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The interaction of an ultrashort, high peak power laser pulse with an underdense plasma is investigated
within a physical model based on the three-dimensional cold hydrodynamic approach, which allows one to
study the dynamics of the laser pulse and of the generated wakefields self-consistently, in the fully relativistic,
strongly nonlinear regime. Our model is developed with the aim of describing very short laser (withes
Zo<\pand/y</, , where/y,”/, ,\, are the pulse length, its transverse scale, and the plasma wavelength,
respectively down to single cycle radiation wave packets, which have become available with the recent
progress in laser technology. The space-time structure and the evolution of large quasistatic electric and
magnetic fields are studied, together with the pulse dynamics, by the direct numerical integration of the
relativistic fluid and field equations, within the extended paraxial approximation.
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[. INTRODUCTION the laser pulse. This process deserves particular interest both
from the point of view of diagnostics and for the role played
Advances in laser technology, based mainly on the techby such a huge magnetic field when electron bunches should
nique of chirped-pulse amplificatiofCPA) [1], enable one be introduced into the accelerating region of a plasma-based
to produce high-intensityin excess of 15 W/cn?) high  laser wakefield accelerator. Recently, a number of analytical
peak-power(from multiterawatt to petawattlaser pulses Studies[9,11] and numericalparticle-in-cell (pic)] simula-
[2,3]. Petawatt peak powers are exceeded in large systeni®ns[9,10,12—-1T have demonstrated that a relativistically
producing kilojoule-class subpicosecone 450 fs) pulses intense laser puls_e produpes a quasistatic magnetic wake be-
[2,4]. Further progress in the development of tabletop multi-h'”d itself, associated with the currents of fast electrons,

terawatt, ultrashort-pulse systems has made it possible gyhich are produced due to several mechanisms: the acceler-

generate sub-30-femtosecond laser pulses with peak powgpng longitudinal electrostatic field, the relativistic pondero-

. motive forces, and the wavebreaking of the wakefield.
N excess of 40 TW[5]. CPA technology has aIIovyed the Research in the plasma-based acceleration of charged par-
construction of a compact laser system generating pulse[-?,CI

ith K . £100 TW and durati ‘ol es stimulated the studies of large-amplitude relativistic
WIth peax pOWers In excess o and durations ol 1€y gy efields generated by a laser pulse. In addition, the rela-

than 19 f56]. The same technique can be used to develop §yistic and ponderomotive self-focusing and the optical
laboratory-scale laser system producii@O fs laser pulses guiding of intense laser beams in plasmas have been the
with 1 PW peak power. In these systems, the output intensigpics of intense studies, t4as,19.

ties reach 18 Wi/cn?, whereas focused intensities available  These works mainly deal with laser pulses in the picosec-

with such pulses are in the 36-10** W/cn? range. At ond and subpicoseconthundreds of femtosecondgime
these intensities, the electron motion in the laser fields berange with a typical transverse dimension of a few microme-
comes highly nonlinear and relativistic, and a completelyters. The hydrodynamic approach to the propagation and the
new field of nonlinear physics, characterized by the extremaonlinear interaction of these relatively long and narrow
physical conditions of the target plasma, has become the supulses with underdense, cold plasmas has proved to be fruit-
ject of laboratory investigations in recent years. ful. For example, the relativistic and ponderomotive self-
The interaction of high-intensity, ultrashort laser pulsesfocusing, various other instabilities, such as envelope modu-
with an underdense plasma is of primary interest for laserkations, hosing, etc., have been discovered and studied within
plasma particle accelerators, laser-induced x-ray lasers, aride fluid model. Relevant theoretical analyses are usually
many other envisaged applicatiofig]. This is a topic of based on the paraxial wave equation containing the diffrac-
considerable interest even for the fast ignitor concept of théion and nonlinear refraction terms, but neglecting the finite
inertial confinement fusiofi8]. Although its ultimate goal is pulse duration effects as well as Raman-type instabilities.
the penetration of a short, bright laser pulse in the overdensEherefore, they do not describe the temporal evolution of the
core, before reaching it the pulse has to travel a considerabjaulse due to dispersion effects. This approach is valid for
distance through the underdense corona. long laser pulses or laser beams. Indeed, in these cases the
An issue of particular concern, when investigating thedispersion effects are insignificant unlegg// | ~w,/ o,
relativistically intense laser-plasma interaction, is the generake., in underdense plasmps,/w<1, wp=(47rn0e2/m)1’2
tion of a multimegagauss quasistatic magnetic field behindeing the plasma frequenkthey can be neglected for pulses
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with lengths longer than their widths. V2¢p=4me(n—ny), 2
In this paper, we study sub-20-femtosecond relativistic

laser pulses propagating in an underdense plasma. For these dp e dA p

pulses with/ </, , the dispersion plays as important a role gt c gt + ;, X

as the diffraction. It should be noted also that if the pulse

duration is on a femtosecond time scale, k10— 20 fs for an np

A~1 pm radiation, it will contain only a few optical cycles, 7 V~(—

which makes it necessary to take into account also first-order

dispersion effects. Furthermore, often these pulses are $ere, y= 1+ pZm?c? is the relativistic factor and, is the

short that/ o<\, where\,, is the plgsma wavelength, i.e., ackground density. The Coulomb gau§e,A=0, has been
these pulses do not see even a single plasma wavelengiy.q4°

Therefore, their coupling with plasma waves cannot be de- 1ha electron momentum equaticd)

scribed in terms of wave-wave interactions. The shortness qf, . enient form

the pulse can suppress parametric Raman processes and sig-

nificantly limit the number of instabilities. However, an ul- Q

trashort pulse experiences new types of instability. - T VX (vxQ), &)
Two aspects in the physics of the laser-plasma interac-

tions can be identified: first, the propagation and the evoluyhich shows that the generalized electron vorticly=V

tion of the laser pulse itself; second, the plasma response tQ p, is frozen into the electron fluid. HerB=p— (e/c)A is

the laser radiation, though in the nonlinear regimes these tWehe canonical electron momentum amet p/my is the elec-

aspects cannot be treated separately. However, depending @8y, velocity. If initially, att=0, the electrons are at rest and

the particular problem at hand, one of the two is emphasizeqpne |aser field is absent, that B=0, then Eq/(3) states that
Here, an adequate physical model of the propagation of a » [p— (e/c)A]=0 holds all along the subsequent interac-

ultrashort, ultraintense laser pulse in an underdense plasmatign, that is, B=(c/e)V x p. Applying the curl operator to

developed. We formulate the so-called pulsed paraxial wavgq (1), we derive the equation governing the magnetic field
equation(PPWB, which extends the conventional paraxial i, the laser-plasma interaction:

wave equation systematically, incorporating all possible

V X +V(ep—mcy), (3

eA)
P=¢c

=0. 4

my

can be cast in the

finite-pulse-length effects. With the group velocity disper- 1 B @2 n Ame n
sion (GVD) and the first-order dispersion terms retained, the AB__z — ——zp —B=——>pXV—-—=S (6)
PPWE is applicable to a wide range of ultarshort laser pulses c” gt= ¢ NoY mc Y

including single cycle pulses. The equations describing the ) ) ) o
dynamical plasma response to such short pulses complete thguation(6) is a general equation for the magnetic field in-
set of coupled equations that gives a fully relativistic formu-v0lved in such an interaction, which describes both the laser
lation of the propagation of ultrashort ultrabright laser pulsedn@gnetic field and the magnetic field induced in the plasma
in underdense plasmas. by the laser pulse itself. The_magnetlc field is nonlinearly
coupled to the electron dynamics through the last term on the

Specifically, we consider the interaction of a strong circu- . X : X
left-hand side and the right-hand side of E). In view of

larly polarized ultrashort{y<<A,) laser pulse with an un- . .
derdense §,/w<1) plasr%a, F;)n the basis of a three- the forthcoming reduction of Eq§l)—(4) under the assump-

dimensional hydrodynamic model. In Sec. I, the physicaltic.m. of underdense.plasma, it may be worth separati‘r?g ex-
model is outlined and a short discussion of the “sources™ ofPliCitly the contribution to the source term due to the “par-
the magnetic field is presented. Thatended paraxial ap- 2/€l" (along the propagation direction of the laser pulse
proximationis introduced in Sec. Ill, where the validity lim- momentum, 1.e.,

its of our model are given. The reduction of the relevant

. : 4dme (. d .1 d\n
system of equations for a strongly underdense plasma is car- S =———p| & —&- |-, 7)
ried out in Sec. IV. In particular, Sec. IV contains the equa- L ar Trafly

tions for the coupled evolution of the laser pulse and of thPTrom that due to the ©
electromagnetic wakefield produced in the plasma. The NU o reads
merical results are presented and discussed in Sec. V. Sec-

tion VI is devoted to concluding remarks.

transverse” motion of the electrons,

4me

Spl=—m €| pr—

r a6 Plar

A(la J

N ~ Jdn

&Py P 7|

Il. PHYSICAL MODEL )
Within the hydrodynamic model, the equations describing

) . . . Provided the laser pulse itself can be identified as a driver
the laser-plasma interaction can be written in terms of the

. with a well-localized electromagnetic structure, though
vector and scalar potentialg, ¢, of the electron momentum ST ; .
! evolving in time and space, then the right-hand side of Eq.
p, and densityn, as

(6) can be treated as a sourc8) (for the magnetic fields

driven by the laser pulse. Supposing that this requirement is
2

A_i &_A @ @Jrl ‘N_¢ (1) ~ met (which will be a matter of deeper investigation in the

c2 o2 mc y c ot continuation of this papgr we can discuss the physical

056409-2



HYDRODYNAMIC APPROACH TO THE INTERACTION G . .. PHYSICAL REVIEW E 63 056409

meaning and some ‘“topological” features of the right-hand 52
side of Eq.(6) as a source for the laser-driven magnetic fields (1— ,BS)— -2

/o & (/0>2V2+</0>2(92

before making any specific assumption about the laser pul g2 /) 91oL \ /L - 7 %

characteristics or introducing any particular model of the n I (/e d a /o

Iase_r-plasmg interaction. _ o =(kp/o)2—p+ By == ez(f —— _) d+—V ¢,
First, notice that, according to E@6), a nonvanishing Y ar| A\ oL ar an

source term implies the space inhomogeneity of the particle (12)

density and of the electron mass, or at least of one of the two.

However, this is just a necessary condition to form a nonzero Pd Lo P [0\, L)

source. It is also necessary that the corresponding gradients ﬁ_ 7H grar (Z) Vig (/—) 07—52

of plasma parameters form a nonzero vector product with the

momentum of plasma electrons. From the expression of the =(ky/0)%(n—1), (13)

source term, it is obvious that the source and the correspond-

ing magnetic field are always polarized in the plane perpenwhere _we have introduced gy=v4/c and Kk,

dicular to that formed by the electron momentum and the= Vamnee?/mc.

plasma gradients. Moreover, it should be noticed that, gen- Equationg9)—(13) are exact. The various terms occurring

erally speaking, both the momentum of the electrons in thén the above equations are weighted by the dimensionless

laser-excited wakefield and the momentum acquired by th@uantities 1,//7,, /¢//|, sometimes occurring to the

electrons inside the laser field contribute to the source ternfecond power. In the next section, we shall use these weight-

In the latter case, the source is localized within the pulsdnd factors to exploit thextended paraxial approximation

region. Depending on the polarization of the laser and on the

particular geometry of the problem, rapidly oscillatiton

the laser period time scalamagnetic fields, as well as “qua- Let us assume that the vector potential is circularly polar-

sistatic” magnetic fields, varying on time scales of the orderized in its transverse component, that is,

of the plasma frequency or its harmonics, may be generated. ~ A -

Inside the region occupied by the laser pulse, magnetic-field ~ A(rL,z)=3{[(8+i€)A(r. ,z,t) + &AL, ,z,t)]

generation is possible even in a one-dimensional geometry, x elkz-ioty ¢ c) (14)

while behind the pulse, where tims andp’s in the source R

term are related to the laser-excited wakefield, at least a twawhere A and A, are complex functions. By substituting Eg.

dimensional geometry is required to have a nonvanishing14) into Eq. (12), we obtain the following equation for the

source. complex amplitude of the transverse component of the vector

In order to easily identify the order of magnitude of the potential:
terms appearing in Eqg1)—(4), which govern the laser- ) . s
plasma interaction, it is worth introducing suitable dimen- 2ik/ @ﬁ_ Q I°A (@) 2
. . : A ik +|—] VIA

sionless variables. LefH be the characteristic distance over a

which the laser pulse shape changes appreciablythe

typical transverséto the propagation directiorscale of the A </ o)zﬁzA
) . +D—+|—| —

laser pulse/ o= Tov4 the laser pulse length, wherg is its a2\ a2

time duration, and the laser group velocity. Then, we can

Ill. THE EXTENDED PARAXIAL APPROXIMATION

go to the reference frame comoving with the laser pulse, and (k)2 n 1A ’o K/ ,1ln
introduce the following transformations of variables? =(kp”0) v +Z (kp”0) B_g;
=, 1.1/, —r, (t=2lvg)lTg—7, plmc—p, ep(A)/mc? ] WY )
— ¢(A), eE(B)/mcw,—E(B), n/ng—n. Xf A7V (e )+ By oS }
In terms of the normalized variables, the hydrodynamic Y 9 or
Egs.(3) and(4) take the form /o ?
, 71l @p
X +——C]|.
api—aAiJr/O//LV o exr{lwro(r 76 wzgﬂ (15)
Trar By (d=), C)

Here, D is related to the GVD byD=—uvjki?k/jw?
o, oA, 1 £olly 0 f=w,23/foz. Moreover, |:n Writifg Eq.(15), the fir§t-order dif-
Lz —— —(d—7) —($—1y), (10 erential operatoV,,= d/dx—idldy has been introduced.
ar It Bg IT By 9¢ In order to simplify Eq.(15), though retaining a widely
applicable formulation of the problem, let us assume that the
an 1 9 (np,\ /ol 9 (np\ /ol np, first four terms on the left-hand side may be of the same
7 +/3—g(9_§ 7 + Bq V. 7 order during the space-time evolution of the laser-plasma
system. Physically, the third and the fourth terms on the
=0. (11) left-hand side represent the diffraction of the pulse, due to its
finite transverse extension, and the GVD, weighted by the
Then, the field Eqs(1) and(2) read ratio wf,/wz, respectively. By assuming that these two terms
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remain of the same order, then for an ultrashort laser pulse P 0=A o, (20)
(where its length is much shorter than its widfitopagating ' '
in a strongly underdense plazsmgl, we can introduce the BgPz0=—(do— v0)— 1, (21)
“natural” smallness parametef(//? ~ wy/ w®= €*<1.

A further independent smallness parameter occurs in the (Bg—Pzo! Yo)No= By - (22
problem, that is,v=(k/H)‘1<1. By assuming that the first ] )
two terms are of the same order as the third and the fourthl he zeroth-order field equations read
we obtain thatv~ €. Then, the following scalings hold:

Az0=0, (23)
Ol |\~ 1 ~w,lw=¢€
0's 1 I P , /e A
and C°Aq+2ik 7 //H (9_§
/0//”’\“)\//“"“62. :8
. . = (kp/0)? 1 Ao,
The above scalings can then be used to simplify the equa- [(1+ ¢o)?—¥i J val'?
tions. In particular, on the left-hand side of Ed5), the last
term (of ordere?) can be neglected with respect to the others (24)
(of order €). Physically, it corresponds to assuming that it 5
takes a long path of propagation to modify appreciably the 7“0 = (ky/0)22 By(1+ ¢o) 1
laser pulse shape. The remaining terms describe a wide class 72 RO (14 ¢hg)2— v: J Vel

of effects: the first term gives the propagation at the group (25
velocity, the second term allows us to extend the applicabil-

ity of our model to very short laser pulses, even to singledn the above equations, we have defingg=(1+pZ,
cycle pulses. In the next section, we shall use the “natural”+|Ao|?)™2 v, ¢=(1+]Ag|?)Y2 and y4=(1-5) % and
ordering suggested by the left-hand side of Eip) to ex-  introduced the following second-order differential operator:
pand the system of Eq$9)—(13) in order to describe the
propagation of an ultrashort relativistic laser pulse into an
underdense plasma.

/0|2
2— 2
=[] v2-2

Z 2
fo O @ %
) 9T @2 912

(26)

IV. THE REDUCTION OF THE EQUATIONS
TO THE CASE OF AN UNDERDENSE PLASMA

It is important to note that Eq24) is no longer a para-
bolic equation. The right name for it, according to its con-
tent, would be theoulsed paraxial wave equatioihe hier-
archy of scales implied by this equation naturally leads to the
plasma response, which is self-consistently described within
the quasistatic approximatian

The structure on the left-hand side of E45) suggests
introducing the following expansion for all the physical
guantities:

Q:QO+Q1+"'1 Az:Az,1+"'a (16)

whereQ—p, ,A, ,p;,y,n. The leading-order term, , rep-
resents the laser field. It is worth noticing that the expansion
of Eq. (16) does not imply any weakly relativistic approxi-
mation.

B. The first-order equations (e<€1)
The first-order hydrodynamic equations read

O”pL,J.: 3AL,1+i
aT aT By

V. (b0 7o), (27)

A. The zeroth-order equations(e=0) ap IA 1 4
z1 2,1

In the limit e—0, the zeroth-order hydrodynamic equa- ar  or B 77 (b1~ 1), (28)
tions for the transverse and the longitudinal components of g

the electron momentum and the continuity equation read, 1
respectively, @__i Ep +@p —@p y
or Bg Jr Yo z,0 Yo z,1 ')’S z,0/1
Lo dALp
2T 0 +—y -(Mn )=o (29)
ﬁg * Yo 0 ’
P20 19
Tor - Boar om0 (18 wherey;=(p. o' P 1+ PzoPz1)! Yo-
g The first-order field equations read
ng 1 49 (nopzo) )
- = == (19 ny No No ¢y
atr  Bg IT\ Yo 02A, 1= (ky/0)? —Prot—Pr1—— —Byg—
g z,1 ( p? 0 ,yopz,o ,yopz,l yépz,o')’l IBg 972
Upon integration, the above equations read (30
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ny No No =5(4.2) um, corresponding to a time duration of,
O%A, 1= (Kp”/0)?| —P1 o+ =P 1= —5P1 o071 =16.7 (14.1) fs; peak powd?,=614 (68) TW; peak in-
Yoo Yoo % tensity 1,=2.2x 10° (2.4x 10%) Wicr?; for a;=3 (1).
/o 9 The Ray_leigh length in vacuum Bgr=5272 um and the
+,897 E_(VL bo), (31 initial waist iswg=42 um, in both cases.
a

Figure 1 shows the contour plots of the longitudinal elec-
5 trostatic field,E, [Fig. 1(a)], of the electron densityn [Fig.
(9—¢1=(k /0)?n (32 1(b)], and of the longitudinal electron momentum, [Fig.
972 pm 07 1L 1(c)], associated with the wakefield produced behind the la-
ser pulse(which is localized around’=0), in the plane
Equations(27)—(32), together with Eqs(20)-(25), com-  (r'=k,r,z’=—ky(z—v4t), taken after  traveling
pletely describe the laser-plasma interaction within the exz=52.5 um (left column andz=316.1 um (right column
tended paraxial approximation in an underdense plasma. Weom the input plane £=0), for ap=3. We remind the
observe that the procedure outlined in the previous sectiongader that atz=0, the pulse scales arke,wo=25 and
actually separates the evolution of the laser magnetic [fald kovg7o=2.5. In Fig. 1a) we see that already at the very
the zeroth order, see E¢24)] from the evolution of the beginning of the interactiorileft column the dynamics is
induced quasistatic magnetic filalt the first order, see Eqs. intrinsically nonlinear, i.e., the front of the wakefield is

(30) and (31)]. strongly curved towards the pulse and the maximum accel-
erating field has reached a value~eD.5 TV/m. This value
V. NUMERICAL SIMULATIONS is then bound to further increase during the pulse propaga-

tion (right columr due to the evolution of the pulse itself.
with Egs. (20)—(25), for circularly polarized laser pulses, of ;gtl;]rg ]s(gn(llzsgggi?iézz c:sntﬁ]u::?;?tga)?f_lt_t;]i eslttar(c:)trr](;nsdp?lrg; 1ty
relativistic amplitudesA=1). A finite-difference numerical  ir\,cture of the density is evident, although the wavebreak-
scheme is used, with first-order accuracyirand second- jnq conditions are not yet achieved evenzat316.1 um.
order accuracy ix, y, r, andr. The boundary conditions are pinajly Fig. 1(c) shows the contour plots of the parallel elec-
of “radiating” type, with neither reflection nor absorption. ron momentum from which we get the fully relativistic char-
The simulations presented in this section model the interacs.ter of the dynamic, withp, ms)~4.3. E, ,n,p, are zeroth-
tion of an ultrashort, relativistically intense, high-power laser,, qer quantities, in our mozdn;éln Sec. VA thzey have a 0
pulse with a plasma. Initially, the laser pulse is_focused at th‘ﬁqdex). From our simulations, such quantities manifest a spa-
edge of a preformed underdense plasmq, wiith, = 9:01 tial periodicity that is approximately of kglw 178 atz
(correspondlr]g tpr/(u.:O.l), wheren, is the critical =316.1 um, and it increases with increasing laser intensity.
pla.sma. densny. At the In.pL(E(.jgé plane, the electromag- Notice that the scale of such a periodicity is much longer
net2|c field dlstrlbut2|on L5 gven by A=a, exp(—_72/7_(2) than that usually argued on the basis of the generation of the
—r?w), wherer = (x*+y?)"2 This axially symmetric dis- second spatial harmonic of the background plasma wave
tribution, with Gaussian transverse and longitudinal profilesyector, even if the relativistic mass correction is considered.
corresponds to the fundamental Gaussian mode with a sp@igeed, in our case the circular polarization of the laser pre-
sizew, and a planar wavefront at the input plane. The axiakents the occurrence of harmonics of the laser.
symmetry is maintained during the entire time evolution of |t is worth observing that the strong curvature of the
the system. The initial effective pulse duratiey, is related  wavefronts, which occurs during the pulse propagation, is a
to the spot size by the relationshigo/wo=0.1. Other rel-  combined effect of the relativistic electron mass dependence
evant dimensionless parameters in our simulations are thgn the particle velocity and of the spiky structure of the
ratio of the laser spot size to the plasma skin defffivo  electron density. It is knowf20,21] that in one-dimensional
=25, andk,Zr=3125, whereZy is the vacuum Rayleigh (1D) geometry, for a given laser pulse, its group velocity
length. equals the phase velocity of the electrostatic oscillation in-
Here, we present the numerical results relevant to thgjuced behind itself. By extrapolating this property to the 3D
cases withap=1 anda,=3 for an unperturbed cold plasma case, where’y</, and/ o</, i.e., taking
characterized by the electron density=9.9x10' cm3

We have integrated the system of E{&7)—(32), coupled

corresponding to a plasma wavelength af=27/k, wf, | 2 w,2, n\ 2
=10.6 wm. With this last choice, the normalized electric vg~cl1l- w’z = 1-;— :
and magnetic fields are referred to the following unitary Y
values: by varying it, we get
mcw \% mcw
P ~3.03x10°—, P~1.01x10° G, ¢ whn [8y on
cm vg~s——7 | ———| (33
2vy o 0% n

respectively. The laser pulse is characterized by the follow- _ _
ing unperturbed parameters: vacuum  wavelengttwherew, = Jamne?/my is the nonlinear electron plasma
A=1.06 um; full length at half maximum /cyum frequency. Here, botly=/1+ p22+ pf andn behave nonlin-
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FIG. 1. (Color) The contour plots of the lon-
gitudinal electrostatic fieldE, (a), of the electron
densityn (b), and of the longitudinal electron mo-
mentump, (c), associated with the wakefield pro-
duced behind the laser pulgocalized around
z'=0), in the plane (' =kpr,z' = —Kky(z—vgt),
are shown taken after travelirg=52.5 um (left
column and z=316.1 um (right column from
the input plane £=0) for ag=3.

(k)

i) I 1% 43 2 0.00 216 432

056409-6



HYDRODYNAMIC APPROACH TO THE INTERACTION G- . .. PHYSICAL REVIEW E 63 056409

-50 laser pulse are shown, in the plang,¢'), atz=52.5 um
(left column and z=316.1 um (right column, for ag=1
[Fig. 3@] anday=3 [Fig. 3(b)]. At the lower intensityFig.
3(a), the structure of the magnetic field is such that at a given
radial position, it changes sign along thelirection. This
evidence is in contrast with the analytical resultd ®f11]
and with PIC simulations 0f9,10,12—17. Moreover, the
periodicity of the magnetic wake is the same as that of the
zeroth-order quantities displayed in Fig. 1. By increasing the
laser intensity, as it occurs at later timdsft frame of Fig.
1(a), or for ag= 3], the magnetic-field distributions manifest
the formation of a background uniform component
(=1 MG), with strong localized spikes~{ a few tens of
MG) at the ridges of the wakefield. Therefore, this tubelike
structure of the azimuthal magnetic field becomes more and
more an intrinsic property of the wakefigl@2] as the pulse
0.5 10 L5 20 25 intensity increases, due to the more powerful laser used, or
2 2 by because of the self-compression of the pulse itself during the
Sho’?’\l,ﬁ'aiz':g;;iﬁn??grF::L?D’NL/%'O' in the plane (,2'), Is propagation. Figure 4 shows the longitudifiig. 4(a)] and
the radial[Fig. 4(b)] profiles of the induced magnetic field in
early. As can be seen from Figs(bl and 1c), there is a the case,=3. The almost uniform background field is well
competing effect of the two quantities, in that both manifestSéen inFig. 4@)]. If we estimate the electron Larmor radius
spikes along the ridge of the wavefront. However, it is cleaif relativistic electrons withp,~4 [see Fig. 1c)] as p,
that the peaking of the density is much more pronounced® ¢/ @cn™~ YClwce, We getp ~7 um for B~1 MG and
than that ofp,, that is, of y, thus leading to a stronger Y~4, Which is smaller than the typical transverse scale of
decrease of the phase velocity on axis than in the peripher#fle wake, estimated ag,=42.2 um. A main consequence
region of the wakefield. Figure 2 displays the surface plot ofof the presence of a strong magnetic field in the wake region
wg,NL/wg’O, which indeed shows that the net effect is a de-iS that any electron bunch loading from the outside of the
crease of the group velocity on axis. a_ccelergtlng wake will be strongly hampered. Qn the other
A reconstruction of the first-ordefazimutha) induced S|d§, this sel_f-generated magnetic background field hgs a fo-
magnetic field is carried out by integrating the nonhomoge€using polarity that can be exploited in order to achieve a
neous extended wave equation 8f,, which in dimen- better confinement of accelerated electrdph§]. However,

)
i

—
o
P B A R

sional units reads _either an externally applied magn_etic_ field or the self-
induced one can no longer be effective in confining the rela-
No d  Pra 9\ Ng tivistic electrons due to the presence of periodic magnetic-
2 2 _ r . . . . . .
UBga— kp,y_oBf),l_ —kp pz,OE“" T 7—0- (34 field spikes of opposite polarity, with amplitude of the order
g

of a few tens of MG.
B, represents the dominant component of the induced qua- As we have already pointed out, our model describes con-
sistatic magnetic field in the wake behind the laser pulse. Thaistently the evolution of the laser pulse envelope during its
numerical integration of Eq(34) is preferable, although interaction with the background plasma. The laser pulse is
equivalent, to the numerical differentiation associated with subjected to several deformations due to the nonlinear self-
compression and the relativistic self-focusing. In Fig. 5, the
time evolution of the longitudinal spatial distribution of the
zeroth-order vector potential intensithick lines, taken on
axis, is displayed foay=1 [Fig. 5a)] and foray=3 [Fig.
Notice that the right-hand side of E(R4) can be derived, as 5(b)]. In order to show the role of the electron density on the
a first-order quantity, from Eqg47) and(8), by introducing  pulse shape dynamics, the density profiles are also shown
the comoving reference frame, the normalized variables, anghin lines.
the expansion of E¢16). In this connection, we notice that, From Fig. 5, the difference is apparent between the on-
due to the smallness of the parameterthe approximate axis profiles for the two casex=1 [Fig. 5a)] anday=3
equality | Bjasel =~ (Ck/w) € Y|A, o shows that our model re- [Fig. 5(b)]. It should be noticed that initially the evolution of
mains valid for B,;~A, o in dimensionless units. This the pulses in both cases is characterized by a syncronous
means that, as far as we are dealing with the relativisticelf-compression and self-focusing, so that the ratio of the
amplitude of the laser, that iy~ O(1), we candescribe the pulse length to its width is almost preserved, and the pulses
generation of the azimuthal magnetic field as high as a fracmaintain their initial proportions. In they,=1 case, the
tion of ay/e€, in the range of a few tens of megagauss, forpulse peak is shifted back during its propagation, whereas in
e=10"1. theay= 3 case it is advanced relative to its initial positi@m

In Fig. 3, the contour plots of the induced azimuthal mag-the comoving frame The changes in the longitudinal pro-
netic field associated with the wakefield produced behind théles are also evident. The difference in the evolution of the

1A 1 0A,
N T T A
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pulses reflects the complex interplay between the relativistitrons (hence the decrease in the local plasma frequeimcy
and the ponderomotive effects, which, contributing to thethe ap=3 case will be almost an order of magnitude higher
nonlinear refractive index, modify it in different ways. The than for the weaker pulse, resulting in the difference of the
relativistic mass increase of the electrons oscillating in thenonlinear refractive index, which eventually manifests itself
laser field depends on the magnitude of the laser intensityn different propagation dynamics of the two pulses. We as-
while the ponderomotive force, which changes the electrorsign a thorough analysis of all the factors affecting the pulse
density, depends on the magnitude of the gradient of thevolution dynamics and the identification of the relevant
laser intensity. In both casead=1 anday=3), these gra- physical mechanisms to a future work.

dients have the same order of magnitude. This is well seen in
the density compression generated at the leading edge of
both pulses: they have the same order of magnitude and
similar profiles. At the same time, the intensity of thg A physical model has been developed to investigate the
=3 pulse is almost an order of magnitude higher than that ointeraction of ultrashortA{y</",) laser pulses with under-
the ag=1 pulse. Consequently, the modifications of the re-dense plasmas. This model allows us to describe the laser
fractive index through the relativistic mass increase of elecpulse evolution and the generation of large wakefields self-

VI. CONCLUDING REMARKS
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FIG. 4. The longitudinala) and the radiakb) profiles of the 0_15 -10
induced magnetic fieldsolid lineg are shown in the case,=3, 7'
taken at several time@ndicated in the plots, in picosecondsfter
the beginning of the interactiort€0). The following correspon- FIG. 5. The time evolution of the longitudinal spatial distribu-

dence between the instant of time and the pulse positions along tt#on of the zeroth-order vector potential intensity, taken on-axis, is
z axis, applies: 52.5um—0.17 ps, 105.2um—0.35 ps, displayed (thick full lines) at t=2.21 ps, corresponding ta

157.9 um—0.53 ps, 210.6um—0.71 ps, 316.1um—1.06 ps. ~=658.7 um, fora,=1 (a), and att=1.06 ps, corresponding
The longitudinal profile of the vector potential amplitudetai0, is ~ =316.1 um, for a;=3 (b). For the sake of comparison, the pro-
also displayeddotted line, in(a)] for the sake of reference. files att=0 (dotted line$ are also shown. In order to show the role

of the electron density on the pulse shape dynamics, the density
consistently in a fully relativistic regime. Numerical studies Profiles are also reporte(thin lines.
of the problem are carried out using a developed multidimen-
sional hydrodynamic code. The laser pulse evolution is depulses of~70 TW and~600 TW, respectively, and a wave-
scribed within the framework of the extended paraxial apdength of 1.06 um, propagating in a strongly underdense
proach, retaining the cross space-time derivative along witplasma with an electron density ef10'° cm™ 3. During the
the group velocity dispersion term. Taking into account allintegration, the system has manifested a definitely nonsta-
finite pulse length effects, our model is valid for ultrashorttionary behavior: the laser pulse is compressed, self-focused,
laser pulses down to a single-cycle regime. In an underdensand, in theay=3 case, evenly split in two parts; conse-
plasma, the “natural” smallness parameters w,/0<1,  quently, the excited wakefield produces accelerating electric
allows one to write separate coupled equations for the madields in the order of 0.5 TV/m, and density spikes up to 50
netic field associated with the laser pulse, and for that pertimes the unperturbed density, values that are bounded even
taining to the quasistatic wakefield generated behind théo increase during the subsequent evolution. The azimuthal
pulse itself. This approach turns out to be very convenient iimmagnetic field associated with the wakefield has been ob-
exploring the pulse-plasma interaction in the most favorableserved, which, at lower laser intensity, has a typical ring
conditions for particle acceleration, wheie,>E, . The  structure with neighboring rings that alternate in sign; how-
code has been applied to two cases relative to two sub-20-fsver, with increasing pulse intensity, an almost uniform tube-
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like background field is formed, on which periodical spikesabsent from our description. However, as far as the laser
appear, one order of magnitude more intense than the backulse remains shorter than the plasma wavelengtk 2,
ground field localized at the density distribution ridges. this process is not expected to play a dominant fa&.

The kinetic features, such as, for example, the electron As far as the intensities of the laser field and, conse-
acceleration due to wavebreaking, are not included withirguently, of the quasistatic magnetic field are concerned, we
the model. This poses a limitation on its applicability, which, are not restricted at all to weakly relativistic amplitudes. The
however, turns out to be not so severe in the case of strongliglly relativistic regime of interaction, characterized by the
underdense plasmag?<1). In this respect, we should no- normalized vector potential of the order of 1, can be accessed
tice that no sign of wavebreaking has been observed duringy our model, provided that the conditi@ ;~A, ,remains
the integrations that have been carried out. satisfied.

Moreover, it is worth mentioning that if the field ampli- Finally, a comment on the possibility of diagnosing the
tude is not too large so as to excite a regular wakefield bequasistatic azimuthal magnetic field is in order. If we man-
hind the pulse, it is expected that only a limited fraction ofage to use a linearly polarized probe laser propagating across
the laser energy is dissipated and transformed into an “efthe wakefield in such a way that it propagates tangtat
fective temperature” of the plasma in the wakefield region.is, almost parallglto the azimuthal field, the polarization
PIC simulations show that under these conditions, the highrotation angle, for a path of 1um in a 1-MG ambient
est electron energies are well below the electromagnetic emnagnetic field, is of the order of 0.2°, a value that is within
ergy inside the pulse and the corresponding typical velocitieghe present measurement capabilities.
are appreciably smaller than the speed of Ilig8]. In this The hydrodynamic code that has been used in these first
case, the cold hydrodynamic plasma model adopted here preimulations is particularly suitable for studying the multidi-
serves most of the physics of the problem, as has also beenensional features of the ultrashort laser pulse interactions
shown by very recent comparisons between PIC and hydrawith underdense plasmas, namely the propagation of ellipti-
dynamic simulation$24]. cal cross-section pulses, and the stability of azimuthal per-

The backward Raman scattering proc€®S], which is  turbations of the laser pulse, and the possible formations of
known to affect heavily the pulse shape at small scales, ifilaments. This will be a matter of future investigations.
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