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Electron cavitation and acceleration in the wake of an ultraintense, self-focused laser pulse
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A particle code is used to calculate the plasma response to the relativistic ponderomotive force of a short
intense laser pulse propagating in a tenuous plasma. The regime of total cavitation of the plasma is investi-

gated. It is found that stable propagation over a long distance is possible in this regime, and that energetic
electrons are produced with a simple characteristic dependence of their angle of deflection on energy.

PACS number(s): 52.40.Db, 42.65.Jx, 52.35.Mw, 52.40.Nk

Channeling of intense optical fields in plasmas is an im-

portant challenge, with possible applications in the context of
laser plasma accelerators and x-ray lasers. It has been shown
in recent papers that self-channeled intense laser pulses are
subject to severe instabilities of the Raman type which
modulate the laser pulse and erode its tail [1—7] or cause the
laser pulse to veer off its axis [8,9]. The simulations and
theory of Refs. [1—4] were based on laser-plasma Iluid mod-
els corresponding to a cold plasma. This prevents one from
treating situations where the plasma motion reaches the
wavebreaking limit and where fast electrons are generated in
the interaction. In addition, these models contain a math-
ematical singularity at zero plasma electron density which
prevents their use when the electrons are totally expelled
from the axis of the laser propagation (electron cavitation).
Such features are strong limitations of the fluid models in the
high intensity regime. An alternative to the fiuid models is
the particle in cell (PIC) technique [6,7]. This technique fol-
lows the evolution of the laser radiation on the short time
scale associated with the laser period, and thus is computa-
tionally intensive and restrictive in the parameters that can be
studied.

In the following, a particle model is used to describe the
long-time plasma behavior under the action of an ultrahigh
intensity (of the order of 10 W/cm or more), short laser
pulse (1 psec or less). Among the results we obtain, we em-
phasize the following. (i) Relativistic focusing for short laser
pulses is possible over a long distance ()30l~) with total
electron cavitation in the laser channel and strong reduction
of the Raman type plasma instabilities (l~= roor~/2c is the

Rayleigh length, coo is the laser frequency, rI is the laser spot
size, and c is the light velocity). This self-focused propaga-
tion does not need the help of a performed plasma channel
[10] which is necessary at moderate intensities. (ii) Plasma
electrons can be ejected with relativistic energies in the wake
of the laser pulse. The angle of ejection is related simply to
the electron energy as a consequence of momentum and en-

ergy conservation.
The model is fully nonlinear, relativistic, and two dimen-

sional [11].It uses the quasistatic approximation (QSA) [12],
which assumes that the electron transit time through the laser
pulse is short compared with the characteristic laser pulse

deformation time. We assume that the laser wavelength (fre-
quency) is much smaller (greater) than all the other charac-
teristic lengths (times) in the system. In particular, ro„((ron
and rt))c/ro„, where to~=(47rq no/m) / is the plasma fre-
quency based on the ambient density n,o, and q= —e and
m are the charge and mass of an electron. These inequalities
enable one to expand the equation of motion of the electrons
and the wave equation in powers of the small parameter
cd& /ron .

The envelope approximation is used to describe the laser
pulse propagation. %e separate the rapidly varying phase of
the radiation vector potential and its slowly varying ampli-
tude,

A(r, t) =A(r~, (,t)exp[ —
igloo(t

—z/c)]+ c.c.,

where g= ct z The wa—ve . equation is
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q

where we have dropped the term ct /8t which is here of
order (co& /too) . Here n is the slowly varying component of
the electron density and y is the averaged value of the
inverse of the slowly varying component of the relativistic
factor. The average is taken on the distribution function of
the electrons. Note that retaining the 8 /dtd( term enables
one to treat forward Raman scattering and pump depletion
which are important phenomena when co /coo is not too
small. On the other hand, the envelope approximation pre-
cludes the treatment of backward Raman scattering which,
however, is seen to saturate rapidly in full PIC simulations
[61

The density appearing in Eq. (2) results from the forced
excitation of a plasma disturbance by the ponderomotive po-
tential of the radiation. Averaging the equation of motion of
the electrons over the laser period results in
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where all quantities except the radiation vector potential A
are slowly varying quantities. Here () denotes the average
over the short period of the laser light. Due to the QSA, the
validity of this equation is limited to the electrons whose
axial velocity is smaller than the group velocity of the laser
light. In particular, for high energy electrons accelerated in
the forward direction the limitation is y(coo/c0&.

The slowly varying component of -the relativistic factor
simplifies to [11]

1+ 2 p+m'c' m'c'
)

(4)

Equation (3) can be deduced from the averaged (ponderomo-
tive) Hamiltonian

H(r, P, t) =[m c +(P, —qA, ) +q (A )]'t +q&P, , (5)

dH BH BH BH dP,
dt at a( Bz dt ' (6)

so for electrons initially at rest

@me +q4, —cp, —qA, ,=mc . (7)

Therefore it is sufficient to solve for the radial component of
the electron momentum for which one can write (for a two-
dimensional axisymmetric laser pulse)

(8a)

dv pq

d( 1+'P ' (8b)

where we use normalized quantities, a(r, t) = qA/mc,
p = p/m c, 4" = e (rIi, —A, ,)/m c, r = k„r, g= keg (where
k„= co~/c), and b=eB, /mrn~c (note %" is independent of
the gauge). The slowly varying component of the field quan-
tities satisfies the Maxwell equations which can be written
(in the QSA)

where A, and 4, are the slowly varying vector and scalar
potentials associated with the wake fields, and P is the ca-
nonical momentum, P=p+qA, /c. In the QSA H depends
on z and t only via (=ct —z. This leads to the constancy of
H —cP, via

FIG. 1. Time evolution of the laser intensity for the case of a

moderate intensity and large focal spot (ap=0.25 k&rt =16).

terms 1+ qt and b a appearing in Eqs. (8) and (9a) are treated
with a predictor-corrector scheme. Once the particle trajec-
tories are computed, we collect the terms contributing to the
right-hand side of Eq. (2) to advance the laser field in time.
Finally we also treat the ions' motion and contribution to the
source in Maxwell equations. However, except for quite long
laser pulses, when the ions tend to be expelled from the laser
channel by the ambipolar field due to the electron expulsion,
the simulation results are almost insensitive to whether or not
the ions are allowed to move.

' We verified that the code gives identical results with Ref.
[1] (slab geometry) in the weakly relativistic limit and with
Ref. [2] (cylindrical geometry) when the electron flow is
laminar. We also compared the code with the results of a PIC
code [6] for values of ni~/coo as large as 0.2, and in situa-
tions where the QSA is only marginally valid, and the code
gave very close results, with a lower noise in our case.

We now show the result of a high intensity laser pulse
propagating in a tenuous plasma in cylindrical geometry. Ini-
tially, the radiation is of the form

a(r, (,t=O) = aosin(7r(/L)exp ( —r /rL).

1 g /gj
(Ai —1) z'qt= — r~ —b—

~ +j, ,8( r Br (8(

(9b)

wherej =j/noec is the normalized current density. Equations
(2), (4), and (7)—(9) fully describe the laser plasma interac-
tion in the QSA. These equations reduce to the model de-
scribed in Ref. [2] when the electron flow is laminar.

We have solved the set of equations on both a two-
dimensional Cartesian grid (g,x) and a cylindrical grid
((,ri) with a numerical method which is implicit as far as
weakly nonlinear terms are concerned [1] and where the

The following parameters were chosen: a&=0.25, kg =40,
kurt

——16, and cn„/&0&=0.03, which corresponds to a plasma
of density 10 cm for a 1 p, m laser light. Figure 1 shows
surface plots of the laser intensity at four times during the
simulation. The pulse is about twice the critical power for
relativistic self-focusing [13,14] [P,=16.2(coo/co ) X10
W]. As expected, we observe that the pulse is subject to the
Raman self-focusing instability [1]. However, we observe
that the instability develops slightly slower than predicted by
the weakly nonlinear model of Ref. [1].After one Rayleigh
length, we observe that the pulse has been separated into two
pulses which are still focused and propagate on about two
Rayleigh lengths, and then diffracts quickly after a strong
pump depletion [7]. The same case run with co /coo=0
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FIG. 4. Sample electron trajectories for the case of Figs. 2 and 3,
after the laser pulse has propagated 1 Rayleigh length in the plasma.

FIG. 2. Time evolution of the laser intensity for the case of a
large intensity and small focal spot (ao= 1.0, k~rI =4).

would propagate on about 10 Rayleigh lengths, which shows
the importance of the forward Raman term here.

Figure 2 corresponds to the same laser power, but to a
smaller focal spot, i.e., ao=1.0, k~rI =4. In this case, we
observe a total expulsion of the electrons from the laser
channel which stabilizes the Raman instability in the bulk of
the laser pulse. As a result, the laser pulse propagates over a
large distance (more than 30 Rayleigh lengths) with a radial
profile similar to the one predicted in the model of Sun et al.
[14].The front part of the pulse is eroded as predicted by
Sprangle et al. [12]. The fact that self-focused propagation
on distances much larger than the Rayleigh length is possible
is in agreement with recent experimental results [15]. We
verified here that the role of the forward Raman term was
small in this case, in contrast with the case of Fig. 1.

Figure 3 shows the electron density after one Rayleigh
length for the same case as Fig. 2. One observes total elec-
tron cavitation where the laser intensity is large, enhance-
ment of the density on the sides of the self-focused channel,
and a strong peak behind the laser pulse due to electrons
which come back towards the center of the channel under the
action of the charge separation field. This behavior is similar
to the one observed in the case of a nonlinear plasma wake

o.(E)
R = o.(E)n ac =5.3X 10

Oo
sec (10)

010

field [16].Suppression of Raman instabilities may be attrib-
uted to a number of effects. The electron density is reduced
where the laser intensity is greatest, the plasma channel is
inhomogeneous which disturbs the plasma wave resonance
[17],and the channel density has a maximum at a radius just
greater than the spot size. This last effect contributes to en-
hancing the diffraction of radiation which is sidescattered
and thus suppresses sidescattering instabilities [18].

Figure 4 shows sample electron trajectories after the laser
has propagated 1 Rayleigh length in the plasma. In this ex-
ample the electron flow is laminar until k„g= 15. For
k~() 15, the radial wavebreaking of the plasma disturbance
results in a multipeaked electron distribution function and
the ejection of fast electrons in the MeV range. The validity
of fluid codes would be limited to k~g(15 here. Figure 5
shows the cross section o(E) for the ge. neration of electrons
with energy greater than E. This cross section is generated
after the laser pulse has propagated 30 Rayleigh lengths in
the plasma. It is averaged over the propagation length and
normalized to o&=2m(cjcu~) . The rate of production R of
electrons with energy greater than F. is given by

10
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FIG. 3. Electron density after one Rayleigh length (same case as
Fig. 2). The electron density has been limited to 3n„on this curve.

FIG. 5. Cross section for the generation of electrons with energy
greater than E in the case of Figs. 2—4. The fast electrons are
collected over the first 30 Rayleigh lengths.
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In the example shown in Fig. 5 the maximum Lorentz factor
of the accelerated electrons is of the order of 3, which is well
below the validity limit of the ponderomotive approach [Eq.
(3)] since here coo/ro~=33. Due to the constraint, Eq. (7),
the ejected electrons (for which /=0) satisfy the relation

p, = ~, . Note that this relation applies to the electrons ac-
celerated by the ponderomotive force (and self-consistent
plasma fields), and that it has the same form as the relation
between the axial and the radial jitter momentum of an elec-
tron in a plane wave [19].The relation maybe reexpressed in
terms of the angle 0 made by the electron with respect to the
axis of the laser,

cos g=
i 7+I)

A simple interpretation of this result can also be given by the

analysis of the collision of a photon packet (of total energy
E&)mc ) with a single electron when the energy loss of the
radiation is small (multiphoton Compton effect with small
photon deflection) [20]. It is interesting to note that the rela-
tion holds even in the presence of large wake fields, once the
electron has escaped from the region of the wake. This rela-
tion can be expected to apply so long as the radiation wave
vector remains in the forward direction. Electrons satisfying
this relation were recently observed by Meyerhofer et al. in a
laser-gas experiment [21].

We have studied stable propagation of ultraintense laser
pulses through tenuous plasma in the region of total electron
cavitation with a particle code calculating the particle trajec-
tories on the plasma period time scale. Relativistic electrons
are ejected from the wake of the pulse in a cone whose angle
decreases with energy.

[1]T. M. Antonsen, Jr. and P. Mora, Phys. Rev. Lett. 69, 2204
(1992); Phys. Fluids B 5, 1440 (1993).

[2] P. Sprangle, E. Esarey, J. Krall, and G. Joyce, Phys. Rev. Lett.
69, 2200 (1992); J. Krall, A. Ting, E. Esarey, and P. Sprangle,
Phys. Rev. E 48, 2157 (1993).

[3] N. E. Andreev, L. M. Gorbunov, V. I. Kirsanov, A. A. Pog-
osova, and R. R. Ramazashvili, JETP Lett. 55, 571 (1992).

[4] X. L. Chen and R. N. Sudan, Phys. Fluids B 5, 1336 (1993).
[5] W. B. Mori, C. D. Decker, D. E. Hinkel, and T. Katsouleas,

Phys. Rev. Lett. 72, 1482 (1994).
[6] C. D. Decker, W. B. Mori, and T. Katsouleas, Phys. Rev. E 50,

R3338 (1994); C. A. Coverdale er al. , Phys. Rev. Lett. 74,
4659 (1995).

[7] S. V. Bulanov, F. Pegoraro, and A. M. Pukhov, Phys. Rev. Lett.
74, 710 (1995); S. V. Bulanov et a/. , Phys. Fluids B 4, 1935
(1992).

[8) G. Shvets and J. S. Wurtele, Phys. Rev. Lett. 73, 3540 (1994).
[9] P. Sprangle, J. Krall, and E. Esarey, Phys. Rev. Lett. 73, 3544

(1994).
[10] C. G. Durfee III and H. M. Milchberg, Phys. Rev. Lett. 71,

2409 (1993);C. G. Durfee III, J. Lynch, and H. M. Milchberg,
Opt. Lett. 19, 1937 (1994).

[11]A detailed derivation of the governing equations will be pre-
sented in a future publication.

[12] P. Sprangle, E. Esarey, and A. Ting, Phys. Rev. Lett. 64, 2011
(1990).

[13]G. Schmidt and W. Horton, Comments Plasma Phys. Con-

trolled Fusion 9, 85 (1985); A. V. Litvak, Zh. Eksp. Teor. Fiz.
57, 629 (1969) [Sov. Phys. JETP 30, 344 (1969)];P. Kaw, G.
Schmidt, and T. Wilcox, Phys. Fluids 16, 1522 (1973); C. E.
Max, J. Arons, and A. B. Langdon, Phys. Rev. Lett. 33, 209
(1974); X. L. Chen and R. N. Sudan, ibid. 70, 2082 (1993).

[14] G. Z. Sun, E. Ott, Y. C. Lee, and P. Guzdar, Phys. Fluids 30,
526 (1987).

[15]A. Borisov et al. , Phys. Rev. Lett. 65, 1753 (1990); P. Monot
et al. , in High Field Interactions and Short Wavelength Gen-

eration, Vol. 16, 1994 OSA Technical Digest Series (Optical
Society of America, Washington, DC, 1994), p. 144.

[16] J. B. Rosenzweig, B. Breizman, T. Katsouleas, and J. J. Su,
Phys. Rev. A 44, R6189 (1991).

[17]T. C. Chiou, T. Katsouleas, C. Decker, W. B. Mori, J. S.
Wurtele, G. Shvets, and J. J. Su, Phys. Plasmas 2, 310 (1995).

[18]T. M. Antonsen, Jr. and P. Mora, Phys. Rev. Lett. 74, 4440
(1995).

[19]D. W. Forslund et al. , Phys. Rev. Lett. 54, 558 (1985); L. D.
Landau and E. M. Lifshitz, Classica/ Theory ofFields, 3rd ed.
(Addison-Wesley, Reading, MA, 1971).

[20] P. B. Corkum, N. H. Burnett, and F. Brunel, in Atoms in In
tense Fields, edited by M. Gavrila (Academic Press, New

York, 1992), pp. 109-137.
[21] D. D. Meyerhofer, C. I. Moore, and J. P. Knauer, in High Field

Interactions and Short Wavelength Generation, Vol. 16, 1994
OSA Technical Digest Series (Optical Society of America,
Washington, DC, 1994), p. 121.


