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Femtosecond pulse propagation in argon: A pressure dependence study
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We present a numerical study of self-focusing and optical breakdown of focused femtosecond pulses in
argon using an extended nonlinear Sclimger 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 regiop{ 1— 10 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.
[S1063-651%98)13509-2

PACS numbgs): 52.35.Mw, 52.25.Jm, 42.65.Jx

I. INTRODUCTION thereby reducing the power below the critical power and ar-
resting the collapse. In this process spatial defocusing due to
There has been considerable interest in nonlinear pulséne generated electron plasma can also halt the collapse. In
propagation in the transparency region of atomic and moether work Strickland and Corkum suggestei®,20 and
lecular gases over the past decade. Experiments have beetfiers/21-26 have shown that normal GVD can arrest self-
performed for a number of gases and a large range of pre$ocusing collapse by causing the incident pulse to split into
sures showing different characteristic effects. In the low-two pulses of reduced peak power. Our goal in this paper is
pressure or collisionless regimeg<1 atm) multiphoton to establish which collapse regularizing mechanisms are op-
ionization (MPI) [1-3] and plasma-induced blueshifting of erative in which pressure regimes and to identify the charac-
femtosecond pulses have been studide-8], along with teristic propagation phenomena in each regime. Since we are
plasma-induced spatial defocusiffy10] and a light pipe for  primarily concerned with beam collapse and the critical
laser pulses[11]. In contrast, for higher pressuresp ( Ppower scales as the inverse pressure, we shall concentrate on
>1 atm), in the collisional regime, nonlinear optical self- pressurep>1 atm.
focusing(SP becomes important when the peak input power The remainder of this paper is organized as follows. In
exceeds the critical power for self-focusiit—14 leading ~ Sec. Il we describe our theoretical model for pulse propaga-
to supercontinuum generation and optical breakddh&— tion in Ar, along with the material parameters and their
18]. variation with pressure. Section Ill describes our computer
In this paper we present a numerical study of femtosecondimulations in the various pressure regimes and elucidates
pulse propagation in argon using the pressure as a contréie characteristic phenomena in each. A discussion of the
parameter, our goal being to identify and elucidate the diffesults is given in Sec. IV and our summary and conclusions
ferent regimes of nonlinear pulse propagation. We have chare given in Sec. V.
sen Ar as a representative example of pulse propagation in
the noble gases and also because detailed parameters are
available for the linear and nonlinear optical properties. Our
motivation for undertaking this study was to investigate the In this section we describe our theoretical model for pulse
relative roles of SF, MPI, plasma-induced effects, and grougpropagation in Ar, in which an extended nonlinear Sehro
velocity dispersion(GVD) for femtosecond pulse propaga- dinger equation(NLSE) for the electric field envelope is
tion in the transparency region of gases. In particular, forcoupled to an equation for the electron density generated via
peak input powers exceeding the critical power for SF theMPI. This model is a nonlinear extension of one employed
paraxial wave theory of SF predicts beam collapse to a sinby Feit and FlecH27] to study plasma defocusing effects
gularity in a finite distanc¢12—14, but this clearly cannot and has previously been successfully used by Feray. to
happen physically. This raises the issue of what physicastudy nonlinear pulse propagation in waf2s].
mechanisms intervene to arrest, or regularize, the SF col-
lapse. For example, as the collapse proceeds the concomitant
high intensities can lead to MPI and optical breakdown,

IIl. THEORETICAL MODEL

A. Model equations

Assuming propagation along theeaxis and that the field
remains cylindrically symmetric, the equation for the electric
*Also at Physics Department, University of Ostrava, fBva 7,  field envelope&(r,z,t) in a reference frame moving at the
Ostrava, Czech Republic. group velocity is[28]
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where the terms on the right-hand side describe transverse f——k
beam diffraction, GVD, nonlinear SF, absorption and defo-
cusing due to the electron densipy and MPI processes
involving K photons. Herev is the optical frequency£]? is r
. . _ _ : n_ a2 2
the intensity, k=npko=npo/c, the quantityk”=d°k/dw FIG. 1. Propagation geometry considered in the text. The pulse

controls the magnitude and sign of the GVD, WhRh>0 s incident onto the variable pressure gas cell through a thin lens of
corresponding to normal dispersion aki<0 to anomalous focal lengthf.

dispersion,n,>0 is the nonlinear coefficient such that the
nonlinear change in the refractive indexrigl€|?, o is the  opposite regimey<1 the tunneling theory applies. For the
cross section for electron-neutral inverse bremsstrahlung, present study with peak intensitigg< 10* wien?, we find
is the electron collision relaxation time, agd<) is the non- v~1, so that neither extreme applies. However, Petrgl.
linear coefficient forkK-photon absorption. The order of the [3] found that the functional form of the perturbation theory
MPI is obtained fronK =[(U; /% w)], which is the minimum result applies well even in this regime as long as an effective
number of photons of energyw needed to overcome the value for the MPI coefficieni3®) is employed, which is
ionization energyJ; for liberating an electron. In general we obtained from the experiment. This is the approach we adopt
allow for different orders of MPI to be present, each with ain the present paper. Then the rate of generation of the elec-
different value ofK, but for the numerical simulations pre- tron density due to MPI is given by
sented here we specialize to one order.

The propagation Eq(1) is an extended NLSE that ac- (19_9> _BME

MPI

d=
15(}4)°

@

counts for the combined effects of linear GVD, SF, and non- ot KA w
linear absorption and defocusing due to the electron plasma.

In deriving this equation several approximations have beem using this simplified model we assume that only singly
made: In addition to the usual slowly varying envelope ap-charged ions are produced, which is consistent with the re-
proximations in space and time we retain only second-ordestriction to intensities, <10 W/cn¥, and that the electron
GVD as characterized bi”, we treat both the nonlinear density remains much less than the atomic densigN, .
refractive index ,) and nonlinear absorption3{¥)) as lo-  We are also ignoring some of the finer details of MPI includ-
cal in time, and we assume that the optical properties of théng above-threshold ionizatidi30] and the frequency depen-
generated electron plasnigerm proportional tao) may be  dence of the MPI cross section.

calculated quasistatically. The restriction to second-order To complete our model for the electron plasma we also
GVD is not an essential approximation and may be relaxedallow for cascade ionization and radiative recombination,
but we retain this description since recent work has shownvhich yields the final equatiof27,31

that second-order normal dispersion may already halt self-

focusing collaps¢19—26 and our prime concern here is to ip 1o . BYIE* )

show how the various physical effects regularize collapse in ot ? UP| | “Khe %P )
different pressure regimes. We have treated the nonlinear b
refractive-index change as Iocal_ In time based on the Sthe first term on the right-hand side of this equation de-
sumed nonresonant light-matter interaction and similarly for,

the MPI wh tenh CFi IIscribes the growth of the electron plasma by casdade-
e where we assume no resonant ennancement. Fina Pélnche ionization, the second term is the contribution of

we may treat the optical response of the plasma qua&statMPL which acts both as a source for the cascade process and

caII_y .'f th? pulse duration; is greater than the elegtron-atom as a contributor to plasma growth, and the third term de-
collision time 7, so that the plasma always remains close tg

fibri I lect p q scribes the radiative electron recombination. For the subpi-
equilibrium (we also neglect any irequency energy 4epent,second pulses considered here cascade ionization is not
dence of the scattering rajedor a pressure of 10 atm,

hich is in th i ¢ what i der. th expected to play a major role, but we include it for complete-
WI Ich 1S In the lfl‘.“'. range o ~W]_0af we hWIh consi ;"rl € ness. In addition, if there is a free electron density in the Ar
electron-atom collision time is=~10 fs, which Is much less prior to the pulse it will also be amplified by cascade ioniza-
than the 200-fs pulses we consider here.

) . tjon. Thus we also include a background initial dengityas
To describe the generation of electrons by the process g Py

MPI in Ar we employ the results of Ref3]. These authors n initial condition.
considered both the lowest-order perturbation theory of MPI
and the tunneling ionization theory and compared the results
with experiments on the yield of multiply charged ions. The Figure 1 shows the focusing geometry considered here.
perturbation theory expression for MPI coincides with theWe are interested in the situation where an initial collimated
general Keldysh theorf29] in the limit of y>1, wherey?>  Gaussian beam enters the Ar sample following a lens of focal
=U;/2U,, with U,=e?€?%/4mew? the quiver energy. In the lengthf,

B. Focusing geometry and material parameters
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where P;, is the peak input powefP(t)=f2mrdr|&(r, () <1 (b)
z=01)|>=Pi,exp(-2%/t)], w, is the spot size, andr, N o
=2t, is the full temporal width at the ¢f points of the 0 200Prgggur96&?m)800 1000 0 200Prgggures(g$m)800 1000
pulse intensity distribution. In what follows we shall quote
the values of the full width at half maximum of irradiance, 4
which is 7eywyw=v2 In 27,, since it is the more generally %
accessible experimental quantity. Under conditions of linear &
focusing the input Gaussian beam comes to a focus at ¢ § .
longitudinal  position d=f/(1+f2/z(2)), where  z, ;
= mw3n,/\ is the Rayleigh rang@iffraction length of the s 1t (€)
input beam. The size of the laser beawp at the focus is = o oob .
(Wf/WO)ZZ(fZ/Zg)/(lJFfZ/ZS):Zf/ZO, with z; the Rayleigh 0 200 400 600 800 1000 0 200 400 600 800 1000
range of the focused beam. Pressure (atm) Pressure (atm)
For the numerical simulations to be presented here we s 10713
consider the characteristic visible wavelength af; 10h
=586 nm, for which the parameters appropriate to Ar at a ~ ,,! v
~ g
pressurep measured in atmospheres arg=1.0+2.7 % o6k )
x10“p from the Sellmeier formula in[32], n,=4.9 7 o4t © 1015l "
%10~ cm?/W calculated using the approach [&3] for 02k ]
the Ar data in [34,35, K=8, pB®=35x10 %P ool . ot
13 —7 ~ 0 200 400 600 800 1000 0 200 400 600 800 1000
m=> W~ [36], U;=15.76 eV, andr=17,/p, where 7y Pressure (atm) Pressure (atm)

=1.9x10 ' s[37]. The cross section for electron-neutral

Tveresze bremsstrahlung 2 may . pe calculated “S_'S'E (a) k" governing GVD,(b) the SF coefficient,, (c) the MPI co-
=(k > mefo){T/[lj(U’T) 1} 9"2‘”9 _0:(5'4& 10 efficient 8®, (d) cwr, which governs plasma-induced self-phase
Np M7/p)[1+(w7)“)/[1+(wTe/p)“]. Figure 2 shows the modulation,(e) the cross sectionr, which governs plasma absorp-
variation of the various material parameters with pressuretion, and(f) the electron collision timer-.

The coefficient of radiative electron recombinatianis as-

sumed to be pressure independent and we adopted the value C. Pressure-dependent regimes

of 7x107 1 m~3/s for it.

The GVD for Ar was obtained using the Sellmeier for-
mula for the refractive inder(w) given by[32] from which
k(w)=wn(w)/c was formed and the GVD calculated. At the
wavelength of 586 nm this yields normal GVD with a value

FIG. 2. Pressure dependence of the material parameters for Ar:

As a precursor to the numerical simulations to be pre-
sented in Sec. Ill we first discuss the relative magnitudes of
the effects appearing in the extended NL&E as the pres-
sure is varied. Referring to Fig. 2 we see tlatthe GVD
; S N _ (k"), (b) SF (n,), and(c) MPI (B®) all increase linearly
k”=0.26p fs°/cm. The critical power for SF collapse in the \yith pressure, as expected physically since the density is
absence of plasma generation is calculated UsRg increasing at fixed temperature and these effects therefore
=\g/2mnpny, which yields the pressure dependent criticalgominate at high pressures.
power P, (p)=(1.12 GW)h,p for the above parameters. This is the high-pressure regime for 1000 atm. In con-

We have performed extensive numerical simulations ofrast, at low pressures the critical power for SF diverges and
propagation in Ar for a wide range of pressures and inpuSF ceases to be important, and similarly for the GVD, but
field conditions. For the numerical simulations presenteglasma-induced self-phase modulation and defocusing that is
here the parameters of the input field were chosen asontrolled by the productwr in Fig. 2(d) becomes large
Tewnm=200 fs, f=2.5 cm, andwy=200 um, giving a and dominate§l5]. We remark that the parameterin Fig.
Rayleigh range ofz,=21 cm. We have chosen a focused 2(e), which controls plasma absorption, actually decreases at
input field for two reasons. First, for a collimated input beamlow pressure, but the self-phase modulation survives since it
the peak intensity decreases with distance unless SF takatso involves the electron collision ratein Fig. 2(f), which
place, thereby linking MPI with SF, unless the input intensityincreases with decreasing press(density. This is the low-
exceeds the threshold for MPI. By introducing linear focus-pressure collisionless regimp<1 atm. For intermediate
ing we also allow for the case where MPI can occur withoutpressures all the effects are present and SF, MPI, and optical
associated SF and this allows us to study the transitions frorareakdown all participate in the dynamics.

SF dominated propagation to plasma and MPI dominated Figure 3 shows the characteristic regimes of behavior for
propagation. Second, by introducing linear focusing theAr gas based on the computational results that are described
propagation distances required to see the characteristic pulée the next section. In the high-pressure regime we observe
propagation effects are more realistic in terms of computastrong self-focusing that is arrested by normal GVD and/or
tion time. MPI [38], whereas the low-pressure regime is dominated by
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FIG. 3. Interesting pressure regimes identified for propagationin ¢ E 3
Ar, along with the operative physical mechanisms and the charac- & %00t E
teristic propagation phenomena. Ot =
-200 -100 0 100 200
. . . . . time (fs
plasma blueshifting and defocusing with little influence from  _ ()
. . . [
SF: For this reason we do not dwell much on this regime. £ 10
. N . o . " . =1 AT =
There is also an interesting transition regime for intermediate 4 o8k 7= 259 om E
pressures £ p<10 atm where the SF and plasma effects & 0'65 3
. . . 1) o
become comparable and produce interesting propagation ef- oab
fects. We now turn to the detailed numerical simulationsand g '
present representative examples of the characteristic pulse Z g'sg'
: . . @ 0.
propagation effects in each pressure regime. £ 56 28 30 32 34 36 38 40

Angular frequency (10'® Hz)

Ill. NUMERICAL SIMULATIONS . L ) . .
FIG. 4. (8) Maximum on-axis field amplitude over time showing

Equations(1) and (3) with the inital conditions(4) and  the initial SF collapse and its arrest far=1000 atm andP
pp~10° cm™2 (rather pure ggswere solved using the split- =0.94P,, (b) on-axis intensity as a function of time at the propa-
step method of the Strang type in which the propagation igation distance=2.59 cm, andc) the corresponding superbroad-
broken into small consecutive linear and nonlinear stepgned normalized spectral intensity. The dash-dotted lingajn
[39]. In the linear steps we advance the transverse Laplacia#fows thez position at which the field characteristics (@) and(c)
using finite difference¢Crank-Nicholson scheme with trans- are shown[The dashed line ina) denotes the behavior of the
parent boundary conditiorfid0]) and also calculate the linear Maximum on-axis field amplitude over time for linear Gaussian
dispersion partspectrally of the field equation. The plasma Peamsl
equation is solvedusing the Crank-Nicholson schejmdur-
ing the nonlinear field stefusing the Runge-Kutta scheime quency chirp across the pulse and normal GVD then pulls
which includes the Kerr part of the nonlinearity. The typical apart the two oppositely frequency-shifted halfs of the pulse,
grid sizes were 215, in the radial direction and %y in  thereby reducing the peak power and arresting the collapse.
the time domain and thAz step was chosen to ensure that An example of the pulse-splitting phenomenon for Ar at

the phase difference between two adjacent points be smal=1000 atm is shown in Fig. 4 foP;,=0.94P,, just be-
compared tor. low the critical power but close enough to cause considerable

nonlinear focusing especially in combination with the linear
focusing: For higher input powers above the critical value
pulse splitting is still observed in our numerics though the
In the high-pressure regime SF, GVD, and MPI are thecollapse is no longer arrested by normal GVD as in the ex-
operative physical mechanisms, though we retain all effectample shown, that is, our numerical scheme breaks down.
in our numerical simulations. The critical power for SF in the For the pressure=1000 atm used above the normal GVD
high-pressure regimg@~1000 atm isP,~1 MW, with  of Aris comparable to condensed matter systems, e.g., water
corresponding peak intensit)plog W/cn? for a spot size  and fused silica, and multiple pulse splitting without associ-
of wo=200 um. The peak input intensity is therefore well ated MPI has been reported for experiments in fused silica
below the ionization thresholds,~ 10— 10 W/cn? to  [25].
generate electron densities of the order,~10' Figure 4a) shows the maximum on-axis intensity over
—10'® cm™3, which are capable of absorbing the field andtime as a function of propagation distance and the initial SF
arresting SF collapse. Therefore, for peak powers exceedingpllapse, which is arrested at=2.51 cm, after which the
the critical power the collapse can proceed a considerablatensity decreases monotonically. The on-axis pulse profile
distance before the effects of MPI become important, inat z=2.59 cm, just past the linear focus, is shown in Fig.
which case the envelope approximations underlying ou#(b) and shows the pulse-splitting effect. The corresponding
model may be violated. However, it was shown in Refs.superbroadened spectrum is shown in Fig,) 4nd we see
[21-24 that normal GVD can arrest collapse through a pulsehat it remains highly symmetric: This is direct evidence that
splitting process before the envelope approximations are vidhe asymmetric spectral effects of plasma-induced blueshift-
lated. In this process self-modulation produces a positive freing are not present in the high-pressure regime. In Fig. 5 we

A. High-pressure regime
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FIG. 5. Space-timer(t) pulse profile at the propagation dis-
tancez=2.59 cm,p=1000 atm, and®;,=0.94P,., .

1 2 4
show the full spatio-temporal profile of the pulse at ° z (cm) °
=2.59 cm and considerable pulse reshaping is evident.

Figures 4 and 5 are representative of our findings in the FIG. 6. (a) Maximum over time of the on-axis electric field

high-pressure regime: SF collapse arrested by normal Gv@mplitude and(b) on-axis density of generated plasma fpr
with little influence from MPI or plasma effects. However, as =1 atm andP;, =P, . The dash-dotted line itta) shows thez
the pressure is reduced belop~=1000 atm the normal position at Wh!Ch Fhe the field charactens_tlcs in Fig. 7 are shown.
GVD s reduced in size and is no longer as effective at arlThe dashed line iria) denotes the behavior of the maximum on-
resting the collapse. For example, for= 100 atm we found axis field amplitude over time for linear propagatipn.
that neither normal GVD or MPI could arrest the SF collapse
in our model before the envelope approximations were viothe onset of the plasma effect from Fig. 8, which shows the
lated in space and time. This clearly calls for higher-orderspace-time pulse profile a=2.3 cm: Here we clearly see
corrections to the envelope approximatiddd—43, which  that the trailing edge of the pulse is defocused into rings.
is beyond the scope of the present paper or, more generallfhere are also marked temporal asymmetries associated with
for transitioning from the envelope description to a numeri-the plasma generation process as shown in Fig. 8. These
cal solution based on the full Maxwell equations in the vi- asymmetries are also present in the pu|se Spectrum, which
cinity of the collapse. What we would like to draw attention gpows a plasma-induced blueshift; see Fifp) 74,44,45.
to is the fact that there exists a pressure range for propagdgye did not investigate the regime of lower Ar pressures
tion in Ar for which the envelope description becomes in-p1 atm in much detail because for our parameters in this
valid under propagation and this provides an experimentalagion the plasma generation is so strong that the observed
testing ground for propagation theories beyond the usudffect of nonlinear self-focusing is still smaller and our
slowly varying approximations in space and time. model becomes an approximation to the models describing

B. Low-pressure regime

o 40F

In the low-pressure regime plasma-induced defocusing uf 30
dominates over the effects of SF and GVD. Indeed, such a =
situation occurs for our parameters and geometry in Ar al- ;‘ 20
ready at a pressure pf=1 atm: For an input power equal to 410 :
the critical powerP,~1.12 GW the peak input intensity is w g
of the order of the ionization intensity, thus precluding any 300 -200 -100 0 100 200 300
strong SF effects. In Fig.() the on-axis electric field maxi- time (fs)
mum (over time is plotted as a function of the propagation
distancez. We can see that the initial collapse is soon § 10
stopped by the defocusing caused by the generated plasma. & 0.85
The corresponding on-axis density profile vergus shown a 0.65
in Fig. 6(b) and shows the strong plasma generation as the § 0'45
self-focusing is arrested. 2 .

The on-axis field as a function of time at a distance of 2.3 2 0'2;
cm (after the nonlinear focus but still before the linear focus % 0.0

3.20 3.22 3.24

prediction is shown in Fig. 7a). After the collapse is Angular frequency (10" Hz)

stopped by the plasma generated by the front part of the

pulse, the trailing edge of the pulse interacts with the gener- FIG. 7. (a) On-axis intensity as a function of time at the propa-
ated plasma and is defocused, causing a time shift of thgation distancez=2.3 cm and(b) the corresponding normalized
on-axis pulse to earlier timegin the moving reference spectral intensity fop=1 atm andP;,=P,,. [The dashed line in
frame. We can get a better picture of the pulse shape aftefb) denotes the initial{=0 cm) normalized spectral intensity.
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FIG. 8. Space-timer(t) pulse profile at the propagation dis-

tancez=2.3 cm,p=1 atm, andP;,=P,,. 120 509 time (fs)

multiple ionization by intense laser fields at lower pressures FIG. 10. Space-timer(t) pulse profile at the propagation dis-
via tunneling ionizatior6—8,10. tance z=2.3 cm, p=10 atm, and Pin=1.97F, . The_ inset
shows the maximum over time of the electric field amplitude.

C. Transition region: Supercontinuum generation observed this process for femtosecond pulse propagation in
~ There is a region of pressures where both Kerr nonlinearajr [46] where we term it dynamic spatial replenishment to
ity and plasma effects are of the same magnitude resulting ijstinguish it from the progressive pulse splitting process due
competition between SF and plasma defocusing. Figureg GvD [21-26.

9-11 show a series of space-timgtj plots for the pulse For Ar at 10 atm we also observe that there is a range of
profile (upper plo} and corresponding electron density input powers for which we observe a sustained maximum
(lower ploy for different propagation distances for p  (over time of the on-axis intensity over longer propagation
=10 atm andP;,=1.97%P, with P;,~0.1 GW. These (distancegon the order of centimetetsAn example of this
figures show that after the initial focusirignear and nonlin-  prolonged propagation is shown in Fig.(&2and shows that
eap the growth of the field amplitudéherefore the inten-  after the SF collapse is arrested by MPI it maintains itself at
sity) is arrested, with a concomitant increase in the electror distance of around 10 cm. Closer examination reveals that
density. Thus, in this case the SF collapse is arrested by MPj is the second subpulse that produces the prolonged propa-
However, as seen in Figs. 10—11, as the pulse propagatesghtion after the leading edge pulse has decayed.

develops temporal structure, in particular a double-peaked Recently, in Ref[47] it was suggested that such pro-
structure. This second pulse develops on the trailing edge @énged propagation in a focusing geometry can be due to
the pulse as the leading pulse decays due to MPI absorptioBelf-trapping stabilized by plasma-defocusing. Figurébll2
Physically, as the initial pulse self-focuses the leading edgehows the corresponding electron density in our computa-
generates plasma, which serves to defocus the trailing edg®ns and we see that beyomj::; cm p|asma generation
into spatial rings; see Fig. 10. However, with increasingleading to absorption of the field is not significant. This sug-

propagation distance and as the leading edge pulse decayfssts a mechanism other than plasma defocusing is respon-
the spatial rings reform under the action of self-focusing andjple for the stabilization.

produce the trailing edge pulgsee Fig. 11 We previously

10|
15 A 5
10| '
0
Ay “ 6 12 2 (cm)
[ = P SN

122 (cm) |amplitude| {

|[amplitude| >

density

density -120

transverse
-120 space (um) .
transverse 120 509 time (fs)

space (um) ime (f9)
ime (fs

FIG. 11. Full (,t)-space electric field amplitude plot and the
corresponding density of the generated plasma at the propagation

FIG. 9. Space-timer(t) pulse profile at the propagation dis- distancez=2.7 cm at 10 atm. The input power B=1.97%, .
tance z=2.0 cm, p=10 atm, andP;,=1.97%.,. The inset The inset shows the maximum over time of the electric field ampli-
shows the maximum over time of the electric field amplitude. tude.
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extracting this information from the data is described in the text.
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N 1E , FIG. 13. Blue-side superbroadening/plasma broadening of the
?_u E pulse spectrum as a function of the input power. The procedure of
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_ _ _ ~ power of the pulse is normalized to the respective critical
FI_G. 12. (a) MaX|mu_m over time of the on-axis electric field power P.,, which is pressure dependemt,(and mainlyn,

amplitude andb) on-axis de.nS|t)./ of generated plasma.at 10 atm.gre pressure dependgnEor low pressures we see that the

P=1.97%,, . [The dashed line irta) denotes the behavior of the 1, e-side broadening increases with increasing input power,

maximum on-axis field amplitude over time for linear propagation. due to plasma-induced blueshifting, but does not show any

particular features as the input power approaches the critical
power, indicating the SF is not relevant in the low-pressure

We attribute this prolonged propagation to self-regime[7,8]. In contrast, for higher pressurgs>100 atm

channeling produced by the combined effects of SF andhe blue-side broadening increases dramatically as the criti-

(weak GVD, which can lead to the existence of the long-cal power is approached, indicative of both strong SF and

range pulse propagation beyond the linear focus. It is welssociated superbroadenijig].

known that self-trapping is unstable in two dimensifh4], Our results for the blue-side broadening may be compared

but GVD can produce some stabilization through pulse splitwith the experimental results in Fig. 5 of Franceisal. [17]

ting as mentioned previously. During this process a conicatising CQ at 35 atm. We find qualitative agreement in that

emission is observed numericallg8], which could explain there is a dramatic increase in the blue-side broadening as the

the experimental observations. Having said this, we remarkritical power is approached for pressuggs 20 atm (su-

that this stabilization is somewhat fragile and is already lospercontinuum threshold After reaching the threshold for

for a peak input poweP;,=1.98P,, for which the second breakdown the broadening slows down but does not reach a

pulse continues to self-focus rather than stabilize. Also, asonstant valugsee Fig. 13

the pulse propagates it undergoes temporal compression due

to SF[49,50 and eventually splits. This can lead to pulse IV. SUMMARY AND CONCLUSIONS

lengths on the order of 10 fs, where one has to be careful )

about interpreting the results of our model, which assumes a In summary, we have developed a comprehensive model

slowly varying envelope approximation. At this stage one'©" nonlinear pulse propagation in gaseous media, which

should consider adding other correction terms consistently t50V€S the NLSE coupled to a rate equation describing

the model(shock terms, etg.or transition to a full Maxwell  Plasma generation. The model has been used to perform nu-

equation description. merical simulations of nonlinear propagation in Ar, using
visible pulses of 200-fs duration and in a focusing geometry.
D. Blue-side superbroadening of the pulse spectrum Our primary goal in this study was to examine how

plasma effects and self-focusing interact during ultrashort
If we constrain ourselves to the region of parameters fopulse propagation in Ar at different pressures and point out
which we believe our slowly varying envelope and paraxialthe limiting cases that were studied previously and the prob-
approximation are valid, we can actually compare our resultfems one has to deal with in different pressure regimes. To
with the experimental characteristics. In this paper wethis end we used a model incorporating the effects of plasma-
choose as a characteristic the blue-side superbroadening pfilse interaction, self-focusing, multiphoton absorption, and
the spectrum, that is, the spectral width of the transmittedjroup velocity dispersion.
pulse on the blue side normalized to the pulse center fre- We found the most interesting features of femtosecond
quency, and compare it to the measured counterpart in gapulse propagation in the intermediate region of pressures,
eous CQ at a pressure of 35 athi7]. where both the Kerr nonlinearity and plasma effect play a
In Fig. 13 we plot the width of the spectral region be- significant role. In the presence of the plasma the pulses with
tween the central frequency of the pulse and the frequencyufficient power undergo self-focusing until their intensity is
(on the blue sideat which the spectral intensity reaches high enough to generate the plasma via MPI initially. The
1076 of its value at maximum for different Ar pressures as ainitial electron density can also serve as a seed of the ava-
function of input pulse poweP;,. Notice that the input lanche ionization in the trailing portion of the pulse. A dy-
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namic picture of multiple subpulse creation emerges that diftion of the input power for different pressures with the ex-
fers from that of pulse splitting due to GVD. The trailing part perimental results.

of the pulse is spatially defocused by the plasma and, if it has
enough power, can actually refocus again. This replenish-
ment mechanism creates a subpulse, which can either diffract We are indebted to Professor Nicolaas Bloembergen for
or self-focus again and propagate beyond the linear focusuggesting this problem to us and for_valuable di_scussion_s.
due to the combined effect of self-focusing afbrma) The research was sponsored by the Air Force Office of Sci-

S . LD ntific Research, Air Force Materiel Command, USAF, un-
group velocity dispersion. We showed qualitative agreemenger Grants Nos. AFOSR E49620-97-1-0002 and AFOSR-97-

of the blue-side spectral broadening of the pulses as a fung-g142.
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