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Femtosecond pulse propagation in argon: A pressure dependence study

M. Mlejnek,* E. M. Wright, and J. V. Moloney
Arizona Center for Mathematical Sciences, University of Arizona, Tucson, Arizona 85721

and Optical Sciences Center, University of Arizona, Tucson, Arizona 85721
~Received 10 March 1998!

We present a numerical study of self-focusing and optical breakdown of focused femtosecond pulses in
argon using an extended nonlinear Schro¨dinger equation for the field coupled to an equation for the electron
density generated via multiphoton ionization. Using the pressure as a control parameter we are able to identify
different regimes of femtosecond pulse propagation from a low-pressure regime dominated by plasma effects
(p&1 atm) to full blown self-focusing collapse arrested by normal group velocity dispersion at high pressures
(p*100 atm). In the intermediate region (p;1210 atm) the dynamics of the pulse propagation is affected by
both self-focusing and plasma effects and can lead to multiple collapse events and also stabilized propagation.
@S1063-651X~98!13509-2#

PACS number~s!: 52.35.Mw, 52.25.Jm, 42.65.Jx
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I. INTRODUCTION

There has been considerable interest in nonlinear p
propagation in the transparency region of atomic and m
lecular gases over the past decade. Experiments have
performed for a number of gases and a large range of p
sures showing different characteristic effects. In the lo
pressure or collisionless regime (p!1 atm) multiphoton
ionization ~MPI! @1–3# and plasma-induced blueshifting o
femtosecond pulses have been studied@4–8#, along with
plasma-induced spatial defocusing@9,10# and a light pipe for
laser pulses@11#. In contrast, for higher pressures (p
.1 atm), in the collisional regime, nonlinear optical se
focusing~SF! becomes important when the peak input pow
exceeds the critical power for self-focusing@12–14# leading
to supercontinuum generation and optical breakdown@15–
18#.

In this paper we present a numerical study of femtosec
pulse propagation in argon using the pressure as a co
parameter, our goal being to identify and elucidate the
ferent regimes of nonlinear pulse propagation. We have c
sen Ar as a representative example of pulse propagatio
the noble gases and also because detailed parameter
available for the linear and nonlinear optical properties. O
motivation for undertaking this study was to investigate
relative roles of SF, MPI, plasma-induced effects, and gro
velocity dispersion~GVD! for femtosecond pulse propaga
tion in the transparency region of gases. In particular,
peak input powers exceeding the critical power for SF
paraxial wave theory of SF predicts beam collapse to a
gularity in a finite distance@12–14#, but this clearly cannot
happen physically. This raises the issue of what phys
mechanisms intervene to arrest, or regularize, the SF
lapse. For example, as the collapse proceeds the concom
high intensities can lead to MPI and optical breakdow

*Also at Physics Department, University of Ostrava, Bra´fova 7,
Ostrava, Czech Republic.
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thereby reducing the power below the critical power and
resting the collapse. In this process spatial defocusing du
the generated electron plasma can also halt the collaps
other work Strickland and Corkum suggested@19,20# and
others@21–26# have shown that normal GVD can arrest se
focusing collapse by causing the incident pulse to split i
two pulses of reduced peak power. Our goal in this pape
to establish which collapse regularizing mechanisms are
erative in which pressure regimes and to identify the char
teristic propagation phenomena in each regime. Since we
primarily concerned with beam collapse and the critic
power scales as the inverse pressure, we shall concentra
pressuresp.1 atm.

The remainder of this paper is organized as follows.
Sec. II we describe our theoretical model for pulse propa
tion in Ar, along with the material parameters and th
variation with pressure. Section III describes our compu
simulations in the various pressure regimes and elucid
the characteristic phenomena in each. A discussion of
results is given in Sec. IV and our summary and conclusi
are given in Sec. V.

II. THEORETICAL MODEL

In this section we describe our theoretical model for pu
propagation in Ar, in which an extended nonlinear Sch¨-
dinger equation~NLSE! for the electric field envelope is
coupled to an equation for the electron density generated
MPI. This model is a nonlinear extension of one employ
by Feit and Fleck@27# to study plasma defocusing effec
and has previously been successfully used by Fenget al. to
study nonlinear pulse propagation in water@28#.

A. Model equations

Assuming propagation along thez axis and that the field
remains cylindrically symmetric, the equation for the elect
field envelopeE(r ,z,t) in a reference frame moving at th
group velocity is@28#
4903 © 1998 The American Physical Society
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where the terms on the right-hand side describe transv
beam diffraction, GVD, nonlinear SF, absorption and de
cusing due to the electron densityr, and MPI processes
involving K photons. Herev is the optical frequency,uEu2 is
the intensity,k5nbk05nbv/c, the quantityk95]2k/]v2

controls the magnitude and sign of the GVD, withk9.0
corresponding to normal dispersion andk9,0 to anomalous
dispersion,n2.0 is the nonlinear coefficient such that th
nonlinear change in the refractive index isn2uEu2, s is the
cross section for electron-neutral inverse bremsstrahlunt
is the electron collision relaxation time, andb (K) is the non-
linear coefficient forK-photon absorption. The order of th
MPI is obtained fromK5 d(Ui /\v) e, which is the minimum
number of photons of energy\v needed to overcome th
ionization energyUi for liberating an electron. In general w
allow for different orders of MPI to be present, each with
different value ofK, but for the numerical simulations pre
sented here we specialize to one order.

The propagation Eq.~1! is an extended NLSE that ac
counts for the combined effects of linear GVD, SF, and n
linear absorption and defocusing due to the electron plas
In deriving this equation several approximations have b
made: In addition to the usual slowly varying envelope a
proximations in space and time we retain only second-or
GVD as characterized byk9, we treat both the nonlinea
refractive index (n2) and nonlinear absorption (b (K)) as lo-
cal in time, and we assume that the optical properties of
generated electron plasma~term proportional tos) may be
calculated quasistatically. The restriction to second-or
GVD is not an essential approximation and may be relax
but we retain this description since recent work has sho
that second-order normal dispersion may already halt s
focusing collapse@19–26# and our prime concern here is t
show how the various physical effects regularize collapse
different pressure regimes. We have treated the nonlin
refractive-index change as local in time based on the
sumed nonresonant light-matter interaction and similarly
the MPI where we assume no resonant enhancement. Fin
we may treat the optical response of the plasma quasis
cally if the pulse durationtp is greater than the electron-ato
collision timet, so that the plasma always remains close
equilibrium ~we also neglect any frequency energy dep
dence of the scattering rates!. For a pressure of 10 atm
which is in the midrange of what we will consider, th
electron-atom collision time ist'10 fs, which is much less
than the 200-fs pulses we consider here.

To describe the generation of electrons by the proces
MPI in Ar we employ the results of Ref.@3#. These authors
considered both the lowest-order perturbation theory of M
and the tunneling ionization theory and compared the res
with experiments on the yield of multiply charged ions. T
perturbation theory expression for MPI coincides with t
general Keldysh theory@29# in the limit of g@1, whereg2

5Ui /2Uq , with Uq5e2E 2/4mev
2 the quiver energy. In the
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opposite regimeg!1 the tunneling theory applies. For th
present study with peak intensitiesI p<1014 W/cm2, we find
g;1, so that neither extreme applies. However, Perryet al.
@3# found that the functional form of the perturbation theo
result applies well even in this regime as long as an effec
value for the MPI coefficientb (K) is employed, which is
obtained from the experiment. This is the approach we ad
in the present paper. Then the rate of generation of the e
tron density due to MPI is given by

S ]r

]t D
M PI

5
b~K !uEu2K

K\v
. ~2!

In using this simplified model we assume that only sing
charged ions are produced, which is consistent with the
striction to intensitiesI p<1014 W/cm2, and that the electron
density remains much less than the atomic densityr!Na .
We are also ignoring some of the finer details of MPI inclu
ing above-threshold ionization@30# and the frequency depen
dence of the MPI cross section.

To complete our model for the electron plasma we a
allow for cascade ionization and radiative recombinatio
which yields the final equation@27,31#

]r

]t
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nb
2

s

Ui
ruEu21

b~K !uEu2K

K\v
2ar2. ~3!

The first term on the right-hand side of this equation d
scribes the growth of the electron plasma by cascade~ava-
lanche! ionization, the second term is the contribution
MPI, which acts both as a source for the cascade process
as a contributor to plasma growth, and the third term
scribes the radiative electron recombination. For the sub
cosecond pulses considered here cascade ionization is
expected to play a major role, but we include it for comple
ness. In addition, if there is a free electron density in the
prior to the pulse it will also be amplified by cascade ioniz
tion. Thus we also include a background initial densityrb as
an initial condition.

B. Focusing geometry and material parameters

Figure 1 shows the focusing geometry considered h
We are interested in the situation where an initial collima
Gaussian beam enters the Ar sample following a lens of fo
length f ,

FIG. 1. Propagation geometry considered in the text. The pu
is incident onto the variable pressure gas cell through a thin len
focal lengthf .
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where Pin is the peak input power@P(t)5*2prdr uE(r ,
z50,t)u25Pinexp(22t2/tp

2)#, w0 is the spot size, andtp

52tp is the full temporal width at the 1/e2 points of the
pulse intensity distribution. In what follows we shall quo
the values of the full width at half maximum of irradianc
which is tFWHM5A2 ln 2tp , since it is the more generall
accessible experimental quantity. Under conditions of lin
focusing the input Gaussian beam comes to a focus
longitudinal position d5 f /(11 f 2/z0

2), where z0

5pw0
2nb /l0 is the Rayleigh range~diffraction length! of the

input beam. The size of the laser beamwf at the focus is
(wf /w0)25( f 2/z0

2)/(11 f 2/z0
2)5zf /z0 , with zf the Rayleigh

range of the focused beam.
For the numerical simulations to be presented here

consider the characteristic visible wavelength ofl0
5586 nm, for which the parameters appropriate to Ar a
pressure p̃ measured in atmospheres arenb51.012.7
31024p̃ from the Sellmeier formula in@32#, n254.9
310219p̃ cm2/W calculated using the approach of@33# for
the Ar data in @34,35#, K58, b (8)53.53102123p̃

m13 W27 @36#, Ui515.76 eV, andt5t0 / p̃, where t0
51.9310213 s @37#. The cross section for electron-neutr
inverse bremsstrahlung may be calculated usings
5(ke2/vme0)$t/@11(vt)2#%, giving s.(5.46310224

nb m2/ p̃)@11(vt0)2#/@11(vt0 / p̃)2#. Figure 2 shows the
variation of the various material parameters with pressu
The coefficient of radiative electron recombinationa is as-
sumed to be pressure independent and we adopted the
of 7310213 m23/s for it.

The GVD for Ar was obtained using the Sellmeier fo
mula for the refractive indexn(v) given by@32# from which
k(v)5vn(v)/c was formed and the GVD calculated. At th
wavelength of 586 nm this yields normal GVD with a valu
k950.26p̃ fs2/cm. The critical power for SF collapse in th
absence of plasma generation is calculated usingPcr

5l0
2/2pnbn2 , which yields the pressure dependent critic

powerPcr( p̃).(1.12 GW)/nbp̃ for the above parameters.
We have performed extensive numerical simulations

propagation in Ar for a wide range of pressures and in
field conditions. For the numerical simulations presen
here the parameters of the input field were chosen
tFWHM5200 fs, f 52.5 cm, andw05200 mm, giving a
Rayleigh range ofz0521 cm. We have chosen a focuse
input field for two reasons. First, for a collimated input bea
the peak intensity decreases with distance unless SF t
place, thereby linking MPI with SF, unless the input intens
exceeds the threshold for MPI. By introducing linear focu
ing we also allow for the case where MPI can occur witho
associated SF and this allows us to study the transitions f
SF dominated propagation to plasma and MPI domina
propagation. Second, by introducing linear focusing
propagation distances required to see the characteristic p
propagation effects are more realistic in terms of compu
tion time.
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C. Pressure-dependent regimes

As a precursor to the numerical simulations to be p
sented in Sec. III we first discuss the relative magnitudes
the effects appearing in the extended NLSE~1! as the pres-
sure is varied. Referring to Fig. 2 we see that~a! the GVD
(k9), ~b! SF (n2), and ~c! MPI (b (8)) all increase linearly
with pressure, as expected physically since the densit
increasing at fixed temperature and these effects there
dominate at high pressures.

This is the high-pressure regime forp*1000 atm. In con-
trast, at low pressures the critical power for SF diverges
SF ceases to be important, and similarly for the GVD, b
plasma-induced self-phase modulation and defocusing th
controlled by the productsvt in Fig. 2~d! becomes large
and dominates@15#. We remark that the parameters in Fig.
2~e!, which controls plasma absorption, actually decrease
low pressure, but the self-phase modulation survives sinc
also involves the electron collision ratet in Fig. 2~f!, which
increases with decreasing pressure~density!. This is the low-
pressure collisionless regimep<1 atm. For intermediate
pressures all the effects are present and SF, MPI, and op
breakdown all participate in the dynamics.

Figure 3 shows the characteristic regimes of behavior
Ar gas based on the computational results that are descr
in the next section. In the high-pressure regime we obse
strong self-focusing that is arrested by normal GVD and
MPI @38#, whereas the low-pressure regime is dominated

FIG. 2. Pressure dependence of the material parameters fo
~a! k9 governing GVD,~b! the SF coefficientn2 , ~c! the MPI co-
efficient b (8), ~d! svt, which governs plasma-induced self-pha
modulation,~e! the cross sections, which governs plasma absorp
tion, and~f! the electron collision timet.
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plasma blueshifting and defocusing with little influence fro
SF: For this reason we do not dwell much on this regim
There is also an interesting transition regime for intermed
pressures 1,p,10 atm where the SF and plasma effe
become comparable and produce interesting propagatio
fects. We now turn to the detailed numerical simulations a
present representative examples of the characteristic p
propagation effects in each pressure regime.

III. NUMERICAL SIMULATIONS

Equations~1! and ~3! with the inital conditions~4! and
rb'109 cm23 ~rather pure gas! were solved using the split
step method of the Strang type in which the propagation
broken into small consecutive linear and nonlinear st
@39#. In the linear steps we advance the transverse Lapla
using finite differences~Crank-Nicholson scheme with trans
parent boundary conditions@40#! and also calculate the linea
dispersion part~spectrally! of the field equation. The plasm
equation is solved~using the Crank-Nicholson scheme! dur-
ing the nonlinear field step~using the Runge-Kutta scheme!,
which includes the Kerr part of the nonlinearity. The typic
grid sizes were 2.5w0 in the radial direction and 5tFWHM in
the time domain and theDz step was chosen to ensure th
the phase difference between two adjacent points be s
compared top.

A. High-pressure regime

In the high-pressure regime SF, GVD, and MPI are
operative physical mechanisms, though we retain all effe
in our numerical simulations. The critical power for SF in t
high-pressure regimep;1000 atm isPcr;1 MW, with
corresponding peak intensityI p;109 W/cm2 for a spot size
of w05200 mm. The peak input intensity is therefore we
below the ionization thresholdsI th;101321014 W/cm2 to
generate electron densities of the orderr th'1017

21018 cm23, which are capable of absorbing the field a
arresting SF collapse. Therefore, for peak powers excee
the critical power the collapse can proceed a consider
distance before the effects of MPI become important,
which case the envelope approximations underlying
model may be violated. However, it was shown in Re
@21–24# that normal GVD can arrest collapse through a pu
splitting process before the envelope approximations are
lated. In this process self-modulation produces a positive

FIG. 3. Interesting pressure regimes identified for propagatio
Ar, along with the operative physical mechanisms and the cha
teristic propagation phenomena.
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quency chirp across the pulse and normal GVD then p
apart the two oppositely frequency-shifted halfs of the pul
thereby reducing the peak power and arresting the collap

An example of the pulse-splitting phenomenon for Ar
p51000 atm is shown in Fig. 4 forPin50.94Pcr , just be-
low the critical power but close enough to cause considera
nonlinear focusing especially in combination with the line
focusing: For higher input powers above the critical val
pulse splitting is still observed in our numerics though t
collapse is no longer arrested by normal GVD as in the
ample shown, that is, our numerical scheme breaks do
For the pressurep51000 atm used above the normal GV
of Ar is comparable to condensed matter systems, e.g., w
and fused silica, and multiple pulse splitting without asso
ated MPI has been reported for experiments in fused si
@25#.

Figure 4~a! shows the maximum on-axis intensity ov
time as a function of propagation distance and the initial
collapse, which is arrested atz'2.51 cm, after which the
intensity decreases monotonically. The on-axis pulse pro
at z52.59 cm, just past the linear focus, is shown in F
4~b! and shows the pulse-splitting effect. The correspond
superbroadened spectrum is shown in Fig. 4~c! and we see
that it remains highly symmetric: This is direct evidence th
the asymmetric spectral effects of plasma-induced blues
ing are not present in the high-pressure regime. In Fig. 5

in
c-

FIG. 4. ~a! Maximum on-axis field amplitude over time showin
the initial SF collapse and its arrest forp51000 atm andP
50.94Pcr , ~b! on-axis intensity as a function of time at the prop
gation distancez52.59 cm, and~c! the corresponding superbroad
ened normalized spectral intensity. The dash-dotted line in~a!
shows thez position at which the field characteristics of~b! and~c!
are shown.@The dashed line in~a! denotes the behavior of th
maximum on-axis field amplitude over time for linear Gauss
beams.#
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show the full spatio-temporal profile of the pulse atz
52.59 cm and considerable pulse reshaping is evident.

Figures 4 and 5 are representative of our findings in
high-pressure regime: SF collapse arrested by normal G
with little influence from MPI or plasma effects. However,
the pressure is reduced belowp51000 atm the norma
GVD is reduced in size and is no longer as effective at
resting the collapse. For example, forp5100 atm we found
that neither normal GVD or MPI could arrest the SF collap
in our model before the envelope approximations were v
lated in space and time. This clearly calls for higher-ord
corrections to the envelope approximations@41–43#, which
is beyond the scope of the present paper or, more gener
for transitioning from the envelope description to a nume
cal solution based on the full Maxwell equations in the
cinity of the collapse. What we would like to draw attentio
to is the fact that there exists a pressure range for prop
tion in Ar for which the envelope description becomes
valid under propagation and this provides an experime
testing ground for propagation theories beyond the us
slowly varying approximations in space and time.

B. Low-pressure regime

In the low-pressure regime plasma-induced defocus
dominates over the effects of SF and GVD. Indeed, suc
situation occurs for our parameters and geometry in Ar
ready at a pressure ofp51 atm: For an input power equal t
the critical powerPcr;1.12 GW the peak input intensity i
of the order of the ionization intensity, thus precluding a
strong SF effects. In Fig. 6~a! the on-axis electric field maxi
mum ~over time! is plotted as a function of the propagatio
distancez. We can see that the initial collapse is so
stopped by the defocusing caused by the generated pla
The corresponding on-axis density profile versusz is shown
in Fig. 6~b! and shows the strong plasma generation as
self-focusing is arrested.

The on-axis field as a function of time at a distance of
cm ~after the nonlinear focus but still before the linear foc
prediction! is shown in Fig. 7~a!. After the collapse is
stopped by the plasma generated by the front part of
pulse, the trailing edge of the pulse interacts with the gen
ated plasma and is defocused, causing a time shift of
on-axis pulse to earlier times~in the moving reference
frame!. We can get a better picture of the pulse shape a

FIG. 5. Space-time (r ,t) pulse profile at the propagation dis
tancez52.59 cm,p51000 atm, andPin50.94Pcr .
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the onset of the plasma effect from Fig. 8, which shows
space-time pulse profile atz52.3 cm: Here we clearly see
that the trailing edge of the pulse is defocused into rin
There are also marked temporal asymmetries associated
the plasma generation process as shown in Fig. 8. Th
asymmetries are also present in the pulse spectrum, w
shows a plasma-induced blueshift; see Fig. 7~b! @4,44,45#.
We did not investigate the regime of lower Ar pressur
p,1 atm in much detail because for our parameters in
region the plasma generation is so strong that the obse
effect of nonlinear self-focusing is still smaller and o
model becomes an approximation to the models describ

FIG. 6. ~a! Maximum over time of the on-axis electric fiel
amplitude and~b! on-axis density of generated plasma forp
51 atm andPin5Pcr . The dash-dotted line in~a! shows thez
position at which the the field characteristics in Fig. 7 are sho
@The dashed line in~a! denotes the behavior of the maximum o
axis field amplitude over time for linear propagation.#

FIG. 7. ~a! On-axis intensity as a function of time at the prop
gation distancez52.3 cm and~b! the corresponding normalize
spectral intensity forp51 atm andPin5Pcr . @The dashed line in
~b! denotes the initial (z50 cm) normalized spectral intensity.#
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multiple ionization by intense laser fields at lower pressu
via tunneling ionization@6–8,10#.

C. Transition region: Supercontinuum generation

There is a region of pressures where both Kerr nonline
ity and plasma effects are of the same magnitude resultin
competition between SF and plasma defocusing. Figu
9–11 show a series of space-time (r ,t) plots for the pulse
profile ~upper plot! and corresponding electron densi
~lower plot! for different propagation distancesz, for p
510 atm andPin51.975Pcr , with Pcr;0.1 GW. These
figures show that after the initial focusing~linear and nonlin-
ear! the growth of the field amplitude~therefore the inten-
sity! is arrested, with a concomitant increase in the elect
density. Thus, in this case the SF collapse is arrested by M
However, as seen in Figs. 10–11, as the pulse propaga
develops temporal structure, in particular a double-pea
structure. This second pulse develops on the trailing edg
the pulse as the leading pulse decays due to MPI absorp
Physically, as the initial pulse self-focuses the leading e
generates plasma, which serves to defocus the trailing e
into spatial rings; see Fig. 10. However, with increasi
propagation distance and as the leading edge pulse de
the spatial rings reform under the action of self-focusing a
produce the trailing edge pulse~see Fig. 11!. We previously

FIG. 8. Space-time (r ,t) pulse profile at the propagation dis
tancez52.3 cm, p51 atm, andPin5Pcr .

FIG. 9. Space-time (r ,t) pulse profile at the propagation dis
tance z52.0 cm, p510 atm, and Pin51.975Pcr . The inset
shows the maximum over time of the electric field amplitude.
s
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e
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observed this process for femtosecond pulse propagatio
air @46# where we term it dynamic spatial replenishment
distinguish it from the progressive pulse splitting process d
to GVD @21–26#.

For Ar at 10 atm we also observe that there is a range
input powers for which we observe a sustained maxim
~over time! of the on-axis intensity over longer propagatio
distances~on the order of centimeters!. An example of this
prolonged propagation is shown in Fig. 12~a! and shows that
after the SF collapse is arrested by MPI it maintains itsel
a distance of around 10 cm. Closer examination reveals
it is the second subpulse that produces the prolonged pr
gation after the leading edge pulse has decayed.

Recently, in Ref.@47# it was suggested that such pro
longed propagation in a focusing geometry can be due
self-trapping stabilized by plasma-defocusing. Figure 12~b!
shows the corresponding electron density in our compu
tions and we see that beyondz53 cm plasma generation
leading to absorption of the field is not significant. This su
gests a mechanism other than plasma defocusing is res
sible for the stabilization.

FIG. 10. Space-time (r ,t) pulse profile at the propagation dis
tance z52.3 cm, p510 atm, and Pin51.975Pcr . The inset
shows the maximum over time of the electric field amplitude.

FIG. 11. Full (r ,t)-space electric field amplitude plot and th
corresponding density of the generated plasma at the propag
distancez52.7 cm at 10 atm. The input power isP51.975Pcr .
The inset shows the maximum over time of the electric field am
tude.
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We attribute this prolonged propagation to se
channeling produced by the combined effects of SF
~weak! GVD, which can lead to the existence of the lon
range pulse propagation beyond the linear focus. It is w
known that self-trapping is unstable in two dimensions@14#,
but GVD can produce some stabilization through pulse sp
ting as mentioned previously. During this process a con
emission is observed numerically@48#, which could explain
the experimental observations. Having said this, we rem
that this stabilization is somewhat fragile and is already l
for a peak input powerPin*1.98Pcr , for which the second
pulse continues to self-focus rather than stabilize. Also,
the pulse propagates it undergoes temporal compression
to SF @49,50# and eventually splits. This can lead to pul
lengths on the order of 10 fs, where one has to be car
about interpreting the results of our model, which assume
slowly varying envelope approximation. At this stage o
should consider adding other correction terms consistentl
the model~shock terms, etc.! or transition to a full Maxwell
equation description.

D. Blue-side superbroadening of the pulse spectrum

If we constrain ourselves to the region of parameters
which we believe our slowly varying envelope and parax
approximation are valid, we can actually compare our res
with the experimental characteristics. In this paper
choose as a characteristic the blue-side superbroadenin
the spectrum, that is, the spectral width of the transmit
pulse on the blue side normalized to the pulse center
quency, and compare it to the measured counterpart in
eous CO2 at a pressure of 35 atm@17#.

In Fig. 13 we plot the width of the spectral region b
tween the central frequency of the pulse and the freque
~on the blue side! at which the spectral intensity reach
1026 of its value at maximum for different Ar pressures as
function of input pulse powerPin . Notice that the input

FIG. 12. ~a! Maximum over time of the on-axis electric fiel
amplitude and~b! on-axis density of generated plasma at 10 a
P51.975Pcr . @The dashed line in~a! denotes the behavior of th
maximum on-axis field amplitude over time for linear propagatio#
d

ll

t-
al

rk
t

s
ue

ul
a

to

r
l
ts
e
of

d
e-
s-

cy

power of the pulse is normalized to the respective criti
power Pcr , which is pressure dependent (nb and mainlyn2
are pressure dependent!. For low pressures we see that th
blue-side broadening increases with increasing input pow
due to plasma-induced blueshifting, but does not show
particular features as the input power approaches the cri
power, indicating the SF is not relevant in the low-press
regime @7,8#. In contrast, for higher pressuresp.100 atm
the blue-side broadening increases dramatically as the c
cal power is approached, indicative of both strong SF a
associated superbroadening@16#.

Our results for the blue-side broadening may be compa
with the experimental results in Fig. 5 of Francoiset al. @17#
using CO2 at 35 atm. We find qualitative agreement in th
there is a dramatic increase in the blue-side broadening a
critical power is approached for pressuresp*20 atm ~su-
percontinuum threshold!. After reaching the threshold fo
breakdown the broadening slows down but does not rea
constant value~see Fig. 13!.

IV. SUMMARY AND CONCLUSIONS

In summary, we have developed a comprehensive mo
for nonlinear pulse propagation in gaseous media, wh
solves the NLSE coupled to a rate equation describ
plasma generation. The model has been used to perform
merical simulations of nonlinear propagation in Ar, usin
visible pulses of 200-fs duration and in a focusing geome

Our primary goal in this study was to examine ho
plasma effects and self-focusing interact during ultrash
pulse propagation in Ar at different pressures and point
the limiting cases that were studied previously and the pr
lems one has to deal with in different pressure regimes.
this end we used a model incorporating the effects of plas
pulse interaction, self-focusing, multiphoton absorption, a
group velocity dispersion.

We found the most interesting features of femtoseco
pulse propagation in the intermediate region of pressu
where both the Kerr nonlinearity and plasma effect play
significant role. In the presence of the plasma the pulses w
sufficient power undergo self-focusing until their intensity
high enough to generate the plasma via MPI initially. T
initial electron density can also serve as a seed of the a
lanche ionization in the trailing portion of the pulse. A d

.

FIG. 13. Blue-side superbroadening/plasma broadening of
pulse spectrum as a function of the input power. The procedur
extracting this information from the data is described in the tex
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namic picture of multiple subpulse creation emerges that
fers from that of pulse splitting due to GVD. The trailing pa
of the pulse is spatially defocused by the plasma and, if it
enough power, can actually refocus again. This replen
ment mechanism creates a subpulse, which can either dif
or self-focus again and propagate beyond the linear fo
due to the combined effect of self-focusing and~normal!
group velocity dispersion. We showed qualitative agreem
of the blue-side spectral broadening of the pulses as a f
C

v.

v

Op

m

p.

ev

v,

t,
f-

s
h-
ct

us

nt
c-

tion of the input power for different pressures with the e
perimental results.
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