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Stabilization of Relativistic Self-Focusing of Intense Subpicosecond Ultraviolet Pulses in Plasmas
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The characteristics of relativistic propagation in plasmas of subpicosecond ultraviolet (248 nm) radia-
tion are studied for both spatially homogeneous plasmas and plasma columns. It is established for the
first time that the defocusing properties of the interaction can represent a dynamical mechanism stabiliz-

ing the mode of propagation against radial oscillations. The dependence of both quasistabilized modes
and pulsing waveguide regimes on the initial transverse intensity distribution is examined and, for the
latter, the locus of the first focus produced in a homogeneous plasma is calculated.

PACS numbers: 52.40.Db, 42. 10.—s, 42.65.Jx

The dynamics of propagation of extremely intense
subpicosecond pulses of radiation in self-generated plas-
mas is a rapidly developing area of study. In this Letter
certain aspects of this question are treated theoretically
for the following ranges of physical parameters: peak in-

tensity I= 10's-102' W/cm, pulse duration z=-0.5-1.0
ps, initial radial aperture ro=-1-3 pm, wavelength X

248 nm, and plasma electron density —10 -10 '

cm . A key finding of these calculations is insight into
the physical processes enabling the formation at a
quasistable mode of propagation of such high-intensity
radiation in plasmas.

For pulses having a peak intensity in the 10' -10 '-

W/cm range, rapid (hz=—1 fs) processes of multiphoton
ionization' occurring on the leading edge (I~ 10'
W/cm ) of the wave form will remove several (-6-10)
atomic electrons. Thereby, for a focused beam with a
given radial aperture ro, a plasma column is rapidly
formed in which the central temporal zone of the pulse
propagates. The spatial and temporal dynamics govern-

ing the resulting propagation are determined by the com-
petitive interaction of diffraction, defocusing, and self-
focusing. We note that in the early portion of the pulse,
some defocusing is expected to occur while the ionization
is commencing, since the contribution to the refractive
index from the free electrons tends to locally reduce its

value in the central high-intensity region. In addition, as
shown below, the process of defocusing can give rise to a
previously unknown mechanism of stabilized propaga-
tion.

For subpicosecond pulses and the radial dimensions
considered, gross plasma motion involving the ions is

negligible. Similarly, for full ionization, noninertial
Kerr self-focusing is insignificant. In the present case,
both the relativistic increase in the electron mass arising
from induced oscillations in the intense fields's and the
charge displacement resulting from expulsion of free
electrons from the ionized column by the ponderomotive
force can produce strong self-focusing action.

We now describe the specific equations governing the
propagation and present calculated solutions illustrating
the development of self-focusing and channeled propaga-
tion. The origin of the stability exhibited by the propa-
gating radiation is of primary importance. In consider-
ing the central temporal region of the pulse, we neglect
the energy losses associated with further ionization and

spatial broadening of the plasma column, since these
effects can be quite small. With that condition, the
space-time behavior of the radiation field in the column,
including relativistic-charge-displacement self-focusing,
diffraction, and defocusing, is governed by the nonlinear
Schrodinger equation

1 tl tl i tko ko+ E+ b, ~E+ beRE+ etE =0,
c 1 t z 2kp 2eR, 28

where E(t,z, r) is the slowly varying (t,z) complex amplitude of the wave, r is the transverse coordinate,
('d/r8r)r d/dr, ko =2tz/A. , c~ =cd, is the group velocity in the plasma, and c is the vacuum speed of light.

The nonliner term beR(r, ~E( ) describing the combined relativistic-charge-displacement self-focusing and defocus-

ing of the pulse is expressed as

bett =ett —et'„et' = 1 —co~/(to'+ v'), ett, = 1 —co~J(to + vo ),
cot, = [4tte N, [I)/(m, (1+3I/I„) 't ]}, to~, 4tte N, ,o/m„

1„=3m, to c /4tze, I =(c/2tz) ~E~
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In these expressions, co~ is the relativistically shifted
plasma frequency, co is the laser angular frequency, v is
the electron-ion collisional frequency, I, is the relativistic
intensity, and N, [ll is the electron density arising
from the quasistatic balance of the ponderomotive and
the electrostatic forces densities. We assume that
N;(r, z) =N; of(r, z) is the static ion density, in which

N; 0 is a constant denoting the maximal ion density and
f(r,z) describes the spatial distribution of the ions.
Hence, f(r, z) ~ 0, maxf(r) =1 [f(r,z)= 1 fo—r homo-
geneous plasma]. For quasineutrality, this gives
N, of(r, z) as the initial electron density with N, o

ZN; 0 and Z the ionic charge.
The expression for N, [I], which describes the pertur-

bation of the plasma from local neutrality by both the
ponderomotive and relativistic mechanism, is given by

II'

N, [I] N, , omaxO, f(r, z)+mdiv gradl
, (2)

(1+3I/I,

I(0,r, t) =Io(r, t—) I exp[ —(t/r) ' —(r/ro) 'j,
N~~2, N2~2

(4)

for I -I„»I* 10'6 W/cm2, the latter being the
threshold intensity above which rapid multiphoton ion-
ization occurs to the particles in the medium. Further-
more, we have concentrated on the central temporal zone
of the pulse, )t (

~ to, where to satisfies the expression

showed, for the range of parameters studied, that l
& 50K.. In this connection, we note that the spatial limi-

tations on the minimal dimensions of the focal zones, and
consequently the bounds on the intensities developed in

those regions, arise from saturation of the nonlinearity
expressed by bcR (r, ( E ~

).
The dynamics of propagation with relativistic self-

focusing have been examined using model pulses l(z, r, t)
having spatial and temporal Gaussian or hyper-Gaussian
incident beam profiles given by

where Io(to) Io(0, to) =I exp[ —(to/r) 'j » I*. (5)

tc=(2cto m, N, o) (3)

and m, denotes the electron mass. In deriving Eq. (2),
the electronic pressure has been neglected, since it is
small for the beam and plasma parameters examined
here. The expression max[0, —j simply provides for
N, [I]~ 0.

Calculations of the propagation have been performed
corresponding to the following parameters for the radia-
tion field and the plasma: A, 248 nm, I, =1.34&10
W/cm, Io 9 I„=3.0 1X0' W/cm, ra=3 pm, N;, o

7.5X10' cm, and Z 10.
Normalization of r and I by the initial beam radius ro

and the maximal value of the initial intensity Io, respec-
tively, gives x~ tclorrj -=1.4&10, the dimensionless
analog of the coefficient x defined by Eq. (3). Therefore,
for this set of conditions, the charge displacement is ex-
pected to be relatively small so that its influence is
confined to the structure of the focal regions which arise
from the relativistic mechanism. Because of this, we will

utilize the approximation that x =0 in the current work.
It is important to note, however, that other choices of the
parameters can lead to a generally strong role for the
charge-displacement process and future study is being
directed to that case.

The collisional absorption of light in plasma is given

by c&= —(to~/to )v= —p /ko, where p is the absorp-
tion coefficient. Estimates of p, for the values of the
parameters used in this work, show that the collisional
absorption is extremely weak and does not influence the
numerically obtained solutions. Therefore, the results
presented below have been calculated with p =0.

The nonlinear Schrodinger equation stated in Eq. (1)
is only applicable to the description of the dynamics of
the field in a small focal zone, if its longitudinal scale 1

satisfies the condition /&)A, . The numerical experiments

The transverse profile of the plasma column created by
the front of the pulse is simulated by the hyper-Gaussian
function

f(r) exp[ —(r/r+) 'j, N3~ 2,

with the aperture of the plasma column r+ defined by

lo(r, to) —=Io(to)exp{ —(r /ro) 'j =I* .

(6)

(7)

For a Gaussian transverse intensity distribution (N2=2),
an aperture defined with I*=10' W/cm, and taking
Io(to) =(0.1)I„, we find r~=-2.68ro. Consequently, the
homogeneous plasma approximation f(r) =—1 is valid.

The beam profiles of the solutions exhibit several
salient features. Among them are the production of mul-
tiple foci and, under appropriate conditions, the develop-
ment of a quasistable confined mode of propagation lack-
ing the generation of sharply focused regions. Impor-
tantly for the latter, the calculations reveal the nature of
the mechanism leading to the stabilization. The results
of computations presented in this work are given in the
frame (s,z, r), s t —(z/c~), connected with the wave
front of the beam. The data in the figures below illus-
trate the propagation of the radiation along the z axis for
s =const.

Figure 1(a) illustrates the propagation that develops
for the physical parameters stated above corresponding
to a pulse with an entrance intensity Io(t) = —,

' I, having
a transverse distribution given by N2 =8. In accord with
an earlier study, as the nonlinearity bcR(~E~ ) is sa-
turated at a sufficiently low level, the behavior of pulses
propagating in a homogeneous plasma without absorp-
tion can generate a mode similar to a pulsing
waveguide. ' The result shown in Fig. 1(a) illustrates
the formation of such a regime. Interestingly, the puls-
ing waveguide represents an alternation of ring struc-

1754



VOLUME 65, NUMBER 14 PHYSICAL REVIEW LETTERS 1 OCTOBER 1990

t (10" s)

(a)
I

Z(10 W/cm ) 5 a

- 2.4

~ 2.0

1.6
1.2

' 0.8
-0.4

-2
0 2r (pgg) 4

Z(10~' e/cm )

~ 0.8
o.6

0.4

.0.2

50

250

I 200

' .( ) IIIII~

300
0
'~

I

III 'i" 250
I I I ~'

IjjlI-

't 50
z (pm)

I.(t)
I =6I,'"
I =(2&3)I,

FIG. 2. The locus (t,z) of the first focal zone for a pulse
with a Gaussian initial spatial and temporal intensity distribu-
tion for the parameters defined in the text. The solution per-
tains to relativistic self-focusing in a spatially homogeneous
fully stripped plasma.
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FIG. 1. The (r,z) distributions for relativistic self-focusing

of the propagating intensity for a peak initial intensity ID 9 I,
having a transverse distribution given by Nz 8 in Eq. (4) for
the beam and plasma parameters defined in the text. (a) Spa-
tially homogeneous fully stripped plasma. (b) Axially sym-

metric plasma column with r~ ro whose transverse profile
corresponds to N& 8 in Eq. (6).

tures and focal regions along the axis of propagation.
Significantly, the power trapped in it corresponds to ap-
proximately 90% of the total initial power of the beam.

From Eq. (7), it follows that, for plateaulike initial in-

tensity distributions, the aperture r+ of the plasma
column becomes comparable with the beam aperture rp.
For example, in the case treated above, we have

r+ =1.28rp. As the apertures of the laser beam and the
plasma column tend toward coincidence, however, de-
focusing becomes relatively more significant. Therefore,
this aspect of the propagation must be carefully taken
into account when the evolution of pulses having plateau-
like initial intensity distributions was studied.

Figure 1(b) shows the propagation of a pulse in a plas-
rna column for %2=8 corresponding to the same physi-
cal parameters as those pertaining to the illustration in

Fig. 1(a). In this case, the transverse profile of the elec-
tron density in the plasma column is described by f(r) in

Eq. (6) for N3=8 and r+ =rp. The comparison of Figs.
1(a) and 1(b) demonstrates the strong effect of defocus-
ing on the spatial dynamics of propagation when the
column has a radial dimension close to that of the beam.
Defocusing causes a fraction of the beam to spread away
from the column while the remaining energy adjusts to
balance the relativistic self-focusing, defocusing, and

diffraction. In this way, the dynamics of the interaction
tend toward the formation of a spatially stable mode of
propagation. In addition, as evident from Fig. 1(b), a
substantial fraction, nominally 25/o of total initial beam
power, can be confined in such a mode. Importantly, the
further study of such cases has also indicated that such
stable patterns can be maintained for a length of at least
twenty normal diffraction lengths.

The solutions of Eq. (1), with the initial conditions
given by Eq. (4), satisfy important similarity laws.
Specifically, the results shown in Figs. 1(a) and 1(b) are
valid for any other set of physical parameters satisfying
the relationships a~ —=[(kprp) /aRpltp~j'tp 2.486X 10
and a2= Ip/I 2/9. —Furthermore, if full account of both
the relativistic and charge-displacement mechanisms
(x ~ WO) is made, these similarity statements are pre-
served and tr~ =a2/4a ~.

Following earlier studies' " we have analyzed the
evolution of plane waves having small perturbations in

order to determine the dependence of the self-focusing
length on the initial pulse parameters. The results of this
analysis showed that the largest growth rate of the per-
turbations and, consequently, the minimum self-focusing
length occur at an entrance intensity on the beam axis of
Ip(t) i I„. Specifically, the computations have shown

that this inference remains true for the relativistic self-
focusing of pulses with Gaussian initial intensity distri-
butions.

The dynamic motion of the foci illustrated in Fig. 2
exhibits important characteristics. For example, the cal-
culations show that the locus of the first focus in the
(t,z) plane, for the initial condition determined by Eq.
(4) with N, =2, N2=2, I =6I, =8.04XI02p W/cm',
v=500 fs, and r0=3 pm, reaches the minimal z for
Ip(t) =

& I,. If the extreme intensity on the beam axis is

I ~I„ this locus has three reversal points. Two of
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them, corresponding to the same z, are due to
Io(t) = —,

' I,. The third and central one, corresponding to
a greater z, occurs at Io(t) =I . In principle, this
feature establishes a clear diagnostic signature for rela-
tivistic self-focusing that enables it to be distinguished
from the Kerr nonlinearity which produces a locus with
a single point of reversal.

The spatial character of propagation of sufficiently in-

tense subpicosecond ultraviolet pulses in self-generated
plasmas is significantly influenced by a relativistic-
charge-displacement mechanism and two important
classes of propagation have been distinguished. In a spa-
tially homogeneous plasma, the interaction can produce
self-focusing in the form of a pulsing waveguide involv-

ing a structure of alternating rings and focal zones. The
location, formation, and nature of the focal regions, in-

cluding the maximal intensities occurring in them, de-

pend essentially on the properties of the initial transverse
intensity distribution. The locus of the first focus in the
(r, z) plane for pulses with Gaussian initial intensity dis-
tributions and maximum intensities I I, has three re-
versal points. For this class of pulses, the relativistic
self-focusing length is minimal, if the intensity of the ini-

tial pulse on the axis equals —,
' I„.

A mechanism leading to a spatially stabilized mode of
propagation is also revealed. In this case, the defocusing
that occurs when the plasma column has a radius close
to that of the beam is particularly significant. The
effective action of the defocusing, which serves as a spa-
tially distributed nonuniform energy loss, causes the rap-
id formation of intensity profiles that become quasistabi-
lized along the beam axis. Therefore, it is accurate to
state that the process of defocusing contributes directly
to the dynamical development of stabilization. Further

computational results using the procedures described
above are available. '

One of the authors (C.K.R.) acknowledges fruitful
conversations with J. C. Solem, T. S. Luk, K. Boyer, and
A. McPherson. Support for this research was partially
provided under Contracts No. AFOSR-89-0159, No.
N00014-87-K-0558, and No. N00014-86-C-2354.

'L. V. Keldysh, lb. Eksp. Teor. Fiz. 47, 1945 (1964) [Sov.
Phys. JETP 20, 1307 (1965)l.

T. S. Luk, U. Johann, H. Egger, H. Pummer, and C. K.
Rhodes, Phys. Rev. A 32, 214 (1985).

J. C. Solem, T. S. Luk, K. Boyer, and C. K. Rhodes, IEEE
J. Quantum Electron. 25, 2423 (1989).

4V. I. Ludgovoi and A. M. Prokhorov, Usp. Fiz. Nauk 111,
203 (1973) [Sov. Phys. Usp. 16, 658 (1974)l.

5H. Hora, Physics of Laser Driven Plasmas (Wiley, New
York, 1981).

P. Sprangle, E. Esarey, and A. Ting, Phys. Rev. Lett. 64,
2011 (1990); Phys. Rev. A 41, 4463 (1990); P. Sprangle, C.
M. Tang, and E. Esarey, IEEE Trans. Plasma Sci. 15, 145
(1987).

7G.-Z. Sun. E. Ott, Y. C. Lee, and P. Guzdar, Phys. Fluids
20, 526 (1987).

T. Kurki-Suonio, P. J. Morrison, and T. Tajima, Phys. Rev.
A 40, 3230 (1989).

9V. E. Zakharov, V. V. Sobolev, and V. S. Synakh, Zh. Eksp.
Teor. Fiz. 60, 136 (1971) [Sov. Phys. JETP 33, 77 (1971)].

' V. I. Bespalov and V. I. Talanov, Pis'ma Zh. Eksp. Teor.
Fiz. 8, 471 (1966) [Sov. Phys. JETP 3, 26 (1966)l.

''T. B. Benjamin and J. E. Feir, J. Fluid Mech. 27, 417
(1967).

' A. B. Borisov et al. , Institute of General Physics, U.S.S.R.
Academy of Science, Moscow, Report No. 4, 1990 (unpub-
lished).

1756


