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Abstract

In this contribution, we investigate the femtosecond filatneteractions in gas by employing Hermite-
Gaussian TEM, mode focused by lens in argon gas by means of numericallyatiag the 3 1 dimension
nonlinear Schrodinger equation. High-resolution sptgimporal characteristics has been obtained. The
TEMgp, mode laser pulse, which has three lobes in the plane pexpéadio the propagation direction, can
form three filaments. In the filamentation region, inter@ctbetween the lobes occurs at the trailing parts of
the laser filaments where correspond to the blueshiftedrsopénuum generated by self-phase modulation
and plasma. We find the energetic spatio-temporal fragnaetsnore inclined to repulsion rather than
fusion when close to each other, which may imply that two@slja single filaments dislike to combine into
a 'big filament’ in multi-filaments. It seems that the phenoim of repulsion bears no relation to the phase
difference between the input sub-pulses. Our finding may helpderatand why one cannot supply energy

to single filament by multi-filaments fusion until to now.
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I. INTRODUCTION

It has been for nearly twenty years since the first experiadastiservation of femtosecond
laser self-channeling by Bratet al. in 1995 [1], which is commonly accepted as the beginning
of modern filamentation optics science. However, femtoséditamentation is still a very active
research field in strong-field science (see the list of pabbas [2]), which, in our opinion, mainly
benefits from the abundant and diverse nonlinear dynamitgifilaments and consequent many
novel phenomena and potential applications. As far as theenigal simulation is concerned, the
radially-symmetrical nonlinear Schrodinger equatioB{2 NLS) as a main tool describing the
propagation phenomena has been solved many times ancstitj olved currently due to its less
computational demand and its proved potential ability tkklia many basic problem. However,
to be limited by the axis-symmetrical requirement of+ZDNLS, some more generally existing
non-axisymmetric or symmetry-breaking propagation peoid still need to numerically solve
the full three space-dimensional nonlinear Schrodingeragon (3Dr1 NLS). There have been
some examples [3—14], amidst which the filament interactidk-13] and multi-filamentation

competition [3—8] are two traditional themes that need ®the 3D-1 NLS.

In the aspect of filaments interaction, some early studigpyse laser beams instead of pulse.
Although the authors also use the word of 'filament’ insteBdaif-trapping beam’, the filament is
actually diferent from the concept of femtosecond laser filaments nowlwaccepted. Thus the
details of interaction in temporal domain can not be obthin@ etal [11] have published a paper
on spatio-temporal interaction of flaments in 2006, whererg case such as attraction, fusion,
repulsion, and spiral propagation has been discussed loynasg a constant phasefidirence
between two filaments’ envelope from the viewpoint of irkeehce. However, the phase in the
filaments is both frequency- and space-dependent, whickftire results that the constant phase

difference do not appear to in the actual filaments interaction.

In this contribution, we investigate the filaments intei@ctfrom some spatio-temporal de-
tails aspects by considering the nonlinear propagatioreoftésecond TEN; mode Hermite-
Gaussian(HG) laser pulse using high-resolution grids #iL{3limension numerical simulation.
The TEM,, mode has three lobes in the plane perpendicular to the patipaglirection, which
will produce three filaments and interact with each othermfoeusing by lens. we find that
the energetic spatio-temporal fragments are more inclinegpulsion rather than fusion when

close to each other. The repulsion eventually results theemplits into many spatio-temporal
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fragments.

This paper is organized as follows. In Sec. I, we provide ereew of the nonlinear propaga-
tion model and the numerical technique to evaluate it. In Beeve discuss the details on TEM
mode HG femtosecond laser pulse. our results are briefly urped in Sec. IV. In the appendix,

we provide the code structure used to numerically evaluatel3NLS in parallel.

II. PHYSICAL MODELS AND NUMERICAL TECHNIQUE

The HG transverse mode can be generated from the lasersabptisonator which is de-
signed radially asymmetrically [16]. The linear propagatof monochromatic HG beam has been
widely investigated. Siegman [16] has given a analyticgregsion on the linear propagation of
monochromatic HG beam focused in media, which show the beasepve its HG profile during
propagation. The result also indicated there exists noant®n among the éierent lobes of HG
beam. Siegman’s analytical formula cannot be applied t@thpagation of laser pulse with HG
transverse mode due to the existence of dispersion. Edigewiben the laser pulse is enough
strong, the nonlinearfiects due to self-focusing and plasma generation by medization will
break its original HG profile, even cause interaction betwtbe diferent lobes.

Considering a linearly polarized femtosecond transfamitéd laser pulse with HG transverse
TEM,o mode with Gaussian temporal profile focused by a lens in angaler the standard atmo-

spheric pressure. Its electric fiedg = £o(X, y, t) can be described as

8x? X2 +y? t?
& = Ao(v — 2)expt W2 )exp(—ﬁ

0 0 0

~ wot). 1)

After the lens, the specti& = (X, Y, w) Of its electric field at the plane immediately behind the

lens can be expressed as

80 = VAToAo(8X* /WG — 2)expl-(x* + y*) /W]
xexpliw(x® + y?)/2¢ flexp[-T3(w — wo)?/4], (2)

whereTy = 254 fs is the pulse duration (correspondsg@nm =~ 30 fs),wy = 4 mm is the spot
size,c is the light speed in vacuuny, = 2.36 PHz is the laser carrier frequency (wavelength
Ao = 800 nm),f = 1 mis the focal lengthd, = 3.287x 10’ V/m is the electric field amplitude
(corresponds to pulse energy6.9 mJ). The parameter values are used in the simulations also

shown above together. The relationships among the amplgidoeak poweP, and energ\e of
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the TEMy, mode Gaussian laser pulse dte= 4rwA3 andE = 8(r/2)*?W2T3AZ, respectively.
The Fourier transformation and its reverse used in this plgveen the electric field and its
spectrag are defined ag = [*Je€“'dtande = (1/2n) [ *Jze'“'dw respectively. In terms of
Eg. (2), we can see that the HG mode laser pulse preserveadgitsab intensity profile for each
frequency component at the plane immediately behind th& Mhich show the focusingfect
caused by lens do not change the beam mode although a pasgjgemdent phase-shift has been
added.

The unidirectional propagation model picturing the speedaif electric field in the group-
velocity moving reference frame can be expressed as [17]

iow? —
oY Bl 3)

0,8 = — V2% + iD(w)F + )

2k(w)

wherez is the spectra of electric fieldFy, = Py, + iJ/w describes the nonlinearity con-
taining the Kerr nonlinear polarizatioRy, and the current density. D(w) = k(w) — k@ —
kb = == (k" /nl)(w — wo)" describes the chromatic dispersion R = nywo/c andk® =
(d"k(w)/dw") -, Here we have drop the(y, z, w) dependence o&( Fy, Py, J) and (., z 1)
dependence oR, J) for clarity. The plasma densigy = p(X, Y, z t) is described as

8o = W(lel)(ont — p) + oplel’/1p, (4)

where the ionization rateé/(|¢?) is evaluated by multi-photon ionization modéllsjs the atomic
ionization potential of argon and is the cascade ionization rate. The parameters for argah use
in our simulation have been listed in the recent referen®g [1

To directly or split-step evaluate the Eq. (3) combininghaig. (4), the widely used methods
are the finite dierence method [20] and the fourth-order Runge Kutta (RK4how[17]. This
two kind of methods have almost the same calculation speteeirvaluation of 2B1 NLS and
both can be generalized to evaluate ther3INLS, however, the RK4 method need in principle
to calculate the electron density four times in every praepiag step comparing to the finite dif-
ference method which just calculate the electron densig/tone in every step. In the case of
2D+1 NLS, the electron density is evaluated very fast, howekerCPU time will increase in the
evaluation of 33-1 NLS due the repetitive calculations of electron density.cQurse, we also
can just evaluate the electron density one time in everyistdpe RK4 method, which in fact do
not cause error. Here we numerically evaluated the Eq. (Byuke alternating direction implicit

(ADI) Peaceman-Rachford finiteféierence scheme, which read as follows [21]:
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For every discretized laser frequenoy from wmin t0 wmax We evaluated the propagation of
the discretized electric-field specfa‘r%;l = g(jAX kAy, (n + 1)A2) from nAz to (n + 1)Az by two
half-steps. The first half-step with step-sixe/2 corresponding to x-implicit and y-explicit read
as

—~n+1/2 —~N+1/2 ~n+1/2
_ngj—l,k + (1 + 2DX - Dl)gj,k - DX8j+1,k
_ n N =N

+61(3F, — F1.72), (5)
and the second half-step with step-s#z&?2 corresponding to y-implicit and x-explicit read as

—n+1 —N+1 N+l
_ p =l/2 _ ~n+1/2 ~n+1/2
— ngj,k—l + (1 2DX + DI)S],k + ngj,k-l-l

+6(BF 2 = FT). (6)

Where the cofficients are defined aBy = iAz/(4k(wi))AX?), Dy = iAz/(4k(wi)AY?) , D, =
iAZD(w;)/4, ands; = itow?Az/(8k(wi)) respectively, and\x and Ay are the grid-spacing in the
x andy orientations respectively. The nonlinear term is disatdig Adams-Bashforth scheme
[21] as has been used by Couaimtral. [20]. We use intensity-dependent propagation ste@-siz
Az, = Azlg/l1,. Herelg andl,, are the peak intensity of the initial and the nth step, retbadyg.

Our code based on the numerical scheme shown above is run eskep workstation with
two Intel Xeon E5620 CPUs. The higher computatiorfiteency comes from the combination
of OpenMP parallel computing techniques with the usagergjlsiprecision number instead of
double-precision number generally used in the evaluati@Da-1 NLS. The reasonability to use
single-precision number has been justified by ous2@ode. For the details of the code, please
see the Appendix.

. NUMERICAL RESULTS AND DISCUSSION

In this section, we will discuss the propagation of TiIvhode laser pulse in argon. Consider-
ing the complete 3B1 dimensional numerical simulation can be very time-coriagirhowever,
one always hope higher resolution can be obtained by usiacespme grid of limited numbers.
During the simulation, the larger is the light spot, the ngpatial grids are needed. Therefore, our

trick is that we replace the nonlinear propagation by lirrapagation in the region near the back
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plane of the lens and far away from the focus point where ther lentensity is relatively low to it
in the filaments. this original idea comes from the fact thatlinear propagation of TEj mode
pulse can be evaluated analytically and a pulse with smigiletr spot can be obtained due to the
existence of focusing by lens. Therefore, in the followwvg,will firstly carry through our numer-
ical experiments following this strategy. We evaluate thise propagation by two steps, in which
from the lens to 85 cm distant from the lens we analyticallgleate the linear propagation equa-
tion by neglecting the nonlinear terms in Eq. (3), and themfi85 cm to the energy exhaustion
of the pulse we numerically evaluate the Eq. (3). Of course eomparison, we will finally give
the nonlinear propagation characteristics from directignerically evaluating the Eq. (3) from the
lens up to the energy exhaustion of the pulse. The numeniparanent is sketched in Fig. 1.
Therefore, let’s give a overview of the linear propagatibthe TEM,, laser pulse formulated
by Eq. (2). When neglected the nonlinear teffgy including Kerr and plasmafkects, the propa-

gation equation Eq. (3) is reduced to
8, = [i/2k(w)] V2 + iD(w)E. 7)

To help express the obtained results, we establish a refefemme where the pulse propagates
along thez-axis direction, and select the linear focus of the lens astigin of coordinates (the
reference frame be used below). In this way, after tediotisimple calculation, we can express

analytically the spectra of electric field in the positiomzerms of Eq. (2) and Eq. (7) as

\/%TOAO( X 1 N 4_2)
4pq  2pPQPwWi pPwig pwp

X2 + Y2 (w — wo)?T}
2q )eXp[—T]

xexpliD(w)(f + 2)], (8)

32 =

xexp

wherep = 1/w? + ik(w)/(2f) andq = 1/(4p) + i(f + 2)/[2k(w)]. In this case, each frequency
component still preserves its HG intensity profile. In tewh&q. (8), we note that the dispersion
effect is relative small before the focal plane of the lens duhtwt propagation distance.

We firstly give a discussion on theftirence between our analytical approximation and the
direct evaluation of Eq. (3). Figs. 2(a,b) show respecyitke spatio-temporal intensity distri-
bution in x-t plane (wherey = 0. The following is same if not specified) anet plane (where
x = 0. The following is same if not specified) corresponding ® plosition immediately behind

the lens where = —100 cm, which are plotted in terms of Eq. (2). Obviously, trevefront is
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severely curved by the lens. In the plane, the two side-lobes’ peak intensity<i€.57 TW/cn?
located at £4.47 mm,-335 fs), and the center-lobe’s peak intensity-i$.43 TW/cn? located

at (0 mm, O fs). The pulse durations of the side-lobe and théecéobe are both- 30.3 fs (be
evaluated in terms of the position of its peak intensity)e Vi plane show the same data as in
x-t plane but just corresponding to the center-lobe. Figse2@how the corresponding intensity
distribution as in Figs. 2(a,b) in the distance®bm behind the lens whem= —14.7 cm, which
are plotted in terms of the analytical formula Eq. (8). Theveuwdegree of the wavefront has been
alleviated evidently. The peak intensities of the cendéel and side-lobe are B7TW/cn¥ and
23.4 TW/c?, and located at (0 mm;1.2 fs) and £0.66 mm,—6.0 fs), respectively, in the-t
plane. The corresponding pulse duration for the lobes atte 3@/ fs. Compared Fig. 2(a) with
Fig. 2(d), a small temporalffset from O fs to-1.2 fs in the center-lobe comes into our notice. The
offset will accumulate with the increase of propagation distarwhat cause thisfiset since we
use group-velocity reference? The answer is higher-orid@edsions than the second-order! In
fact, if we replace th®(w) in Eq. (8) which include dispersion of all orders B{/2)(w — wo)?,
the dfset disappears immediately. To evaluate tiieat of dispersion on the tightly focusing lin-
ear propagation, we compare the Fig. 2(a) with Fig. 2(d) amtlifibroaden the pulse 0.4 fs and
offset the pulse- —1.2 fs from the temporal center. This is actually a so smi@#at that can be

neglected completely.

However, even in the low-intensity region, the self-foogsand ionization still exist, and may
produce importantféects. Figs. 2(g,h) also show the spatio-temporal intersstyibution at the
position ofz = —14.7 exactly the same as in Figs. 2(d,e), but obtained by nualbrievaluating
the nonlinear Eqg. (3) from the initial condition expressgddy. (2). The peak intensities in thxet
plane corresponding to center-lobe and side-lobe ae&/cn? and 196 TW/cn?, and located
at (0 mm, 291 fs) and £0.73 mm,—4.8 fs) in thex-t plane, respectively. theftierent dfsets from

in Figs. 2(d,e) may come from the slight self-phase modutef5PM) and plasma generation.

A significant diference between Fig. 2(d) and Fig. 2(g) lies in the relativenisity between
the center lobe and the side-lobe. In the initial positioremez = —100, the side-lobe’s peak
intensity is higher than the center-lobe, and the ratio eftéo intensity is~ 1.32. In the case of
linear propagation, this ratio is preserved. However, afawe seen from Fig. 2(g), in the actual
nonlinear propagation evaluated by directly solving Eg,. {3e center-lobe’s peak intensity even
have greatly exceeded the side-lobe’s. Fig. 3 explaingtesmomenon. As shown in Fig. 3, for

the focusing fect caused by lens, the three lobes both focus toward theftemshowever, for
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the self-focusing fect produced by the media’s intensity-dependent refradhidexn = ny +
nole(X, Y, z t)|> wherele(x, y, z 1) is the intensity of the laser pulse, the self-focusing imglebe

is toward its own intensity center as shown in Fig. 3. Thustlie center-lobe, the self-focusing
will enhance the focusing caused by lens, while for the sfbe; the two focusingféects even
cut down each other, which is clear by comparing the data smowigs. 2(d,g).

In the following, let us begin to look at the nonlinear chaeaistics and interaction in the
filamentation region at length. Our discussion is qualigatiFig. 4 shows the spatio-temporal
intensity distribution in thex-t andy-t planes respectively in the distancezof —-8.8,-7.0,-2.6
cm, where corresponds to the fore-, mid-, and post-filantiemtaegion respectively. The corre-
sponding fluence distributions in tixey plane in the three positions are shown in Fig. 5. we firstly
take notice that the original symmetry in spatial direci®preserved very well, which also show
good stability in our code. These figures are plotted in teshwair approximation model. We use
1024x 768x 4096 grid numbers in thg, y, andt directions with window-size .bwy, 1.5w,, and
32Ty, respectively.

Figure 4(a) shows the three lobes firstly independentfiesintensity clamping and plasma
defocusing in its trailing part in the early stage of filanaittn, and form into approximative
hollow cone-shaped spatio-temporal dynamics, which iligigimilar to the 2+ 1 dimensional
case of radial symmetry propagation for each lobes alot®& {[d]). The fluence shown in Fig. 5(c)
confirms there exist no interaction between the lobes ingtage. With further propagation,
the hollow cones continue to expand and close to each other tine trailing part as shown in
Fig. 4(b). Interestingly, it seems that these approachimgygetic parts are not willing to fuse
each other together but are more inclined to repulse eadr,ottich also can be clearly seen
from Fig. 5(d) on both side of positior = +0.25 mm where the energy is accumulated due
to the repulsion. Ultimately, many spatial-temporal eeéigyfragments was formed as shown
in Fig. 4(c) due to the repulsion interaction among eachrotive note that the repulsion even
result in a kind of "squeezefiect” on the center lobe by the two side-lobes, and theretsre i
energy difusion in thex-direction is limited and therefore ejected its energy ryaioward the
y-direction. By Comparing Fig. 4(e) with Fig. 4(f), we cleadee this expansionffect. More
clear observation about the repulsion dynamics can berdgtdrom our supplementary media
files (.GIF files).

As a comparison, let us briefly discuss the dynamics obtdyedirectly evaluating the non-

linear Eq. (3) from initial condition Eqg. (2). To give bettspatial resolution, we use 1536
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1024x 4096 grid numbers in the, y, andt directions with window-size 8wy, 4.0wy, and 32,
respectively (The resolution is still lower than the appnoation model). We have to select larger
window due to the large light spot size. Fig. 6 shows the spatnporal intensity distribution in
thex-t plane and-t plane, respectively, in the typical filamentation regioheynamics is in fact
qualitatively similar to the result shown in Fig. 4. The thilebes firstly filament independently
without interaction, then the trailing parts close to eatireodue to further plasma defocusing,
and then repulsively interact, and also form complicateiegemporal structures. we notes that
the repulsion fect still exist clearly, however, further details cannotvibell distinguished. In
this case, the ejectiortfect iny-direction is weakened due to earlier filamentation of celuiee

results in consumption of partial energy due to ionization.

Generally, it is believed that the phenomena such as repuésid fusion in the filament in-
teraction are related to the initial relative phasfalence between the sub-pulses or filaments
of interaction. Bergét al. [15] have shown that two beamlets with opposite phasésewer
coalesce, but two in-phase beamlets will rapidly collapseatd their respective centers without
interaction due to the lack of defocusing mechanism if tiv@tral powers are higher than the
threshold for self-focusing. In the beamlets case, es|hgavaen their powers are lower than the
threshold for self-focusing, their spectra and relativagghwill not change along the propagation
direction for lack of temporal configuration, thus, it seetmat the interaction is similar with the
interference of two single-color or multi-color beams. ther, for two light bullets with deter-
minate phase flierence, Xietal. [11] showed the similar interaction and explained inirthe

viewpoint of interference.

In our case, there is not an overall constant phaerdnce between the side-lobe and center-
lobe during filamentation. The relative phase shift is batsifon- and frequency-dependent.
Fig. 7(a,b) show Spatio-temporal intensity distributionthe x-t plane and the correponding spec-
tral intensity distribution in thex-w plane at the typical distance af= —9.34 cm before the
interaction appears. Since the interaction appears in &ugjes of the lobes, we also show the
spectral phase in their edges. Fig. 7(c,d) show the spgitede ak = —0.1 mm andx = —-0.3
mm as marked in Fig. 7(b) by dashed line, and it is limited ®ordnge from 0 to2 The spectral
phase approximates to parabolic shape due to the secoaddispersion. We find their phase
difference is close to 0, and the phadéelence keeps almost fixed until their interaction appears.
This suggests the two filaments are in-phase. Similarly, &ighows the spectral intensity and

phase az = —7.0 cm corresponding to Fig. 4(b) where the repulsifiieet has appeared. the
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phase dierence between the two interaction edges becomes/&) but the spectra have been
slightly blue-shifted due to self-phase modulation or plasand the phase has also deviated from
the parabolic shape. In addition, from the simple viewpoinhterference, even if two frequency
components have phasdfdrence ofr/2, their superposition still should enhance the intensity.
However, in our case, the spectra intensity between the mayaction filaments is about two
orders of magnitude lower than the peak spectral intensitgh@wn in Fig. 8(c). Therefore, we
think that, during filaments interaction, the main role iay@d by the dynamic processes such as

focusing and defocusingtects rather than the static interferenéieet.

IV. CONCLUSIONS

In summary, we numerically investigate the linear and magdr propagation of TEpM mode
femtosecond HG laser pulse tightly focused in argon. Foc#se of linear propagation, we give
an analytical expression. Our important point is placed®nanlinear propagation to investigate
the interaction between its lobes. High-resolution sptiaporal dynamics in the filamentation
has been shown. We find the interaction between tiierdnt lobes mainly appear in the trailing
part of the pulse due to the plasma defocusing, and when drgetit parts of dierent lobes close
to each other, it is more inclined to repulse each other rdattan fusion. Our finding may help
to understand why one cannot supply energy to single filammgmnulti-filaments fusion until to
now. For the mechanism of the filament interaction espeuaialthe trailing part, we think it may
come from the defocusing mechanism. Qualitatively, intgridamping can help to understand
the repulsion ffect. Of course, considering the laser pulse and the filameat@herent light
source, the interference phenomena may exist during filesrieteraction, however we do not

think it plays the main role when the filaments repulse eahbrot

Appendix: The code structure for 3D+1 NLS

The appendix shows the details of our code structure for nigalesolution of 3+ 1 dimension
nonlinear schrodinger equation. The annotate makes uBertfan style. the following is the
code:

PROGRAM 3DNLS
define x-grid €M,/2+ 1,- - -, My/2)AX
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define y-grid €My/2+1,---, My/2)Ay

define t-grid EM/2+ 1, -- -, M/2)At

definew-grid (0, - - -, M{/2,—-M/2+ 1,---, -1)Aw

I note thatAwAt = 2/ M;

define initial conditiore(x, y, t) ore(x, y, w)

DO z = 7, Zyax

PARALLEL DO X = Xmin, Xmax

DOY = Yimin, Ymax

calculate electron densipy(x,y,:) ! : denote t

I evaluate Eq. (4) by second-order Runge-Kutta scheme
calculate nonlinear terrﬁNLz(x, y,:) ! : denotew
END DO (y)

END PARALLEL DO (x)

PARALLEL DO w = Wmin, Wmax

calculate spectra(x, y, w) by Eq. (5) !stepsize Az/2
END PARALLEL DO (w)

saveF L, (X Y, 1) asFi, (X Y, )

PARALLEL DO X = Xmin, Xmax

DOY = Yimin, Ymax

calculate electron densip(x,y,:) ! : denote t
calculate nonlinear terrﬁNLz(x, y,:) ! : denotew
END DO (y)

END PARALLEL DO (x)

PARALLEL DO w = wmin, Wmax

calculate spectra(x, y, w) by Eq. (6) !stepsize Az/2
END PARALLEL DO (w)

saveFy L(XY,:) as Fu L(XY.:)

END DO (2)

I'in the first z loop step, we have to ugaLl(x, y,)=0
END PROGRAM
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FIG. 1. Assumed setup sketch for our numerical experimeme. ldser pulses incident from the left-side of

the lens and the origin of the reference is located at thalifecus of the lens.
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FIG. 2. (a,d,g) Laser pulse intensity in tle plane; (b,e,h) laser pulse intensity in th plane; (c,f,i)

fluence distribution calculated in terms ﬁﬂe(x, y,t)|?dt. (a,b,c) Correspond to the plane immediately
behind the lens, evaluated from Eq. (2); (d,e,f) corresportde distance 83 cm behind the lens, evaluated
analytically by Eq. (8); (g,h,i) correspond to the sameattise as in (d,e,f) but evaluated by numerically

solving Eq. (3).
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FIG. 3. Schematic diagram of the focueet by lens and self-focusing due to nonlinearity for the¢hr

lobes of TEMy> HG mode in thex-z plane. The intensity curve used here correspondd = 0 andz = 50

cm.

FIG. 4. Spatio-temporal intensity distribution at seveygdical distances, which is plotted from initial

condition expressed in Eq. (8) at —15 cm. More details are shown in our media files (.GIF files).
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FIG. 5. (a,b,c) Fluence distributions in they plane in several typical propagation distance correspgndi

to Fig. 4. The figure is plotted from the data obtained by nica#ly evaluating the Eq. (3) from initial
condition expressed in Eq. (8) at —15 cm.

FIG. 6. Spatio-temporal intensity distribution at seveyglical distances, which is plotted from the data

obtained by directly numerically evaluating the Eqg. (3)nfranitial condition expressed in Eg. (2) where
z=-100 cm.
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FIG. 7. (a) Spatio-temporal intensity distribution in théplane and (b) spectral intensity distribution in the
X-w plane atz = —9.34 cm.(c,d) Spectral intensity (green thin line) and phasee(thick line) atx = -0.1

mm andx = —0.3 mm, corresponding to= —9.34 cm as marked in (b).
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FIG. 8. (a) Specral intensity distribution in thkxew plane atz = —7.0 cm, corresponding to Fig. 4(b). (b)

Spectral phase and (c) spectral intensitx at—0.14 mm,x = —0.088 mm andk = —0.18 mm.
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