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Numerical simulation of short laser pulse relativistic self-focusing
in underdense plasma
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Existing experimental results on relativistic self-focusing are interpreted by means of the particle
codeWAKE using the ponderomotive approximation to describe the laser–plasma interaction@P.
Mora and T. M. Antonsen, Jr., Phys. Plasmas4, 217~1997!#. Novel features of the code, such as gas
medium ionization and an enhanced paraxial approximation, allow more confidence in data
interpretation. Simulations where the pulse power is less or close to the critical value match the
experimental data. The transmitted pulse spectrum is shown in this case to shift towards longer
wavelengths. The pulse is shown to focus over the vacuum diffraction limit, while the energy is
slowly depleted. Simulations of pulses above the critical power match experiment with reduced
precision. This can be ascribed to beam filamentation. High energy depletion is expected in this case
due to Raman instability. ©1998 American Institute of Physics.@S1070-664X~98!01809-6#
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I. INTRODUCTION

Relativistic laser–plasma interaction is one of the m
interesting problems that the development of pulsed po
laser technology permits us to investigate. With newly dev
oped lasers, intensities up to 1019 W/cm2 can be reached
with a typical wavelength of 1mm.1 The Lorentz factor of
an oscillating electron in a laser pulse of intensityI and
wavelengthl is given by

g5A11
1

2.7431018S l

mmD 2 I

W/cm2
.

Thus, relativistic effects are expected for the interaction o
super-intense laser pulse and the electrons of a plasma. T
effects govern the collective response of electrons and re
in a macroscopic effect on the laser pulse propagation.

The main relativistic signature in laser–plasma inter
tion is the lowering of natural plasma frequency,

v rel5A4pe2ne

gme
,

wheree is the elementary charge,ne is the plasma electron
density, andme is the rest mass of an electron. Since t
optical properties of plasma depend on the ratio betweenv rel

and the laser frequencyv0, the laser pulse propagation
modified. The refractive index is given by

n5A12S v rel

v0
D 2

and grows together with laser intensityI .

a!Present address: Laboratoire d’Optique Applique´e, Ecole Polytechnique
91128 Palaiseau Cedex, France.
3451070-664X/98/5(9)/3451/8/$15.00
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Two main phenomena can be explained by this refr
tive index change. The first is induced transparency, whe
classically overdense plasma can have a real refractive in
and become transparent to radiation, due to the relativi
decrease of plasma frequency.2,3 Another important propaga
tion phenomenon due to the modification of refractive ind
is relativistic self-focusing.4–8 As a consequence of the radi
variation of the electron quiver energy, due to the radial p
file of laser pulse, the maximum refractive index is locat
on the optical axis. This distribution of index acts on t
pulse as a positive lens. Roughly, one can say that a p
undergoes a strong relativistic self-focusing when its pow
exceeds a critical value

Pcr516.2
nc

ne
109 W,

where nc is the critical density associated with the las
frequency.4,5 This critical power is defined as the power su
that a plane phase pulse is equally focused and diffracted
propagates as in an optical guide.

Self-focusing experiments began a few years ago. In
first kind of experiment the scattering of part of the las
pulse by the plasma created in the interaction
measured.9–12 In the first experiment of this kind, the dynam
ics of the laser pulse were diagnosed by wide angle imag
of the scattered-diffracted light. The resulting images w
interpreted directly to represent the spatial distribution of
laser pulse.9 A more recent experiment of this kind, based
90° Thomson scattering,10 has been analyzed by means
numerical models taking details of the scattering process
consideration.13,14As the scattered light intensity depends
both the incident laser pulse intensity and the electron d
sity, a model of the electron density must be assumed
developing a model to analyze these experiments some
1 © 1998 American Institute of Physics
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sumptions were made. In particular, the electrons were
sumed to respond adiabatically~that is, their inertia was ne
glected! and the laser pulse was assumed to evolve accor
to the paraxial approximation. This latter assumption
quires the conservation of laser pulse energy. The refrac
effects of gas ionization on the propagation of the pulse w
neglected too. This approximation is based on the argum
that the peak intensity of the laser pulse is very high co
pared to the threshold for hydrogen ionization. Nonethele
recent experiments and simulations15 show that plasma be
havior may be strongly dependent on the ionization proc
even at high peak intensities, and effects at the plas
boundary must be carefully tested.

More recently, experiments of a second kind have b
performed.16,17 These experiments use a transverse probe
ser pulse in order to scan the plasma density just after
interaction pulse has passed. This technique allows, in p
ciple, a more direct observation of the instantaneous ref
tive index distribution and indeed the results of these exp
ments are compatible with an interpretation in terms
relativistic self-focusing.

II. SIMULATION CODE

This paper contains a series of simulations obtained w
a recent version of the particle codeWAKE,8 where gas ion-
ization is taken into account. The physical parameters h
been chosen in order to match a recent experiment wh
results have been published by Monotet al.10 and by Chiron
et al.14

The experimental results were obtained by the inter
tion of a 1.06mm wavelength laser pulse with a hydroge
jet. The pulse duration was about 400 fs. The transve
shape of the pulse was described by a Gaussian func
whose parameters have been set in order to match the
intensity (I 52.831018 W/cm2) and the waist radius (w0

513 mm) of the lowest order transverse mode of the be
as they have been measured by Chiron and co-worke14

The jet could be driven up to pressures of 0.32 bar of m
lecular hydrogen. It was flat-top over a propagation length
2.5 mm and decreased to a residual vacuum pressur
1024 bar with slopes of 0.5 mm.10 According to the Thom-
son scattering plots by Monot and co-workers, the beam
focused at the beginning of the jet, 0.5 mm before its cen

Other numerical codes have already been used to in
pret the experimental data by Monotet al. These
calculations13,14 explain some of the experimental observ
tions, but, due to the fact that they use the adiabatic appr
mation for the electron response, they have left some q
tions about the importance of the transient effects and of
pulse shape modulation by Raman instability.7,18–20 Apart
from the consequences of the spectral spreading on the
fraction of the laser pulse, these models also neglect en
depletion arising from the pumping up of electro
waves.8,20,21 The gas medium ionization deserves some
marks too. It has been shown that in some cases the cou
actions of a finite transverse size of plasma and of transv
large excursions of electrons strongly affect the plas
response,15 even if the peak intensity is far above the ioniz
s-
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tion threshold. With the codeWAKE it is possible to switch
from a gas to a preformed homogeneous plasma medium
to test the effects of ionization on the propagation of t
pulse.

The codeWAKE is a two-dimensional~2D! particle code
that can be used in cylindrical as well as in Cartesian geo
etry. Since the problem discussed in this paper has a cy
drical symmetry, all the results shown in the following ha
been obtained in this geometry.

The algorithm of the code is based upon three appro
mations: ponderomotive, quasistatic and extended para
Electron trajectories are governed by the ponderomo
force of the laser field and the self-consistent electric a
magnetic fields of the plasma wake. Within this approxim
tion, their low frequency~i.e., plasma frequency band! com-
ponents can be obtained by integration of the motion law

d

dt
p̄52eS Ē1

v̄

c
`B̄D 2

e2

2ḡmec
2
¹uÃu 2̄,

where the bar quantities are the low frequency band com
nents,p is the momentum,v is the velocity,E and B are,
respectively, the electric and magnetic fields andÃ is the
high frequency band component of the vector potential. T
quasistatic approximation consists of assuming that the sh
of the laser pulse and, consequently, that of the wake fi
does not change significantly during the time of interact
with the longitudinally accelerated electrons. Electron m
tion is then defined by this equation together with the de
nition of the high frequency component of the momentum

p̃5
e

c
Ã

and of the averaged Lorentz factor

ḡ5A11
up̄u21~e/c!2uÃu 2̄

m2c2
.

The same approximation is used to work out ion trajector
Due to the high masses, anyway, ions contribute less to
total current.

Pulse propagation is solved in an extended paraxial
proximation, realized by introducing the variablej5ct2z,
and by separating the laser vector potential into a comp
amplitude modulating a plane wave

Ã~r ,j,z!5Â~r ,j,z!exp~ ik0j!1c.c.,

wherek0 is the central wave number of the laser pulse. T
equation for the amplitude is obtained by dropping the sm
est derivative in the wave equation. This gives the equat

S ¹'
2 12ik0

]

]z
22

]2

]j]zD Â52
vp

2

ḡc2
Â,

wherevp is the classical plasma frequency. The ratiovp
2/ḡ

is obtained by averaging over an ensemble of particle tra
tories. This equation governs the wave propagation follo
ing a spectral~i.e., frequency-by-frequency! paraxial ap-
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proximation and is suitable for broad spectrum pu
propagation. These main features of the code have been
sented in recent papers.8,22,23

Ionization of the gas medium is included in this versi
of the code. In the regime of pulse durations and intensi
of interest, tunneling ionization24,25 is dominant. This mode
is based on the semi-classical solution of the electron w
function evolution in a Coulomb field distorted by an exte
nal homogeneous and constant electric field. Ionization r
are given by this model for any atomic ion. The formula f
the cycle averaged tunneling ionization rate in terms of
peak amplitudeE of the wave electric field is

Rt~h!5
vat

2
Cn*

2 ~2l 11!~ l 1umu!!

2umuumu! ~ l 2umu!!

3
e i

eH
~2h!2n* 2umu21expS 2

2

3
h D ,

where

h5S e i

eH
D 3/2Eat

E

is the normalized electric field,e i is the ionization potential,
l andm are the initial angular momentum quantum numb
of the ion, n* is the effective final main quantum numb
n* 5ZAeH /e I , Z is the ionic charge after ionization an
Cn*

2
5@2exp(1)/n* #n* /A2pn* . The constantsvat and Eat,

being, respectively, the typical atomic frequency and fie
arevat54.1631016 s21 andEat55.1423109 V/cm.

In the code, rates are used to compute the probabil
of ions emitting a number of electrons in an elementary ti
step. At a given positionz, the time step being given b
Dj/c, the probability for an ion to remain in the same io
ization state is

P0~Dj!5exp@2R1~E!Dj/c#,

where R1 is the rate for the next ionization step and is
function of the local electric fieldE. The probability for the
ion to emit a given number of electrons can be built
iteration takingP0 as a starting point and is

Pn~Dj!5E
0

Dj

Pn21~j!

3expF2Rn11~E!
Dj2j

c GRn~E!
dj

c
.

By recurrence one can show that the probability within
interval Dj for a decay with the emission ofn electrons is
given by the formula

Pn~Dj!5~21!n)
h51

n

Rh(
j 51

n expS 2Rj

Dj

c D
) l 51

lÞ j

n11
~Rj2Rl !

,

where thekth ionization rate at the local value of the electr
field has been indicated byRk . Electrons are then emitted b
a Monte Carlo procedure in agreement with these proba
ties.
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Because of the interaction with the electric field of t
laser wave during the ionization process, electrons are
principle, given an initial transverse low frequency drift a
cording to a distribution. The average initial kinetic ener
of the electrons has been shown by means of numer
three-dimensional~3D! quantum models of atoms in intens
oscillating fields26 to be of the order of the ionization poten
tial. These energies, being very low compared with
quiver energies of the electrons during the interaction, can
neglected in our calculations. By the way, runs of the co
WAKE, including an initial electron speed distribution ce
tered on these values, have been performed. These sh
no dependence of the results on this parameter.

Finally Thomson side-scattering has been included in
cylindrical version of the code by explicit calculation of th
integral13

I Th~y,z!}E
2`

1`

dtE
0

1`

dr
ne~r ,z,t !I ~r ,z,t !

g2~r ,z,t !

r

Ar 22y2
,

where (r ,z) are the cylindrical coordinates,t is the time and
y is the transverse coordinate in the plane of the scatte
light image. According to the experimental features10 a finite
spatial resolution of 15mm is taken into account when pe
forming the above integral. In the experiment the scatte
light to an angle of 90° from the optical axis is spectra
filtered by a narrow-band filter centered overl51.06 mm
and collected by a lens. The side scattered intensity is
sumed to behave as in incoherent relativistic Thomson s
tering, that is to be proportional to the productneI /g

2. This
can be shown to be true for the incoherent Thoms
scattering,27 while the total scattered power in the case
coherent scattering is proportional tone

2 .28 The condition for
the scattering to be incoherent isklD@1, wherek is the
wave number of the pulse andlD is the Debye length of the
plasma. Temperatures of the order of some 10 eV can
expected due to the ionization mechanism, to the duratio
the pulse and to the low density of the medium.26,29 This
gives aklD product of the order of 1021 for the electronic
densities used in this experiment. Thus, the Thomson s
scattering is coherent. However, the linear dependence on
electronic density can be shown to still apply to the sp
trally unshifted component of Thomson side-scatterin
which is detected through the narrow-band filter.30 More-
over, Monot et al.10 state that the linear relation betwee
electron density and scattered intensity has been tested
perimentally. A remark must be made concerning the Tho
son scattering level compared to bremsstrahlung radiation
the conditions of the following results it has been show14

that the Thomson signal exceeds the background noise
factor of 10 and as a consequence is detectable.

We must point out that this particular measure, givi
information on the productneI , is not the most suitable di
agnostic for self-focusing. In fact, a general side effect
self-concentration of radiation is plasma density depletion5,8

The signal can, in principle, remain constant, while a stro
self-focusing is produced causing the local plasma densit
reduce. The best way to interpret this experiment is then
compare its results to simulations.
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III. SIMULATION RESULTS

In order to compare the measured quantities to our si
lations, we reproduce the results of Monotet al.10 in Fig. 1.
The plotted curves correspond to an on-axis line scan of
Thomson side-scattering images. The two results in Fig.~a!
are obtained with the same hydrogen density, correspon
to an electron densityne52.531018 cm23. The incident
peak intensity isI 52.831017 W/cm2 for the dashed plot
and I 52.831018 W/cm2 for the solid line plot. Plot~b!
shows two more results obtained with this peak intensitI
52.831017 W/cm2 and with increased density, namelyne

5831018 cm23 for the dashed curve andne51019 cm23

for the solid one. The four cases correspond to increas
pulse to critical power ratiosP/Pcr50.12, 1.2, 3.7, and 4.7
respectively.

No self-guiding is expected in the first case, where
pulse power is far below the threshold. On the other han
further test is demanded for the remaining cases. In the g
eral case of large values of the field amplitudea, self-guiding
can occur for a given pulse power depending on the spa
variations of the phase of the pulse as it enters the pla
and on the ponderomotive modulation of the electron d
sity. A simplified criterion for self-focusing within the
paraxial approximation, taking into account the radial el
tron displacement~in the adiabatic approximation and in th
absence of cavitation! has been introduced by Chen an
Sudan.31 A constant of propagation

H5
1

2pE E F u¹'au22S vp

c D 2

~ ḡ21!22~¹'ḡ !2Gd2r

FIG. 1. Thomson scattering in a self-focusing experiment. Results b
Monot et al. ~Ref. 10!. Experimental conditions:~a! ne52.531018 cm23

from a hydrogen jet,I 52.831017 W/cm2 for the dashed curve andI
52.831018 W/cm2 for the solid line curve;~b! ne5831018 cm23 for the
dashed curve andne51019 cm23 for the solid line curve, I 52.8
31018 W/cm2. Laser wavelength: l51.06 mm; pulse duration: T
5400 fs; waist radius:w0513 mm. The ratio to the critical power is, re
spectively,P/Pcr50.12, 1.2, 3.7, and 4.7.
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is found depending on the normalized complex amplitude
the vector potential

a5A2
eÂ

mc2
,

and on the averaged Lorentz factorḡ5A11uau2. The con-
dition H,0 is sufficient for relativistic ponderomotive sel
guiding of the wave. The initial phase of the pulse enters
criterion through the complex amplitudea.

We take the initial complex wave amplitude to have t
form of a Gaussian beam32

a5
a0

11 i z
expS 2

r2

11 i z D ,

where the radiusr5r /w0 is normalized to the waist radiu
w0 andz5z/z0 is the longitudinal position normalized to th
Rayleigh lengthz05pw0

2/l.
Taking into account all the parameters, including plas

density and focal position in the gas jet~according to thez
50 position in the experimental Thomson scattering plo!,
we obtain for the four cases, respectively,H50.055, 0.39,
0.014, and20.12. So, in spite of the overcritical powers, th
self-guiding of the pulse should be assured just in the
case, according to the conditionH,0.

The simulation reported in Fig. 2 corresponds to a pow
P50.12Pcr and a constantH50.055 and should be com
pared with the dashed curve of Fig. 1~a!. One sees immedi-
ately that the maximum positions and the shapes of the
curves are similar. The full width half maximum~FWHM!
width of the Thomson scattering plot is approximately eq
to 0.14 cm in the experiment and to 0.20 cm in the simu
tion. A reason for this difference can be found in the expe
mental uncertainty of the focal position. This is determin
directly at low power and eventually corrected by a hi
power shift. As a result, an uncertainty of about half a Ra
leigh length (Dz5250 mm) must be taken into account fo
this position.33 A simulation has been performed with th
focus shifted byDz towards the source~i.e., backwards in
the plot variables!. With this change the width of the curv
falls to 0.16 cm, which is very close to the experimen
value.

P.

FIG. 2. Simulation of Thomson side-scattering from the optical axis. C
ditions have been chosen to match the experimental parameters o
dashed curve in Fig. 1~a!.
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No other features of the interaction seem affected by
focal position uncertainty in this case, so the simulat
shown in Fig. 2 can be used to interpret the experiment
Fig. 3 we can see the pulse fluence on axisF(r 50,z) as it
has been computed by the simulation. This quantity co
sponds to the time integral of the instantaneous intensity

F~r ,z!5E
2`

1`

I ~r ,z,t !dt.

The fluence allows considerations of the concentration
energy around the optical axis: a perfectly guided sh
pulse, for instance, has the same fluence profilef (r )
5F(r ,z) at anyz, while the radial distribution of the fluenc
of a diverging pulse has a mean radius growing withz.
Moreover, the focus of a non-Gaussian pulse can be defi
as the maximum of fluence. In Fig. 3 the on-axis fluence
the self-focused pulse~solid line! can be compared to th
vacuum limit~dotted line!. Both the curves are normalized t
the maximum fluence in vacuum. The propagation of
pulse in this case is quasi-Gaussian with the focus being
close to the vacuum positionz50. The maximum fluence
exceeds the vacuum limit by a factor of only 1.1. This im
plies that the relativistic focusing effect is small in this ca

In Fig. 4 we show the simulation corresponding to t
second experimental result of Fig. 1~a!, corresponding toP

FIG. 3. Simulated fluence,F(0,z). Same conditions as for Fig. 1~a!, dashed
curve. The dotted line corresponds to vacuum propagation.

FIG. 4. Simulation of Thomson side-scattering from the optical axis. C
dition have been chosen to match the experimental parameters of the
line curve in Fig. 1~a!.
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51.2Pcr and a self-focusing parameterH50.39. In this case
too, the simulation result is very similar to the experimen
curve. We have to point out that the experimental curves
Fig. 1~a! have been normalized independently33 ~as one can
check by working out the ratio of the data in the ascend
part of the plots, where the interaction is still weak and t
signal is substantially proportional to intensity!, while our
plots in Figs. 2 and 4 have consistent arbitrary units a
show the right initial ratio.

As in the previous case, we show the fluence of the pu
in Fig. 5. The plot is similar to the previous one, with
converging part, a focus near the positionz50 and a diverg-
ing part. A strong self-focusing occurs raising the maximu
fluence by a factor 3.4. Nonetheless, in agreement with thH
criterion, in spite of a pulse powerP51.2Pcr , the pulse is
not self-guided. It has to be remarked as well that the Tho
son side-scattering signal has a minimum where the flue
~that is the average intensity! is maximum. Here the electron
density must drop to minimize the productneI . We show in
Fig. 6 both the laser intensity and the electron dens
ne(r ,t) distribution at the positionz50 that is roughly the
position of the maximum of fluence. As we can infer fro
the fluence plot, Fig. 6~a! shows that the laser pulse is fo
cused to a maximum intensity that is more than three tim
the vacuum limit. At this position total cavitation of th
plasma occurs, as shown in Fig. 6~b!. After the end of the
pulse electrons come back to the axis with a lower aver
density. This corresponds to the beginning of the format
of a channel, due to the radial momentum impressed by
pulse to the ions of the plasma.

We remark also that, due to the perfect cavitation,
radiation is scattered aside from the position (r 50,z50)
after the very beginning of the pulse.

In the same figure we can see another interesting feat
The borders of the plasma that are visible around the
corners of Fig. 6~b! correspond to the interface between t
initially neutral H2 gas and the plasma. These borders
quite far from the high laser intensity regions, so ionizati
should not play an important role in the propagation of t
main part of the pulse. This can be tested with our simu
tions by running the same calculations in a preform
plasma. As an example, the resulting laser intensity and e
tron density at focus for the same parameters of Fig. 4

-
lid

FIG. 5. Simulated fluence,F(0,z). Same conditions as for Fig. 1~a!, solid
line curve. The dotted line corresponds to a vacuum propagation.
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shown in Fig. 7. The only visible differences between Figs
and 7 occur on the density distribution plots where the ga
plasma boundary is absent in the preformed plasma case
the other hand, the pulse shape and peak intensity are
affected by the ionization process. So one can state tha
far as the propagation of the pulse is concerned, the cho
experimental conditions allow a perfect decoupling of t
effects of ionization from those of relativity and excitation
plasma waves. The Thomson scattering and fluence plot
the preformed plasma simulation also confirm that un
these conditions propagation does not depend on the ion
tion process.

As a last remark we can look at pulse energy evolut
during propagation. The normalized total energy of the la
pulse is plotted in Fig. 8. First, let us look at the dashed l
which corresponds to the lower energy pulse. In this case
total energy is constant within the numerical precision of
calculation until the end of the simulation, where the ene
decreases due to the pulse diffracting out of the simula
box. On the other hand, the solid line, corresponding to
largest initial energy, is continuously decreasing for a to
energy depletion of about 2% at the end of the gas jet~the
final energy fall being here again an uninteresting geome
cal effect!. This amount of energy is given to plasma osc
lations and to ion motion.

A signature of the interaction with plasma waves is t

FIG. 6. Simulation of~a! laser pulse intensity and~b! electron density at
nominal focus (z50). Same conditions as for Fig. 1~a!, solid line curve.
The pulse propagates from right to left. In~a! contours correspond to the
intensitiesI 52, 4, 6, and 831018 W/cm2, respectively; in~b! to the den-
sitiesne51, 2, 3, and 431018 cm23. Darker regions correspond to large
values.
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pulse intensity modulation that is visible in Fig. 9~a! showing
the pulse intensity distribution at the end of the flat top of t
gas jet. This modulation has the typical frequency of plas
waves at the center of the gas jet,vp . The corresponding
electron wave has been pumped by the laser pulse and
taken part of its energy. In Fig. 9~b! the on-axis spectrum o
the pulse, as measured by a typical spectrometer, is sho
We can see that the pulse has been spectrally shifted tow

FIG. 7. Simulation of~a! laser pulse intensity and~b! electron density at
nominal focus (z50) with no ionization interaction~preformed plasma!.
Same conditions as for Fig. 1~a!, solid line curve. As in Fig. 6, the pulse
propagates from right to left; the intensity contours correspond toI
52, 4, 6, and 831018 W/cm2, respectively; the densities contours tone

51, 2, 3, and 431018 cm23 and darker gray levels mean higher value

FIG. 8. Total pulse energy evolution. Simulation corresponding to the s
conditions as Fig. 1~a!. The strong depletion at the very end of the plots
due to the geometrical cut of the diverging pulse at the lateral borders o
simulation box. This does not correspond to an effective total electrom
netic energy depletion.
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longer wavelengths. This ‘‘redshift’’ is due to the sel
focusing phenomenon, increasing the refractive index tem
rally at the pulse position.34

When the electron density is raised up tone58
31018 cm23 (P53.7Pcr , H50.014) andne51019 cm23

(P54.7Pcr , H520.12) corresponding to the experiment
results of Fig. 1~b!, the agreement between experimental a
numerical results is reduced. In Fig. 10 we have reprodu
the Thomson side-scattering signal for the conditions of F
1~b!. Dashed lines and solid lines must be compared, res
tively. Some resemblances can still be pointed out betw
the dashed curves. Namely, both the dashed curve in Fig

FIG. 9. Simulation of ~a! intensity distribution at the end of gas je
(z50.225 cm) and~b! on-axis final spectrum. Same parameters as for F
1~a!. The contours in ~a! correspond to the intensitiesI
50.4, 0.8, 1.2, 1.6, 2.0, and 2.431017 W/cm2, respectively.

FIG. 10. Simulation of Thomson side-scattering from the optical axis. Sa
parameters as for Fig. 1~b!.
o-

l
d
d
.
c-
n

10

and the one in Fig. 1~b! have a steep edge at abo
z520.1 cm. They have comparable widths too. These f
tures are lost in the comparison between the solid curv
The dramatic change of experimental Thomson scatte
profile as the density is varied fromne5831018 cm23 to
ne51019 cm23 is not reproduced by the simulation. Follow
ing Chironet al.14 the poor agreement between 2D cylind
cal simulations and experimental results for the highest d
sity can be attributed to filamentation and more generally
3D effects. The analysis of the numerical results for the c
wheren5831018 cm23 can then give a qualitative pictur
of the interaction for the densities where filamentation o
curs.

The on-axis simulated fluence for this electron density
shown in Fig. 11~a!. The wave is first focused up to 5.5 time
its fluence in vacuum and then defocused until the flue
reaches a value corresponding to the peak value in vacu
After this point the fluence decreases slowly and self-guid
of the pulse occurs. This becomes even clearer by compa
the fluence plot to the energy evolution plot of Fig. 12. T
total energy steadily decreases during the pulse‘s prop
tion. Thus, the slow decrease in fluence is accompanied
comparable decrease in energy, implying self-guided pro
gation.

At the fluence peak, complete electron cavitation occ
and ion motion starts before the end of the pulse, giving r
to plasma channeling. This is often accompanied by f

.

e

FIG. 11. Simulated fluence,F(0,z). Same conditions as for Fig. 1~b!,
dashed line plot. The dotted line corresponds to a vacuum propagation

FIG. 12. Total pulse energy evolution. Simulation corresponding to
same conditions as Fig. 1~b!, dashed line plot.
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electron and strong magnetic field creation.8,22,17,35 The
simulation code also determines the fast electron spect
and the low frequency magnetic field distribution. The c
culated results should be accurate unless the electron lo
tudinal speed becomes higher than the group velocity of
laser pulse~which is not the case here!. The fastest electron
are found for the highest electron density and correspon
energies up to 4 MeV. In the same simulation a maxim
low frequency magnetic field of about 12MG has been fou
during the interaction. Values higher than these have b
indicated in Refs. 17 and 35 with comparable intensities
with higher electron densities. In the very undercritic
plasma limit, our simulations confirm the tendency of fa
electron production to be associated with electron cavita
and channeling.

IV. CONCLUSION

In summary, our simulations closely match the expe
mental results as long as the total power is less or close to
critical power. A less accurate, but still satisfying, agreem
is achieved up to about 4Pcr where filamentation and 3D
effects may come into play.

Concerning the interpretation of the experimental
sults, we can state, with other authors,10,14 that near-critical
laser pulses are not self-guided in the Monot experime
while strong self-focusing and electron cavitation occur foP
significantly larger thanPcr . Our simulations confirm previ-
ous numerical results and, by taking into account miss
physics like transient effects, Raman instability and gas i
ization validate them. While gas ionization effects happen
be negligible, pulse energy depletion due to Raman insta
ity depends on pulse power and plasma density. For n
critical powers this depletion is very slow and pulse ene
is effectively conserved until the end of the gas jet. T
Raman instability energy depletion becomes important w
the electron density is raised. In this case simulations us
the adiabatic assumption for the electron response do
apply any more, while our simulation can still be used
data interpretation. A strong self-focusing occurs, follow
by a self-guiding of the pulse, while the stimulated Ram
scattering erodes the pulse. Finally, beam filamentation p
sibly occurs above aboutP54Pcr preventing 2D numerica
models from giving correct results.
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