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Ultrashort relativistic electromagnetic solitons
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Ultrashort high-intensity electromagnetic solitons in both underdense and overdense plasmas are investi-
gated. Comparison is made for solitons with smooth and sharp electron density profiles. It is found that
subcycle relativistic solitons can propagate from low-density to high-density plasmas.
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I. INTRODUCTION relativistic cold-fluid equations and the ions are stationary.

Ultraintense light pulses can propagate in plasmas as solfthe electron momentum and continuity equations are then
tons for very long distances without apparent change in prop-
erty, as have been observed in particle-in-¢eIIC) simula- 1,
tions [1-4]. Recent rapid development in laser technology (J¢ + Udy) (Yu) = 3,¢p = 2,02 (1)
makes it possible to produce relativistic light pulses of ex- Y
tremely short duration, say with only a few laser periods.
Subcycle ultrashort relativistic solitons are of interest in the
study of ultrafast phenomena and have been found in a three-
dimensional(3D) PIC simulation[5]. . )
Existing analytical studies on relativistic solitons are usu-Wheret, z, u, n., and ¢ are the normalized time and space,
ally based on one-dimensional theorié} and several novel electron velocity and density, and scalar potential, respec-
solutions have been fourfd—12. In most studies, the elec- tively, y=[(1+a%/(1-u?)]*?is the relativistic factor, and
tron density profile is assumed to be smooth, or well beis the lingitudinal velocity. Here, the normalizations t,
haved. Under this ansatz, stationary subcycle relativistic soliey z/c, u/c, ng/n., ande¢/mc are used, and is the critical
tons were shown to exist for plasma densities betwgeand  density for a laser of frequency, . Note that the time is
1.5n, [9]. Propagating subcycle solitons seem to be possibl@ormalized using the laser frequeney instead of the
only at low intensitiega<1, wherea=eA/mc’ is the nor-  plasma frequencype.
malized vector potentialwith weak density responsdi]. Under the quasistatic approximati¢hl,13, it is conve-
The analytical theory also shows that for given pulse widthnjent to use the independent variablész-vgt and 7=t,
and plasma density only one soliton solution of preciselyherev, is the normalized group velocity of the soliton. We

given field energy and group velocity is possilpld]. Fur- — gptain from Egs(1) and(2)
thermore, for the same pulse width one finds that high

plasma density corresponds to high field intensity. As a re-
sult, such a soliton cannot easily propagate in the plasma, N1 -y - =1, 3
especially in the plasma produced by laser solid interaction,
because the plasma density is usually not homogeneous.

On the other hand, with the extremely high ponderomo- Ne(vg = U) =Nivg, 4)
tive pressure of a short intense light pulse, the electron den-
sity need not be smooth since the plasma response time is te@d Poisson’s equation can be written as
long for boundary smoothing to occur. In this paper, we al-
low the electron density profile to béself-consistently
sharp. That is, the profile can contain infinite derivatives. It is 3§¢ =Ne—n;= u n;. (5)
found that solitons of subcycle duration can exist. Further- Ug—Uu
more, fc_)r given plasma densny_ and pulse .durat'o.n’ there ex- For a circularly polarized laser pulse, the vector potential
Ists an infinite nu_mber of solutlon§, and hlghgr field ENer9Yot the electromagnetic field can be represented Ay
corresponds to higher group velocity of the soliton. A soliton_

; X : ; s za(dexpli[om+ 0(E]HX+iY). Unlike in studies of laser
V.V'th sharp den_5|ty profile can ez_:\sny propagate in the d'r.ec'pulse propagation, for subcycle soliton investigation we do
tion of increasing plasma density, with the group velocity

. 2 not assume that there already exists a propagating light wave
becoming gradually smaller. Therefore, an ultrashort relativ- nd consider the modulational evolution of its envelope. In-

istic soliton may penetrate into the overdense plasma of hig tead, the interaction of the entire electromagnetic wave field

density. with electrons is considered. From the wave equation, one
Il. EORMULATION can obtain two constants of integration,

dNe + d(ngu) = 0, (2

To investigate the propagation of relativistic solitons with ) o
sharp density profiles, we assume that the electrons obey the M=aT(1 ‘09)9 + wug], (6)
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FIG. 1. Shortest relativistic solitons with smooth electron den- _ FIG- 2. Shortest relativistic solitons with smooth electron den-
sity profile in an underdense plasma of background density,0.5 Sity profile in an overdense plasma of background density.1.2

— 2 2
a12 B d)rZ + Znid) a_2 MZ ni'}’vgu 005(02 - gm) = (a2 —a— az)/(2a1a2), (ll)

2 21-v) 2 22%(1-v)? (1-v))’ at the right soliton boundary. There are similar results at the
) left soliton boundary. The normalized electrostatic field at
the right surface is thek,=-n;&,,/2. For a subcycle soliton,
where the prime denotes derivative with respect to the argusve have,=0.
ment. For an infinite plasma, we hai=W=0. Therefore,

g=— ﬂq§§+ O, ®) Ill. SMOOTH SOLITONS

1-vg First, we shall consider solitons with a smooth density
where 6, is a constant. Thus, the frequency of the laser igprofile. For an infinite underdense plasma of density
wL:w/(l—vé). =0.5n, the two shortest solitons are illustrated in Fig. 1. For

For considering sharp electron density boundaries, it i¢inderdense plasmas, we hage (1+a?)?~1 whena—0.
convenient to separate the plasma into three regiongherefore, from Eq(7) we havevy=(1-n)Y2 There are
—0<E<=E12, —E,12<E<E,]2, and &,/2<é<e, with  subcycle solitongp=0, wherep is the number of zeros of
only the center one not containing electrons. Thajds the  thea profile) only in the limit of weak density response, and
width of the soliton. In the electron-free regiofvehere there they are not relativistic.
are only stationary ions we have A=aexplit—i¢) For overdense plasmas with density betwegand 1.5,
+a,expiT+ié+i6,), which satisfies the source-free wave itis known that there are solitons with zero group velocity, as
equation. Thus, invoking continuity of the transverse electrigvas shown by Esirkepoet al. [9] for nj=1.2n.. In Fig. 2, we
and magnetic fields at the soliton boundaries, one fjgfls ~ show two propagatingsolitons of the shortest width fam
=1.2n.. Such solitons are associated with precisely defined

group velocity and field energy, so that there are no neigh-
boring solutions. As in underdense plasmas, the shortest rela-
tivistic soliton still has one wave cycle.

2 For an overdense plasma of density larger tham.] /50
<1 __vg_) aZ+a'?= 4a§, (10) subcycle(p=0) soliton solution exists. Furthermore, there is

2 .
1-vg also no other short soliton. For example, for a plasma of

v
aj-a;=—15a% (9)
1-vg
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FIG. 3. Two relativistic solitons of smooth electron density pro-

- . _ FIG. 4. Subcycle relativistic solitons of group velocity=0.9
?kl)()a g]:in overdense plasma of background densify (&) p=2 and with sharp electron density profiles in overdense plasmas of back-

ground densitiega) 0.5n;. and(b) 1.2n..

density 4, the shortest soliton has=2, as illustrated in
Fig. 3 together with the soliton with=4. These solitons also
require exactly definedfor a given background plasma den-
sity) group velocity and electromagnetic field energy. Fur-

1.5n., we found subcycle solitons of zero group velocity only
with smooth electron density profile, as discussed above. For
plasmas with background density larger thamg,.Subcycle
solitons with sharp electron density profile and zero group

thermore, for givenp, denser p[asma_ requires .Iarger f'?".’ velocity exist. An example of such a stationary structure was
energy. Thus, creating such solitons in reality is very d|ff|-founol elsewherd14] for n=4n, in a completely different

cult. It is also impossible for such a soliton to propagate up a . : ; ) _
: . . . : . context, and the corresponding maximum field amplitude is
density gradient since it cannot gain energy as it moves. . ; .
a~ 6. Figure 4b) shows apropagatingsoliton of group ve-
IV. SHARP SOLITONS locity v4=0.9 in an overdense plasma with=1.2n.. The
o _ ) _ maximum field amplitude here ia~15. Our results also
pulses, the local electrons can be completely expelled by thgroup velocity, a subcycle soliton in plasma of larger density
relativistic ponderomotive force. The expelled electrons, bemyst have larger field energy. Thus, when a subcycle soliton
ing balanced by the space-charge and ponderomotive fieldgropagates up a density gradient, it moves slower and slower
pile up just outside the intense field region, resulting in anyntj| the plasma density becomes too large. Depending on
abrupt and steep jump in the density profilethe cold-fluid  the instantaneous values of its parameters, it can then either
representation For this case, we found that for soliton stop and stay there, or get reflected.

propagation in an underdense plasma, the group velogity
of the soliton must still be larger thail—-n;)?, as for the
smooth solitons. However, for given plasma, density, sub-
cycle solitons can now exist if the field energy is sufficiently
large. Furthermore, larger field energy now corresponds to In this paper, we have shown that solitons with sharp
larger soliton group velocity. In Fig.(4), a subcycle soliton electron density profiles can exist in group-velocity and den-
of group velocityvy=0.9 in a plasma of density h5is  sity regimes where smooth solitons are forbidden. That is,
shown. the specific soliton type can only be determined by the con-
In overdense plasmas, solitons with zero group velocityditions under which they are initially created by laser pulses,
are possible. For background plasma density betwgemd  since it is difficult for pulses of one type to evolve self-

V. DISCUSSION
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consistently into another, especially when the existence redltrarelativistic ultrashort light pulses is not required. Short

gime of some pulse types is rather singular. laser pulses containing only a few laser periods but having kJ
We note that the type of solitons discussed here is uniquenergy can be employed for fast ignitiph5] in inertial fu-

to ultraintense ultrashort pulse light, since for weaker pulsesion experiment since the ultrashort solitons with sharp elec-

on longer time scales, trapped-particle and thermalization eftron density profiles can easily penetrate deeper into the burn

fects can become important, and surface-current effects aore than the traditional picosecond laser pulses.

well as ion dynamics can also play a rgME]. In this case,
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