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Self-compression of femtosecond pulses in noble gases with an input power close to the self-focusing threshold

has been investigated experimentally and theoretically. It is demonstrated that either multiphoton ionization (MPI)

or space–time focusing and self-steepening effects can induce pulse shortening, but they predominate at different beam

intensities during the propagation. The latter effects play a key role in the final pulse self-compression. By choosing an

appropriate focusing parameter, action distance of the space–time focusing and self-steepening effects can be lengthened,

which can promote a shock pulse structure with a duration as short as two optical cycles. It is also found that, for our

calculation cases in which an input pulse power is close to the self-focusing threshold, either group velocity dispersion

(GVD) or multiphoton absorption (MPA) has a negligible influence on pulse characteristics in the propagation process.
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1. Introduction

The propagation of intense femtosecond pulses
in nonlinear media has attracted a lot of attention
over the past decade, and much research has been
carried out experimentally and theoretically.[1−7] For
laser pulses with powers above the critical power Pcr

for self-focusing, the beam can be compressed in space
due to the third order nonlinear susceptibility, result-
ing in a corresponding increase of the pulse intensity.
MPI occurs with the increase of the beam intensity,
and the induced plasma acts as a regulating mecha-
nism to limit the beam intensity. Thereby a filamen-
tation takes place resulting from a dynamic balance
between the self-focusing by the Kerr effect and de-
focusing by MPI. Recently, it has been theoretically
shown that the filamentation propagation of intense
femtosecond laser pulses in solid[8,9] or gas[10−13] me-
dia can lead to a remarkable pulse self-compression.
In gas medium, for instance, when only diffraction,
Kerr effect and MPI are considered, a 170fs laser
pulse with an input power (Pin of 1.25Pcr evolves to
a soliton-like structure over a long distance of prop-
agation in the air, and the temporal profile shrinks
to a single leading peak, where the MPI is consid-

ered as a key mechanism responsible for this result.[11]

Moreover, it was presented that with high input pow-
ers (Pin > 10Pcr) a loosely focused Gaussian pulse
beam could finally evolve into a single isolated pulse
after a complex multi-peaked structure.[12] So far, the
pulse self-compression in solid[14] or gas[15,16] has been
demonstrated in some experiments. For example, in
the work by Stibenz et al,[16] a self-compression of
few-mJ pulses from 45fs down to shorter than 10fs
was achieved by a filamentation in gases. It was con-
sidered that for high-energy pulses low gas-pressure
for filament formation could be an important cause
for the realization of the pulse self-compression, be-
cause lower value of dispersion could prevent the soli-
ton structure from breaking up and retain an isolated
short pulse during the propagation. In all the studies
mentioned above, the peak power of the input pulses
is much above Pcr and the filamentation takes place
generally. However, the propagation dynamics of fem-
tosecond pulses with an input pulse power close to or
lower than the critical power has been seldom studied.

In this paper, we experimentally demonstrate the
self-compression of loosely focused femtosecond pulses
in argon with a power close to the threshold for self-
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focusing, and we also provide the theoretical descrip-
tion of the underlying mechanisms for it. We find
that in the propagation process, either MPI or space–
time focusing and self-steepening effects can lead to
pulse shortening, but they predominate at different
distances of propagation. The MPI predominates near
the lens focus, where the induced plasma pushes the
central part of the beam forward to the outer part and
defocuses the trailing edge at the same time. After the
lens focus the space–time focusing and self-steepening
effects gradually predominate with the decrease of the
beam intensity, and they finally promote a shock pulse
structure with a steep trailing edge. The correspond-
ing pulse spectrum exhibits a great blueshift with a
sharp cutoff on red side, which shows that the spec-
trum is in good agreement with the experimentally
observed spectrum. Moreover, we find that the pulse
duration can be self-compressed down to two opti-
cal cycles without experiencing a complex multi-peak
structure by choosing an appropriate focusing param-
eter to lengthen the action distance of the space–time
focusing and self-steepening effects. Finally, the influ-
ence of some physical mechanisms such as GVD and
MPA on the characteristics of the pulses during their
propagation is discussed.

2. Experiment

In the experiment, a commercial chirped-pulse-
amplified Ti:sapphire laser system (Spectral-Physics
Spitfire–50fs) was used as a laser source running at
1kHz repetition rate. The pulses duration was ∼50fs
with an energy of ∼0.7mJ/pulse and a central wave-
length of 800 nm. Typically, the beam quality param-
eter M2 was about 1.3, and the beam diameter (at
1/e2 of the peak intensity) was about 7mm. The laser
pulses generated from the system were focused by a
lens (f=1.5m) into an argon-filled cell. The entrance
and exit windows of the gas cell both were of 1mm-
thick fused silica, and the whole cell length was about
80 cm. The geometrical focus of the beam was set near
the middle of the cell. After the argon-filled cell, the
focused beam was collimated by a silver-coated con-
cave mirror (f=1m). Then the collimated beam was
split up into two parts by a broadband beam splitter.
A small part of it was sent to a grating spectrome-
ter (SpectraPro-300i, Acton Research Corporation) to
monitor the spectrum, and the rest was sent to a SPI-
DER (spectral phase interferometry for direct electric-

field reconstruction) instrument (APE, Co. Ltd) to
measure the pulse temporal profile and spectral phase.

Since the nonlinear refraction index and self-
focusing critical of the argon are proportional to the
gas pressure, the ratio Pin/Pcr can be easily controlled
by changing the gas pressure, which intuitively re-
sponds to the strength of the self-focusing effect. In
the experiment, we evacuated the gas cell first and
added argon gas slowly to increase the pressure, and
finally characterized the transmitted pulses under dif-
ferent gas pressures.

We measured the temporal profile of the trans-
mitted laser pulses after the cell when the gas cell
was evacuated. It was found that with an input pulse
energy of about 0.52mJ the pulse duration was self-
shortened from the original 53fs to 41fs and the spec-
trum showed a small broadening simultaneously, due
to the pulse self-compression of the incident femtosec-
ond pulses on the fused silica windows, which has been
demonstrated by our previous experiments.[14] With
argon gas injected into the cell slowly, we measured
the temporal profile and spectral phase of the output
pulses by using a SPIDER instrument at different gas
pressures. It was observed that the resulted pulse du-
ration showed an descending trend with the increase
of the gas pressure, and the shortest pulse reached 29fs
in duration at an argon pressure p of 8.5×104Pa. Then
the pulse duration maintained about 30fs at pressures
from 9×104 Pa to 1.25×105 Pa, and the corresponding
spectrum changed little. This phenomenon was the
so-called spatio-temporal soliton formation with Pin

close to or a little larger than Pcr, resulted from the
dynamic balance between self-focusing due to the Kerr
effect and the defocusing due to the plasma gener-
ation and high-order nonlinearity (such as five-order,
χ(5) < 0).[17,11] However, when the argon pressure was

Fig.1. Pulse duration of self-compressed pulses measured

by SPIDER as a function of argon pressure, where the in-

put pulse duration is ∼53fs with a energy of about 0.52mJ.
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above 1.25×104Pa, the pulse temporal profile turned
to be of a multi-peak structure. The self-compressed
pulse duration as a function of gas pressure is shown in
Fig.1. And the measured temporal profile, spectrum
and spectral phase of the self-compressed pulses at
p=8.5×104Pa are presented in Fig.2, compared with
the characteristics of the input pulses. From Fig.2
(a1) we can see that there is no obvious original neg-

ative chirp in the input pulses, which indicates that
the pulse self-compression resulted from the nonlin-
ear propagation process but not the dispersion com-
pensation of the initial negative chirp. Moreover, the
self-compressed pulses show a rather clean temporal
profile (Fig.2(b)) and flat spectral phase (Fig.2(b1)).
The similar pulse self-compression phenomenon have
also been demonstrated in the air.[18]

Fig.2. Measured temporal profile, spectrum and spectral phase of the self-compressed pulses at

p=8.5×104Pa (b) and (b1), compared with those of the input pulses (a) and (a1).

For argon, the nonlinear refraction index is typ-
ically n2 = 9.8 × 10−22pcm2/(W·kPa) at 800 nm,[19]

and the threshold for self-focusing can be obtained
from Pcr = λ2

0/(2πn0n2), where n0 is the linear re-
fraction index. Then, for our experimental parame-
ters, the corresponding Pin/Pcr is lower than or near
to 1, which indicates that the self-focusing effect is
weak during the pulse propagation in the argon cell.
Comparing our present results with the reported ex-
perimental investigation about pulse self-compression
in argon,[17] we find that though the driving pulse pa-
rameters and gas pressure we used are different from
those in Ref.[17], the corresponding Pin/Pcr is com-
parable. In Ref.[17], pulse self-compression was ob-
served in an argon pressure range of 6.08×105Pa to
1.42×106Pa, with the driving pulse being of 150fs in
duration and about 1mJ in energy. Considered that
the driving pulse duration was extended from 150fs to
about 240fs in their experiments, the corresponding
Pin/Pcr was in a range of 0.44 to 1.017. It had been

qualitatively analysed that the self-focusing effect and
high-order susceptibilities were mainly responsible for
pulse self- compression. However, further analyses are
needed.

3. Numerical simulation

In order to study the main physical mechanism re-
sponsible for the pulse self-compression, we have car-
ried out numerical simulations for a comparison with
the above experimental results. The theoretical model
for pulse propagation in argon is based on the ex-
tended nonlinear Schrödinger (NLS) equation,[10] cou-
pled with the density of electrons produced mainly by
the MPI. This approach has been demonstrated to be
valid down to the single-cycle limit, and it can ac-
curately describe nonlinear propagation of femtosec-
ond pulses in gaseous and condensed media. Consid-
ering that the propagation takes place along the z-axis
and the laser pulse is linearly polarized, the envelope
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ε(r, t, z) of the electric field and the electron density ρ

of the excited plasma evolve as

i∂zε +
1
2
T−1(∆⊥ε)− k′′

2
∂2

t ε + k0n2T (|ε|2 ε)

− k0

2n0ρc
T−1(ρε) + i

β(K)

2
|ε|2K−2

ε = 0 (1)

and

∂tρ =
β(K)

K~ω0
(1− ρ/ρat) |ε|2K

, ρ ¿ ρat, (2)

where t = t− z/υg is the retarded time with υg being
the group speed of the pulse; k′′ is the GVD coefficient;
k0 = ω0/c is the central wave number with ω0 being
the carrier frequency; ρc = ω0meε0/q2

e denotes the
critical plasma density below which the laser pulses
no longer propagate in the plasma, with qe and me

being the electron charge and mass, and ε0 being the
electric permittivity in vacuum; β(K) = K~ω0ρatσK

is the nonlinear coefficient for K-photon absorption

with MPI coefficient σK , with K = mod
(

Ui

~ω0

)
+ 1

corresponding to the minimum number of photons
with an energy of ~ω0 required for liberating an elec-
tron from a medium with an ionization energy Ui and
ρat = 2.736× 1021pcm−3 being the density of neutral
atoms at a pressure of p (kpa). The terms in Eq.(1) in-
clude the following physical mechanisms respectively:
diffraction of axis-symmetric beams, group velocity
dispersion (GVD), self-focusing resulting from Kerr
effect, MPI and multiphoton absorption (MPA). The
operator T ≡ 1+(i/ω0)∂t before the cubic nonlinearity
shows the self-steepening effects, and T−1 before the
transverse Laplacian denotes the space–time focusing.
The operators T and T−1 describe the deviations from
the slowly varying envelope approximation, which ex-
tends the validity of the Eqs.(1) and (2) down to the
optical-cycle limit.

The calculation parameters we used are similar to
those in the experiment. The input field is considered
as a focused Gaussian beam with a waist radius (w0)
of 108µm, and an input pulse of 50fs in duration and
0.52mJ in energy, corresponding to a peak power of
10.4GW. The input field can be described as

ε(r, t, z = 0) =

√
2Pin

πw2
in

exp
[
− r2

w2
in

− t2

τ2
p

− ik0r
2

2Rin

]
,

(3)
where Pin = Ein/

√
π/2τp denotes the input pulse

power, with Ein being the input pulse energy, τp the
temporal half width at 1/e2 of the maximum intensity;
win = w0

(
1 + d2/z2

f

)0.5 and Rin = n0d
(
1 + z2

f /d2
)

are respectively the transverse size and the curvature
at the initial calculation surface with w0 being the
waist size of the focus and zf = nπw2

0/λ denoting the
Rayleigh length.

Fig.3. Peak intensity of the pulse as a function of prop-

agation distance with Pin/Pcr=0.85, w0=108µm (solid

line), and Pin/Pcr=1, w0=120µm (dashed line).

We first consider the case in which p=8.5×104Pa
and w0=108µm, which corresponds to Pin/Pcr=0.85.
Figure 3 shows the peak intensity as a function
of propagation distance in argon (solid line), where
the lens focus is considered to be located at the
zero position. The highest peak intensity is about
1.38×1014W/cm2. From Fig.3 we can see that be-
cause of the weak self-focusing effect, there is no obvi-
ous filamentation occurring. However, with the help
of the focusing optics, the pulse peak intensity can
still rise up to a value of ionization threshold of the
argon before the lens focal point. Figure 4(a) and 4(b)
respectively show the calculated on-axis temporal and
spectral profiles of the pulse at two different distances
of propagation. At z=0 cm, owing to the plasma gen-
eration the central part of the beam moves forward
to the outer part and a leading peak is produced in
the temporal profile (dashed line in Fig.4(a)). During
the further propagation, because of the nonlinear dis-
sipation of MPI and geometrical diffraction after the
lens focal point, the beam intensity decreases gradu-
ally, and this leading edge is diffracted giving rise to
a trailing peak due to the effects of space–time focus-
ing and self-steepening (solid line in Fig.4(a)). The
FWHM (full width at half maximum) of this trailing
peak is about 25fs, close to the experimental result
(29fs). At the same time, the corresponding spectrum
(solid line in Fig.4(b)) is greatly broadened and shows
strongly that it accords with the experimentally mea-
sured spectral profile (Fig.2(b1)). It is worth mention-
ing that this self-shortened trailing pulse is robust and
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keeps up over considerable distances. After the posi-
tion z=15 cm, the beam intensity decreases so much
that the nonlinear effects are very weak, and this trail-

ing peak can hold the structure during the propaga-
tion that follows.

Fig.4. Numerically calculated on-axis temporal profile (a) and spectrum (b) at z=0 cm (geomet-

rical focus point) (dashed lines) and z=15 cm (solid lines) with Pin/Pcr=0.85 and w0=108µm

compared with those of the input pulses (dotted lines).

The above simulations indicate that the space–
time focusing and self-steepening effects are critical
for the final pulse self-compression, and they predom-
inate over the MPI under a lower intensity during the
propagation. Therefore, with Pin/Pcr ≤1, if we choose
a looser focusing parameter to lengthen the action dis-
tance of the self-steepening effect, it will be much eas-
ier to achieve few-cycle optical pulses through non-
linear propagation in gases than with high Pin/Pcr,
without leading to a complex temporal moderation
on the pulse. Figure 5(a) shows the calculated on-axis
temporal and spectral profiles of the pulse at z=15 cm
with Pin/Pcr=1 and w0=120µm. It can be seen that
the FWHM of the pulse is self-compressed near to
two optical cycles (5.5fs), demonstrating the above
assumption. On the other hand, the corresponding
pulse spectrum (Fig.5(b), solid line) shows an obvious
asymmetry with a pronounced blue tail and a deep

valley near the incident central wavelength. These
characteristics show that the spectrum accords well
with the experimentally measured spectrum as shown
in Fig.5(b) (dashed line). The quantitative mismatch
between them might result from the inaccuracy of pa-
rameters used in the simulation, such as w0, n2 and
some parameters related to ionization. The on-axis
peak intensity of the pulse as a function of propagation
distance is also given in Fig.3 (dashed line), together
with the results in the case in which Pin/Pcr=0.85
and w0=108µm (solid line) for comparison. A turn-
ing point can be clearly seen after the geometrical fo-
cus, and it corresponds to the evolution of the pulse
profile from a leading peak into a trail. Moreover, af-
ter this turning point the pulse peak intensity with
Pin/Pcr=1, and w0=120µm is much higher than with
Pin/Pcr=0.85 and w0=108µm. Therefore, stronger
space–time focusing and self-steepening effects lead to

Fig.5. Numerically calculated on-axis temporal profile (a) and spectrum (b) at z=15 cm with

Pin/Pcr=1, and w0=120µm. The dotted line in (a) is for the temporal profile of the input pulse,

and the dashed line in (b) for the experimentally measured spectrum with parameters compared

with those in numerical simulation.
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the final few-cycle self-compressed pulses. In the ex-
periment we did not achieve self-compressed pulses as
short as few optical cycles, which might be due to the
GVD as well as nonlinear effects of the cell window
acting on the transmitting pulses. Besides, the non-
optimum focusing parameter is another cause for the
resulting pulses to turn broader.

In order to study the influence of the physical
mechanisms, such as Kerr effect, MPA, GVD as well
as space–time focusing and self-steepening effects, we
investigate different conditions in the absence of the
above terms respectively in the propagation equation.
The results show that though the effect of self-focusing
is weak, increasing the peak intensity is helpful for in-
ducing plasma, and it is indispensable to broadening
the pulse spectrum. It is also found that for our cal-
culation case in which Pin/Pcr <= 1, either of GVD
and MPA has little influence on the pulse character-
istics during the propagation, while space–time focus-
ing and self-steepening effects play a significant role in
promoting the pulse shortening. Figure 6 shows the
on-axis pulse temporal profile at different distances of

Fig.6. Numerically calculated on-axis temporal pro-

file at z=0 cm (focal point) (dashed line) and z=15 cm

(solid line) in the absence of space–time focusing and self-

steepening effects, with Pin/Pcr=0.85 and w0=108µm, to-

gether with those of the input pulses (dotted line) for com-

parison.

propagation in the absence of space–time focusing and
self-steepening effects at p=8.5×104Pa. We can see
that the pulse profile at z=0 cm is almost the same as
the result in the presence of these two effects, but very
distinct after the lens focal point. Without the effects
of space–time focusing and self-steepening, the pulse
duration broadens close to the original pulse duration
at z=15 cm gradually.

4. Conclusion

Self-compression of loosely focused femtosecond
laser pulses in argon has been investigated experi-
mentally and theoretically, with a peak power close
to the self-focusing critical threshold. The numeri-
cal simulation shows that the numerical results are in
good agreement with the experimental observations.
From the calculations we find that before the lens focal
point, due to the geometrical focusing optics as well as
the self-focusing effects, the pulse intensity increases
to a value high enough to induce plasma generation,
which pushes the central part of the beam forward
to the outer part and produces a leading peak in the
temporal profile. And then, with the decrease of the
plasma density after the lens focus, space–time focus-
ing and self-steepening effects predominant over the
defocusing effect resulting from plasma generation and
finally promote a shock beam structure with a steep
trailing edge. It is demonstrated that space–time fo-
cusing and self-steepening effects play a key role in
promoting the final pulse shortening, and act on the
pulse under an intensity lower than the MPI. With
Pin/Pcr ≤ 1, it is much easier to achieve few-cycle
self-compressed pulses through nonlinear propagation
in gases than with high Pin/Pcr by choosing an ap-
propriate geometrical focusing parameter. The effects
of GVD and MPA on the pulse propagation are also
discussed finally.
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