec-
tively, modeling the soliton transmission of ytterbium, er-
bium, and Ti:sapphire laser pulses, respectively. As the soli-
ton propagates through a PCF, its energy W �shown by
dashed lines in Figs. 3�a�–3�d�, corresponding to the right-
hand ordinate axis� decreases because of fiber losses. For an
NLSE soliton, the temporal full width at half-maximum � is
related to the soliton energy W by the formula �26�

W =

3DS

11.2cn2�
, �25�

where 
 is the central wavelength of the soliton, D=
−�
 /c�d2n /d
2 is the group-velocity dispersion �GVD�, n
=� /k is the effective mode index, n2 is the nonlinear refrac-
tive index of the fiber material, and S is the effective mode
area. Based on this insight from the NLSE soliton theory, we
can expect that the pulse width of solitons in hollow PCFs
should start to increase as the solitons lose their energy
propagating through the fiber. This expectation is verified by
the results of numerical simulations in Figs. 3�a�–3�c�. These
results also demonstrate that, as the soliton becomes longer,
its oscillation period noticeably increases. This finding is
consistent with the NLSE-theory scaling �z��2 where the
pulse width � is now understood as a local parameter that
changes as a function of the propagation coordinate. In a

fiber with no energy losses �Fig. 3�d��, the oscillatory behav-
ior persists over many meters of pulse propagation length.

For NLSE solitons, the pulse width is related to the pulse
energy through Eq. �25�. A decrease in the soliton energy W,
therefore, results in a lengthening of an NLSE soliton in
accordance with the scaling law ��W−1. In hollow PCFs, an
additional limitation on the minimum pulse duration origi-
nates from the limited transmission band �Figs. 1�a�–1�c��.
With this factor in mind, we transform the NLSE scaling of �
as a function of W into the following ansatz:

� − �b � W−1, �26�

where �b is the temporal width of a pulse whose spectrum
still fits the transmission band of a hollow PCF. Parameters �
and W are now understood as local values of the soliton
pulse width and the energy, respectively.

In Fig. 4, we use the ansatz of Eq. �26� to fit the soliton
pulse width averaged over the soliton oscillation period as a
function of the local soliton energy for high-power solitons
propagating through hollow PCFs. Parameters �b for hollow
PCFs of the first, second, and third types are estimated as
�b�� /��, where �� is the spectral width of the fiber trans-
mission band, giving �b of about 10, 20, and 10 fs for PCFs
of the first, second, and third types, respectively. Numerical
simulations, as can be seen from Fig. 4, agree very well with
predictions of Eq. �26�. This result suggests that, although
the dynamics of high-power solitons in hollow PCFs may
substantially deviate from the evolution of NLSE solitons,
these non-NLSE effects build up adiabatically, so that Eq.
�26� holds true for local soliton parameters. In this regime,
the average soliton pulse width and the period of oscillatory
solitonic dynamics can be estimated from the local value of
the soliton energy, decreasing because of fiber losses.

FIG. 2. �Color online� Typical soliton dynamics of a laser pulse propagating through the first-type PCF. The input pulse energy is 400 nJ,
the central wavelength of the input pulse is 1.08 �m.
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B. Pulse compression

The solitonic dynamics of laser pulses propagating
through hollow PCFs suggests attractive strategies for pulse
compression. In Figs. 5�a� and 5�b�, we illustrate a solitonic
evolution of a laser pulse with an initial pulse width of
150 fs and a central wavelength of 1.08 �m. For an argon-
filled hollow PCF with a core diameter of about 10 �m �fiber
1, see Fig. 1�a��, the initial energy is set equal to 625 nJ. This
energy can, however, be reduced by using gases with higher
nonlinearities and/or higher pressures. The input temporal
field intensity envelope and the input spectrum are shown by
dotted lines 1 in Figs. 5�a� and 5�b�, respectively. The dashed
and solid lines 2 and 3 in Figs. 5�a� and 5�b� display the
temporal field envelopes and pulse spectra at z=10 and
16 cm, respectively. At z=16 cm, the pulse width, as can be
seen from Fig. 5�a�, becomes equal to 23.5 fs, which corre-
sponds to a compression ratio of 6.4.

Figures 6�a� and 6�b� display an example of solitonic
pulse compression to a pulse width that is close to the lim-
iting pulse duration determined by the transmission band of
the fiber. The input pulse in this case has an initial pulse
width of 100 fs and a central wavelength of 0.8 �m �dotted
lines 1 in Figs. 6�a� and 6�b�, respectively�. The input pulse
energy is set equal to 800 nJ, but it can be reduced by choos-
ing a gas with a higher nonlinearity. The laser pulse propa-
gates through the hollow PCF of the third type with �b
�10 fs. The minimum pulse width acquired by the pulse
with the above-specified parameters is equal to 9.5 fs �Fig.
6�a��, which corresponds to a few-cycle field waveform. The
pulse compression ratio for this regime is 10.5.

In Figs. 7�a�–7�c�, we present the temporal widths of self-
compressing laser pulses with different initial energies calcu-
lated as functions of the propagation length for hollow PCFs
of three different types with dispersion and loss profiles
shown in Figs. 1�a�–1�c�. The input pulse energy in these

FIG. 3. �Color online� The local soliton pulse width � �solid line
1� and energy W �dashed line 2� calculated as a function of the
pulse propagation length in a hollow PCF of the first �a�, second �b�,
and third �c� type. The central wavelength of the input pulse is
1.08 �m �a�, 1.53 �m �b�, and 0.8 �m �c�. �d� The local soliton
pulse width � �solid line 1� and energy W �dashed line 2� calculated
as a function of the pulse propagation length for the second-type
hollow PCF with no losses.

FIG. 4. �Color online� The soliton pulse width averaged over the
soliton oscillation period as a function of the soliton energy for
high-power solitons propagating through a hollow PCF of the first
�1�, second �2�, and third �3� type. The central wavelength of the
input pulse is 1.08 �m �1�, 1.53 �m �2�, and 0.8 �m �3�. The dots,
rectangles, and diamonds represent the results of numerical simula-
tions. The dashed lines show the fit of the results of numerical
simulations with the use of Eq. �26�.
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simulations ranges from a few to tens of megawatts. The
central wavelength of the input laser field was set equal to
1.08, 1.53, and 0.8 �m for PCFs of the first, second, and
third types, respectively, allowing us to assess the capabili-
ties of hollow PCFs as compressors for high-power pulses
generated by ytterbium, erbium, and Ti:sapphire oscillator-
amplifier systems. As can be seen from Figs. 7�a�–7�c�,
pulses with higher initial energies can be compressed with
higher compression ratios. For the first-type hollow PCF, for
example, as the input laser energy increases from 300 to
1200 nJ, the minimum pulse width decreases from 48 to
18 fs �Fig. 7�a��. This tendency, observed also for the other
two types of PCFs �Figs. 7�b� and 7�c��, is typical of soliton
strategies of pulse compression. The standard empirical de-
sign rule for pulse compressors using solitons with a high
soliton number N2=Ld /Lnl=�P0�0

2 / ��2 � �Ld=�0
2 / ��2� is the

second-order dispersion length, Lnl is the nonlinear length,
and � is the nonlinear coefficient� is written as �26� �0 /�min
�4.1N. To extend this design rule to the case of moderate N
and to include an additional limitation on the pulse width
originating from the finite transmission band of hollow
PCFs, we represent the minimum temporal width �min of a
laser pulse in a hollow PCF as a Taylor-series expansion in

the small parameter 1 /N with the zeroth-order term set equal
to the minimum pulse width �b allowed by the PCF trans-
mission band,

�min � �b + �0	 �1

N
+

�2

N2 +
�3

N3 + ¯ 
 . �27�

In view of Eq. �25�, Eq. �27� yields the following design
rule for a pulse compressor based on a hollow PCF,

�min � �b + �0	 C1

W0
1/2 +

C2

W0
+

C3

W0
3/2 + ¯ 
 . �28�

In Fig. 8, we use Eq. �28� to fit the minimum temporal
width of a self-compressing pulse in a hollow PCF as a func-
tion of the input energy W0 for the three above-specified
types of fibers. The inclusion of the W0

−1/2 term in Eq. �28�
was found to be sufficient to accurately fit the �min�W0� de-
pendence for the first-type PCF �curve 1 in Fig. 8�. Terms up
to the second order in N−1 were necessary to provide a
reasonable fit for the �min�W0� dependence in the case of the
second-type PCF �curve 2 in Fig. 8�. Curve 3 in Fig. 8 shows

FIG. 5. �Color online� Temporal field intensity envelope �a� and
the spectral intensity �b� for a laser pulse with an initial pulse width
of 150 fs and a central wavelength of 1.08 �m in the first-type
hollow PCF for different propagation lengths: �1� z=0, �2� z
=10 cm, and �3� z=16 cm.

FIG. 6. �Color online� Temporal field intensity envelope �a� and
the spectral intensity �b� for a laser pulse with an initial pulse width
of 100 fs and a central wavelength of 0.80 �m in the third-type
hollow PCF for different propagation lengths: �1� z=0, �2� z
=4 cm, and �3� z=6.5 cm.
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the minimum pulse widths achieved for 0.8−�m laser radia-
tion in the third-type PCF. These data include the dots rep-
resenting pulse widths shorter than the minimum pulse dura-
tion �b allowed by the PCF transmission band �see Figs. 6�a�
and 6�b��. In this regime, no reasonable fit for the �min�W0�
dependence was obtained even with W0

−3/2 terms included in
the expansion of Eq. �28�. Excluding these very special
cases, the ansatz of Eq. �28� suggests a useful design rule for
PCF compressors of high-power laser pulses.

It is interesting and instructive to compare the results of
our simulations related to the compression of high-power
laser pulses in hollow PCFs with the conclusions of the im-
pressive experimental and numerical work presented by Ou-

zounov et al. �15�, who found that large third-order disper-
sion limits pulse compression ratios attainable with PCFs
used in their experiments to a factor of 2.4. Our simulations
confirm the general tendency that high-order dispersion lim-
its pulse compression efficiencies. Moreover, we have shown
in the above analysis that further limitations on pulse com-
pression ratios may originate from limited transmission
bands of these waveguides, which give rise to frequency-
dependent losses, rapidly growing at the edges of PCF trans-
mission bands. To demonstrate high pulse compression ratios
in our simulation �6.4 and 10.5 for Figs. 5 and 6, respec-
tively�, we minimized, as suggested by Ouzounov et al. �15�,
the influence of high-order dispersion by carefully matching
the input central laser wavelength with realistic dispersion
profiles of available hollow PCFs. The significance of third-
order dispersion effects for laser-pulse evolution can be
quantified in terms of the ratio Ld /Ld

�3�= ��3 � ���2 ��0�−1 of the
second- to third-order dispersion lengths, with Ld

�3�=�0
3 / ��3�

and �3=�3� /��3. For the PCF dispersion profile shown in
Fig. 1�a� ��2�−880 fs2 /cm and �3�3�103 fs3 /cm� and a
pulse width of 100 fs, this ratio is estimated as Ld /Ld

�3�

�0.034 for an input central wavelength of 1.08 �m. This
estimate has to be compared with the ratio Ld /Ld

�3��0.28,
which gives the measure of third-order effects for 100-fs
pulses propagating in hollow PCFs with �2�−180 fs2 /cm
and �3�5�103 fs3 /cm, used for pulse compression in ex-
periments by Ouzounov et al. �15�.

IV. CONCLUSION

We have demonstrated that solitonic regimes of pulse
propagation in hollow PCFs allow a control, transmission,
and spectral-temporal transformation of ultrashort high-
power laser pulses. With the initial parameters of laser radia-
tion accurately matched with fiber dispersion and nonlinear-

FIG. 7. �Color online� Temporal widths of self-compressing la-
ser pulses with different initial energies �shown in the figures� cal-
culated as functions of the propagation length for hollow PCFs of
the first �a�, second �b�, and third �c� types.

FIG. 8. �Color online� The minimum temporal width of a self-
compressing pulse as a function of the input energy W0 for a hollow
PCF of the first �1�, second �2�, and third �3� type. The central
wavelength of the input pulse is 1.08 �m �1�, 1.53 �m �2�, and
0.8 �m �3�. The dots, rectangles, and diamonds represent the results
of numerical simulations. The dashed lines show the fit of the re-
sults of numerical simulations with the use of Eq. �28�.
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ity, submicrojoule laser pulses are shown to exhibit a self-
compression and soliton dynamics in the regime of
anomalous dispersion. Regimes of solitonic pulse evolution
giving rise to few-cycle field waveforms are demonstrated.
Based on simple arguments of soliton theory, we derive
semiempirical relations providing interesting insights into
the minimum pulse width of the laser field in a hollow
PCF as a function of the input laser energy. We have dem-
onstrated the potential of specially designed hollow PCFs as
pulse compressors, transmission lines, and dispersion-
compensation components for ytterbium, erbium, and
Ti: sapphire femtosecond laser technologies.
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