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Self-Compression of High-Intensity Femtosecond Optical Pulses
and Spatiotemporal Soliton Generation
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Self-compression of high-intensity femtosecond pulses has been observed in a number of atomic and
molecular gases and solid bulk material. The evolution of the femtosecond pulse parameters during the
self-compression has been studied under a variety of experimental conditions. Generation of spatiotem-
poral solitons has been achieved by the combined action of self-compression and self-focusing.

PACS numbers: 42.65.Tg, 42.65.Re, 42.65.Sf
The propagation of high-intensity femtosecond optical
pulses in a nonlinear medium is a complex �3 1 1�D phe-
nomenon leading to substantial space-time pulse rearrange-
ment by a number of self-action processes. This problem
has attracted considerable attention with the generation
of high-intensity femtosecond pulses and a large num-
ber of numerical simulations have been performed [1–6].
They generally consider the nonlinear Schrödinger equa-
tion (NLSE) with nonlinearity truncated after the cubic
term. These works, considering mainly the normal group-
velocity dispersion (GVD) b2 � ≠2b�≠v2 . 0, predict
a complicated behavior such as self-steeping and split-
ting (instead of continuous broadening) of the femtosec-
ond pulses when the spatial effects such as diffraction and
self-focusing (SF) are also taken into account. The inclu-
sion of higher order effects, e.g., third order dispersion
≠3b�≠v3, “space-time focusing,” etc., leads to multiple
splitting and coalescence of the split pulses [5]. These pre-
dictions have been generally confirmed by experiments on
solid bulk materials (BK-7 glass and fused silica [4,5]).
Ionization has been also considered as a mechanism in-
fluencing femtosecond pulse propagation [6]. In spite of
the intensive theoretical studies, the space-time behavior
of high-intensity femtosecond pulse propagation is not yet
completely understood because, first, the influence of non-
linearities higher than the third order is not well studied
in theory and, second, the experiments in that field, which
may support the numerical simulations, are insufficient and
do not cover a wide range of experimental conditions.

On the other hand, the propagation of the short laser
pulses along a 1D medium is a well studied phenomenon,
which, in the case of anomalous GVD b2 , 0, can lead
to temporal soliton formation [7,8]. At normal GVD, no
(bright) soliton formation can be achieved based only on
x �3� nonlinearity, but instead, pulse broadening, intensity
shock, and wave breaking could be observed [9]. Consid-
ering cubic-quintic NLSE for a 1D medium with x �3� . 0,
x �5� , 0, a solitary wave solution has been found in posi-
tive GVD regime [10]. Such x �3�, x �5� are feasible at given
conditions [11]. The existence of spatiotemporal solitons
(STS) has been predicted at negative GVD regime [1]. Re-
cently, a STS in one transversal dimension and time, called
a �1 1 1 1 1�D soliton, has been observed for the first
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time in LiIO3 by cascading x �2� processes producing an
effective x �3� process [12].

Here we report about a unique behavior of the high-
intensity femtosecond pulse—self-compression (SC) of
the femtosecond pulse at normal GVD conditions. We
have observed for the first time the SC in different optical
media—a number of atomic (Ar, Kr) and molecular �CH4�
gases and solid bulk material (fused silica). This reveals
the SC as a general phenomenon, which can be considered
as the missing temporal counterpart of the SF. From the
other side, the SC represents a new compression method
scalable for high-energy femtosecond pulses, which does
not require anomalous GVD conditions and/or subsequent
compression stage. About 10 times pulse compression has
been achieved. The SC results in the formation of full-
dimensional STS, the so-called “light bullet” [1]. To the
best of our knowledge, this is the first experimental genera-
tion of the light bullet.

During the course of the present work, we learned about
another study [13] reporting twofold SC of high-intensity
femtosecond pulse propagation in air. While this could be
the same phenomenon, it was only briefly mentioned and
no details were given.

The experiments were carried out using a femtosecond
Ti:S oscillator-amplifier laser system tuned at 750 nm. The
output from the oscillator (Spectra-Physics, Tsunami) was
amplified by a regenerative amplifier (BMI, a-10), operat-
ing at a 10-Hz repetition rate. The pulses after the regener-
ative amplifier were compressed by a grating compressor
to 150 fs and had typically 1-mJ pulse energy. To ensure
control of the medium parameters, we used pressurized
static gases in an 80-cm-long cell. The intensity at the fo-
cal point was estimated at 2.5 3 1013 W�cm2, assuming
no SF. The pulse duration was measured from the autocor-
relation traces using a noncollinear single-shot second har-
monic autocorrelation scheme with a 100-mm-thick beta
barium borate crystal and monitored by a diode array.
The spectrum was analyzed using a charge-coupled device
equipped grating spectrometer with 0.8-nm resolution.

We carried out a number of experiments concerning
the spatiotemporal and spectral behavior of the high-
intensity femtosecond pulse propagation in different
media. The main features were found to be similar for
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all of the media studied. The experimental values of the
pulse duration, spectral bandwidth, and the corresponding
transform-limited pulse duration calculated for sech2 pulse
are shown in Fig. 1 as a function of gas pressure. At zero
pressure, the extension of the pulse duration above 150 fs
results from the transmittive optics. With increasing gas
pressure, the pulse duration initially increases due to the
normal GVD conditions, but just above 2 atm of CH4,
Fig. 1(a), a rapid collapse is observed, thus shortening the
pulse duration to 40–50 fs. The beginning of the temporal
collapse can be clearly related to the spatial collapse due
to SF. The shortest pulse due to the SC was about 30 fs.
This gives about 10 times pulse compression relative to the
pulse duration just before the onset of the SC. In the same
time, the spectral bandwidth, measured around the half
maximum, broadens not so much due to self-phase modu-
lation (SPM)—from initial bandwidth of (6.5–7) THz
to (9–10) THz. Strong spectral rearrangement and gen-
eration of well-structured white-light supercontinuum of
more than 170 THz bandwidth (FWHM) have also been
observed. However, its intensity (pulse energy �1 mJ)
was negligible in comparison with the intensity of the main
spectrum. That is why only the near frequency structure of
the main spectrum is involved in the SC. The pulse reaches
the transform-limited pulse duration for sech2 pulse at
6 atm. Further shortening was restricted by the spectral
bandwidth.

Figure 1(b) shows the SC in Ar, having b2 � 10.6 fs2�
cm positive GVD at about 4 atm [14]. While the trend is
almost the same as in CH4, the lower nonlinearity of Ar
makes the process much more gradual with pressure. A
very broad pressure range (6 14 atm) exists in Ar without
shoulders or splitting of the optical pulse. Pulse splitting
in Ar occurs at about 18 atm. In Kr (b2 � 10.6 fs2�cm
at 2 atm [14]), once the SC takes place, the pulse dura-

FIG. 1. Pulse duration, spectral bandwidth, and the corre-
sponding transform-limited pulse duration (full line) versus
pressure in CH4 (a) and Ar (b).
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tion remains nearly constant between 4 and 10 atm. No
splitting has been observed up to 15 atm while a strong
pedestal appears at this pressure. Some preliminary results
concerning SC in Ar and Kr will appear in Ref. [15].

To ensure a wide pressure range for changing the ma-
terial parameters, the above experiments were performed
using 10-mm-thick cell windows. To diminish the effect of
the cell windows, experiments using 1-mm-thick windows
were also done. The behavior generally remains the same,
Fig. 2, but no initial pulse broadening was observed due
to the reduced positive chirp introduced by the thin win-
dows. Figure 2 also illustrates the SC at different pulse
energies, 0.7 and 1 mJ. Both dependencies appear similar,
but increasing the pulse energy leads to a systematic shift
of the process toward lower pressures. Thus, the SC of
the pulse can be triggered by increasing either the medium
nonlinearity x �n� [gas pressure (Fig. 1)] or the field inten-
sity [energy (Fig. 2)]. These determine the magnitude of
the nonlinear field-matter interaction.

Finally, the SC of the femtosecond pulses has also been
observed in fused silica. In contrast to other experiments
on solid material where a small portion of the beam is
focused on the entrance surface, we used the full pulse
energy (1 mJ) while keeping the sample far beyond the
focal point. At b2 � 1470 fs2�cm, including material
��1400 fs2�cm� and virtual waveguide ��170 fs2�cm�
contributions at 750 nm, we observed twofold pulse SC
when the sample approached the focal point from 50 to
15 cm. The observed SC (instead of splitting [4,5]) is
attributed to the higher intensity used in our experiment.

The above experiments demonstrate that the SC of the
high-intensity femtosecond pulses is a general phenome-
non that can be observed in a variety of optical media under
suitable excitation conditions.

The SC was accompanied by a marked improvement of
the pulse shape. The evolution of the pulse shape (auto-
correlation traces) with CH4 pressure is shown in Fig. 3.
It closely resembles the formation of a temporal soliton
in optical fibers [8]. However, instead of a real fiber, we
have an optically written virtual fiber in the bulk medium
due to the SF. From 3 to 5 atm the pulse shape stays the
same—nearly the sech2 shape of the fundamental soliton.
Increasing the gas pressure leads to splitting preceded by
the pedestal formation. At normal GVD, the SC is the

FIG. 2. Pulse duration versus CH4 pressure at different pulse
energies. The increasing of the pulse duration marked by the
arrow results from formation of pedestal.
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FIG. 3. Evolution of the pulse shape (autocorrelation traces)
with CH4 pressure. The inset shows the autocorrelation trace of
the laser pulse passing through the empty cell, P � 0 atm.

confinement mechanism forcing the pulse toward the tem-
poral soliton formation—soliton compression.

Because of the SF, a light filament was formed, trapping
about 40% of the pulse energy. The formation of stable
light filament is an evidence for spatial soliton formation.
The spatial collapse of the beam, followed by a substantial
improvement of the beam quality, is shown in Fig. 4. The

FIG. 4 (color). Beam spots and the corresponding transver-
sal intensity profiles in CH4 at P � 0 atm (a) and P � 3 atm
(b) after the SF and SC occur, taken 30 cm from the exit cell
window.
beam intensity profile keeps stable between 3 and 6 atm
of CH4 pressure. Some amount of light trapping in CH4
persists up to 40 atm.

The study of the spatiotemporal pulse stability is
complicated due to the inherent limitations in a real ex-
periment. In particular, the higher order cubic-quintic
solitary waves were generated �b2 , 0� and tested for
stability only numerically [16]. As mentioned above, the
spatial and temporal intensity distributions were found
stable within a given pressure range. The “robustness”
of the optical pulse can be deduced from its pressure
behavior because changing the pressure to a certain degree
simulates the propagation effect. The nearly constant
pulse duration of stable shape after the SC takes place,
Fig. 1, can be interpreted in such a sense. This is better
expressed in the case of Ar. The pulse was also stable
along the light filament. The latter was verified by moving
the cell along the beam, thus changing the length of the
light filament. The pulse duration varies insignificantly
with the position of the cell, Fig. 5, provided the focal
point is far from the entrance window so as to avoid strong
SPM in the window material.

Based on the above results, we may conclude that full
space-time self-trapping of the light matter is achieved hav-
ing a stable self-sustained behavior within a given range of
material parameters. This will be called full-dimensional
STS. The SC and SF are the responsible phenomena for
the STS formation in the temporal and spatial aspects, re-
spectively. It is noteworthy that the observed spatiotempo-
ral collapse appears as a natural feature of light that does
not require sophisticated external constraint. In contrast
to [12], we achieved complete space-time confinement of
the optical pulse. In addition, this was realized in suitable
for high-intensity STS generation isotropic media, avoid-
ing the problems with the irreversible medium damage,
phase-matching, and negative GVD.

From a phenomenological point of view, the SC re-
sembles the SF and can be thought of as being a time-
domain counterpart of the SF. However, some substantial
differences between these phenomena exist. The SF
results from positive x �3� to compensate for the diffrac-
tion and, eventually, for high-intensity fields, the self-
defocusing due to higher order negative x �n� �n . 3�
[11,17], and/or ionization induced refractive index change.

FIG. 5. Pulse duration versus distance between position of the
focal point (when the cell is removed) and the position of the
cell center.
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In the case of SC we have a quite different situation. As
the numerical simulations show [2–5], the combination
of positive x �3� and positive GVD does not lead to pulse
shortening without splitting. In our case, the shortening
appears as a primary process that does not result from
splitting but from the increased nonlinear field-matter in-
teraction. Thus, the observed SC should be distinguished
from x �3� dominated nonlinear processes. However, a
suitable value of the higher order susceptibilities (e.g.,
x �5� , 0) may arrest the pulse spreading/splitting leading
to solitary wave formation even at positive GVD [10].
This results from the fast dynamic interplay between
dispersion and intensity dependent factors, i.e., the non-
linear refractive indexes n2jEj2 �n2 � 3x �3��8n0� and
n4jEj4 �n4 � 5x �5��16n0�, which appear in the respective
terms of the NLSE. Because of the quadratic intensity
dependence, the second term may become comparable
to or even exceed the first one for high-intensity fields.
The SF, as it leads to an increase of the pulse intensity,
simply triggers the SC. This is the origin of the close
relation between the SC and the SF. The role of the
intensity in the self-trapping of the optical pulse can
be qualitatively illustrated with Fig. 6 showing multiple
splitting in Ar at 20 atm. As can be seen, one splits the
longer, but low-intensity pulse instead of the shorter, but
high-intensity one, which should be the case, based only
on simple dispersion considerations. The factors leading
to the STS and SC at positive GVD must be the same, but
in the first case they are well balanced while in the second,
the compression factor dominates. We consider that the
above is the basic mechanism of the observed SC and
STS. Such a mechanism, including only fast electronic
processes, is universally applicable to all media. Although
suitable x �5� appears to be sufficient to explain the SC
and the STS, actually they result from the entire dynamic
contribution of all orders of self-action processes. This
leads to self-consistent nonlinear field-matter interaction,
whose optical counterpart is the STS. Negative change of
the refraction index results also from ionization. Despite
the fact that free electron density does not instantaneously
follow the field intensity, it may also cause fast effects
on the field by means of secondary processes such as
dispersion and defocusing.

The different outcome in the “low-intensity”
(�1011 W�cm2 —Refs. [4,5]) and “high-intensity”
(.1013 W�cm2 —our case; and .1014 W�cm2 —

FIG. 6. Multiple pulse splitting in Ar at 20 atm.
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Ref. [13]) experiments shows that the behavior of the
femtosecond pulse strongly depends on its intensity (more
precisely, the magnitude of the nonlinear field-matter
interaction). Thus, the problem of high-intensity fem-
tosecond pulse propagation requires including in the
�3 1 1�D NLSE not only higher order dispersion [5] and
ionization [6,13], but also higher order nonlinearity [10].

In conclusion, self-compression of high-intensity fem-
tosecond pulses has been found for the first time in a vari-
ety of optical media. This reveals the self-compression as a
general phenomenon, which can be considered as the tem-
poral counterpart of the self-focusing. A full-dimensional
spatiotemporal soliton has been generated for the first time
as a result of the combined action of the self-compression
and the self-focusing.
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