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Electron acceleration from the interaction of an intense short-pulse laser with low density plasma is
considered. The relation between direct electron acceleration within the laser pulse and that in the
wake is investigated analytically. The magnitude and location of the ponderomotive-force-caused
charge separation field with respect to that of the pulse determine the relative effectiveness of the
two acceleration mechanisms. It is shown that there is an optimum condition for acceleration in the
wake. Electron acceleration within the pulse dominates as the pulse becomes sufficiently short, and
the latter directly drives and even traps the electrons. The latter can reach ultrahigh energies and can
be extracted by impinging the pulse on a solid target. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1572158#
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I. INTRODUCTION

Rapid advances in short-pulse high-intensity lasers h
given rise to many new applications. There is thus mu
interest in the physics of the interaction of intense sho
pulse lasers with plasmas and solids. Simulations and exp
ments have shown that very energetic electrons are prod
when an intense short-pulse laser interacts with a lo
density plasma or impinges on a solid target. High-ene
electrons have many applications, such as in fast ignition
fusion reaction,1,2 hard x-ray source,3–5 fast ion
production,6–8 etc. Several theories for high-energy electr
generation by laser light have been proposed. These inc
resonance absorption,9 v3B heating,10 vacuum heating,11

nonadiabatic heating at the plasma–light interface,12 and sto-
chastic heating,13 etc. In most of these theories the laser lig
interacts with the electrons at or near the target surface
standingwave.

When an intense short laser pulse propagates in an
derdense plasma, the electrons are accelerated and de
ated by the ponderomotive force at its leading and trail
halves, respectively. The spatial displacement of the e
trons can give rise to a large space charge field, whose re
ation after the pulse moves away can lead to strong elec
static wake oscillations.14,15 A small number of electrons in
the wake field can reach very high energies and they
released when wave breaking occurs. On the other hand
ponderomotively accelerated electrons inside a sufficie
2461070-664X/2003/10(6)/2468/7/$20.00
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short laser pulse can also reach very high energies. Th
energetic electrons can be extracted~before they are deceler
ated! by letting the laser pulse hit a solid target.16,17 Physi-
cally, electron acceleration inside a laser pulse and inside
laser-excited wake oscillation are separate but closely rel
processes. The latter are in fact governed by the same e
tions and can compete with each other. An understandin
the details of the relation between these processes woul
helpful in the design of advanced schemes of wake and di
acceleration of electrons. However, they have traditiona
been investigated separately. In this paper we investigate
interaction of a very short laser pulse with a plasma, su
that the pulse width is less than the plasma-wave lengt
situation that occurs in the very rarefied preplasma region
the interaction. In order to clarify the relationship betwe
the two and their relative effectiveness under different c
ditions, we consider in a unified and transparent manner
electron dynamics in the wake and within the laser pulse
is found and expressed quantitatively that the relative e
ciencies of the two acceleration processes depend on th
ser intensity and pulse width, as well as the backgrou
plasma density. The results are compared with that from
two-dimensional~2D! particle-in-cell~PIC! simulation.

II. GOVERNING EQUATIONS

When a short planar light pulse propagates in a unifo
low-density plasma, the response of the plasma electrons
be described by15,18
8 © 2003 American Institute of Physics
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 This a
v'5a/g, ~1!

] t~gvz!5]z~f2g!, ~2!

] tn52]z~nvz!, ~3!

]z
2f5n2Zni , ~4!

wherev is the electron velocity normalized byc, A and f
are the vector and scalar potentials normalized bymc2/e, t is
the time normalized byv21, the space coordinates are no
malized byk21, wherev andk are the laser frequency an
wave number, respectively. Furthermore,g5(12v2)21/2 is
the relativistic factor or the normalized~by mc2) electron
energy,n and ni are the electron and ion densities norm
ized by the critical density, andZ is the ion charge number
On the time scale of the light pulse and electron motion,
heavy ions are not much affected, so thatni can be taken as
a constant.

We assume that the plasma density is low, the laser
tensity high, and the pulse width short, so that the norm
ized envelopea5uAu of the vector potential of the lase
pulse can be taken to be nonevolving and that it propag
at a constant speed near that of light in the plasma.15,19Thus
a is a function of j5z2vgt, where vg5A12Zni is the
constant group velocity of the light waves in the plasm
Integrating Eqs.~2! and~3! and using the boundary conditio
that the plasma is undisturbed and homogeneous before
laser pulse arrives, orvz50, f50, andn5Zni at z5`, one
easily obtains the governing equations15

f2g1gvzvg521, ~5!

n~vz2vg!52Znivg . ~6!

Eliminating n, vz , andg, one obtains from Eq.~4!,

dj
2f5vg~11f!/A~11f!22Zni~11a2!21, ~7!

for f. Equation ~7! together with~5! and ~6! govern the
quasistationary dynamics of the electrons inside as wel
behind the laser pulse. Weak transient behavior and dam
of the light wave and wake oscillations are neglected. Eq
tion ~7! is highly nonlinear and inhomogeneous, but it can
easily integrated numerically.

III. HEURISTIC DESCRIPTION

It is instructive to first review and discuss qualitative
the interaction of a laser pulse with the plasma electr
under nonrelativistic conditions. As the pulse propagates
the plasma, the ponderomotive force at its rising front acc
erates the electrons forward, creating a local charge sep
tion, which tends to counteract the motion of the accelera
electrons. The electrons are also decelerated by the pond
motive force exerted by the trailing part of the pulse. T
strength and distribution of the charge separation field t
depend on the intensity, speed, and the width of the pulse
well as the unperturbed electron density.

In general, the uncompensated electrostatic space ch
field remains after the laser pulse passes. The relaxatio
this field from electron redistribution then gives rise to t
electron wake oscillations having a phase speed near
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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speed of the light pulse and a frequency near the pla
frequency. The normalized wavelengthlp of the wake oscil-
lations is approximatelyvg /vp , or 2p/AZni , which is a
function only of the plasma density. One expects that
efficiency of wake field generation is highest14 if the separa-
tion between the ponderomotive acceleration and decel
tion of the electrons by the laser pulse is halflp , so that the
plasma wave and the ponderomotive force are locally ph
matched or ‘‘resonant’’ in a region of about half a plasm
wavelength.

On the other hand, if the laser pulse width is mu
smaller than the optimum value, the dynamics of the el
trons therein can be so dominated by the ponderomo
force that the they bunch inside the pulse, at the expens
the downstream~in the pulse frame! electrons. In this case
the electrons are trapped by the pulse. Wake oscillations
still be excited by the space charge field behind it. Howev
they will be much weaker than that of the optimum case

IV. RESULTS

For the purpose of tracking the electron energy g
within the laser pulse, it is convenient to introduce the p
rameter

h5S E a2dj D 21E 2n~g21!dj, ~8!

where the integral is over the laser pulse. Thus,h is the ratio
of the energy of the electrons inside the pulse to that of
laser. For a Gaussian pulse,a2 is given by

a25 1
2 a0

2 exp~2j2/L2!@11cos~2j!#, ~9!

for linearly polarized light, and

a25a0
2 exp~2j2/L2!, ~10!

for circularly polarized light, respectively. Here,L5d/2, and
d is the pulse width. This difference ina2 leads to a strong
dependence of the results on the polarization, as will be
cussed below. The response of the electrons to the laser p
can be calculated numerically from Eqs.~5!–~7!.

In the numerical evaluation, the electrostatic field a
electron density are calculated in the presence of the g
a(j). The integration is initiated at a large positivej in front
of the pulse wherea is negligibly small. Both the electro
static field and its derivative start from zero there. The in
gration is then carried out backwards, so that an overall p
ture of the electron dynamics and electric field behavior
the pulse and wake is obtained. We shall investigate b
regions under the same laser and plasma conditions in o
to determine the efficiencies of the two electron accelera
mechanisms.

A. Effectiveness of acceleration in the wake and in
the pulse

In Fig. 1, the plasma response to a circularly polariz
laser pulse is presented forZni51024, and~a! a050.05 and
~b! a052 and 5. The solid lines show the maximum wa
field amplitudefmax/a0 ~here renormalized for the conve
nience of comparing with the laser field! as a function of
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
d/lp . Figure 1~a! shows that in the nonrelativistic regim
the optimum pulse width for wake generation is about ha
plasma wavelength as expected.14 In this case of relatively
weak laser intensity, the laser pulse generates a charge
ration field, which induces sinusoidal wake oscillation14

typical of linear waves. Even for this case one can achiev
wake field amplitude offmax/a0;0.8. The charge separatio
field and wake potential can be increased by increasing
laser intensity. However, to optimize the process it is nec
sary to shorten the laser pulse since the intensity of the p
deromotive force affects the charge separation field. Figu
also shows thatfmax/a0 decreases rapidly~slowly! with
d/lp if the laser pulse width goes below~above! its optimum
value.

The dependence of the normalized electron energyh in-
side the pulse on the pulse width is given by the dotted li
in Fig. 1~b!. It is too small to be shown clearly in Fig. 1~a!,
which is for smalla0(50.05). One can see that in generalh
increases with decreasing pulse width and increasing in
sity of the laser. That is, for the same background plas
density, direct acceleration by the laser pulse is dominant
short and intense pulses.

B. Large amplitude wake oscillations

As the laser intensity increases, the optimum pulse wi
becomes smaller. Although the interaction scenario inside

FIG. 1. Maximum wake amplitude~solid lines, renormalized bya0)
fmax/a0 as a function ofd/lp for Zni51024, with ~a! a050.05 and~b!
a052 and 5. The dependence of the energy ratioh on d/lp is given by the
dotted lines in~b!. For the parameters chosenh is rather small~it is even
smaller for thea050.05 case in~a! and is therefore not shown!, which is
consistent with our assumption of constant laser intensity and negligible
motion.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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laser pulse is physically similar to that of weaker pulses
much stronger charge separation field is created. In fact,
wake oscillations can be of higher amplitude than that of
laser, orf.a0 , and they can become highly nonlinear.
Fig. 2, the laser–plasma interaction scenario and wake fi
generation process for a circularly polarized intense la
pulse is presented. Here,a052 andd50.35lp , correspond-
ing to the optimum width for wake generation~see Fig. 1!.
The background electron density is againZni51024. The
spatial behavior of the normalized vector and scalar pot
tials a andf, the normalized longitudinal electron mome
tum pz5gvz , and the renormalized electron densityn/Zni

are given by the dotted, dashed, solid, and dotted–das
lines, respectively.

Inside the laser pulse, the electrons are accelerated
decelerated by the ponderomotive forces arising from
high gradients at the front and back of the laser envelo
Their displacement leads to a strong charge separation fi
which in turn tends to restrict the motion of the displac
electrons as well as to induce motion by the neighbor
electrons. After the pulse passes a large space charge
remains and its relaxation leads to highly nonlinear wa
plasma oscillations. The electron density profile in the lat
is characterized by localized peaks separated by shallow
flat depressions, characteristic of nonlinear plas
oscillations21,22 even in the absence of relativistic effects.
is of interest to point out that, except for the larger amp
tudes of the physical quantities involved and the highly no
linear wake oscillation, the scenario of the laser–plasma
teraction in this case is still very similar to the low intensi
case.

C. Direct electron acceleration in the laser pulse

Figure 3 is also for a circularly polarized laser witha0

52, but much narrower pulse width (d50.05lp). The latter

n

FIG. 2. Evolution of the normalized vector (a, dotted line! and scalar~f,
dashed line! potentials, longitudinal electron momentum (pz , solid line!,
and electron density (n/Zni , dotted–dashed line!, for a052 and Zni

51024. Here,d50.35lp , corresponding to the optimum width for wak
generation.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
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 This a
is much less than the width;0.35lp @see Fig. 1~b!# for
optimum wake excitation. This case differs considera
from that of Fig. 2, and corresponds to direct electron ac
eration by the laser pulse. Here a significant change~with
respect to that of Fig. 2! in the behavior of the electron
dynamics within the laser pulse occurs: the electron mom
tum and density profiles become nearly synchronized w
that of the laser pulse. The electrons are strongly acceler
and decelerated by the predominating ponderomotive fo
at the leading and trailing fronts of the pulse, respectivel

In this case, the laser pulse traps the electrons and ca
them with it as a soliton-like system, such as that found
Kaw et al.23 The space charge field created by the elect
bunching within the pulse is entirely downstream. Furth
more, this space charge field is weaker, and the number
sity and energy involved in the wake oscillations less, th
that inside the laser pulse. They are also less than tha
longer pulses~such as that in Fig. 2!. It is of interest to note
that this wake field reduction also occurs for weak laser
tensities if the pulse is sufficiently short, since besides
lack of the local phase-matching between the ponderomo
force induced space charge field and the wake oscillatio
the number of ponderomotively displaced electrons, and t
also the space charge field, is much less. The intermed
cases~not shown! shows that the transition from wake t
direct acceleration when the pulse width becomes less
that of the optimum is rapid but continuous, as is also in
cated in Fig. 1~b!. In the latter figure one can also see that
the high intensity (a055) caseh increases rapidly as th
pulse width is decreased, despite the fact that the numbe
electrons that can be accelerated in a short pulse is sma

D. Effect of background density

Besides the intensitya0 and widthd of the laser pulse,
another important factor governing the behavior of the las
plasma interaction is the density of the background electr
available for acceleration. In Figs. 4~a! and 4~b!, the maxi-

FIG. 3. Same as Fig. 2, but for a much shorter pulse width (d50.05lp) than
that of optimum for wake generation.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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mum electron energy and density of the ponderomotiv
bunched electrons are shown as functions of the la
strengtha0 for d55, and Zni51024 ~solid curve, corre-
sponding tod/lp50.05). Recall thatlp52p/AZni and all
lengths are normalized by the laser wavelength. andZni

51023 ~dotted curve, corresponding tod/lp50.16), respec-
tively. One can see that in both cases the maximum ene
and density increase with the laser strength, as was alre
discussed. Figure 4 also shows that in plasmas of lower d
sity the electrons bunched and accelerated by the laser p
will have higher energy but lower density.

For completeness, the dashed curve in Fig. 4~a! shows
the maximum electron energy for the caseZni50 ~no back-
ground ions!. Here vg51 and f50, and the problem re-
duces to the ponderomotive acceleration of an electron b
laser pulse propagating in vacuum. We then get from Eq.~1!
and the definition ofg the well-known scaling,

gmax215a0
2/2, ~11!

FIG. 4. Maximum electron energyg ~a! and densityn/nc ~b! of the pon-
deromotively bunched electrons in the laser pulse vs the laser strengtha0 ,
for d55l, and Zni51024 ~solid curve! and Zni51023 ~dotted curve!,
respectively. The dashed curve in~a! is for Zni50 or vg51.
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 This a
which shows that the electron acceleration and bunching
cesses discussed here are simply the relativistic pondero
tive acceleration of electronsin a plasma. In this case a
self-consistent charge separation field appears when the
trons are displaced from the stationary ions.

E. Effect of polarization

Up to now we have concentrated on circularly polariz
laser light. Figure 5 shows the effect of polarization. For b
linear ~solid curve! and circular~dashed curve! polarizations,
the profiles of the longitudinal electron momentum and d
sity are shown forZni51023, a0510, and d55l. The
pulse width is again much smaller than half a plasma wa
length (;16l). The density and momentum profiles for th
linear polarization case exhibit oscillatory behavior, which
due to the cos(2j) term in Eq.~9!. Such a longitudinal modu
lation at twice the laser frequency appears only for linea
polarized light. It is from the oscillating component~which

FIG. 5. Longitudinal electron momentum~a! and density~b! for linear~solid
curve! and circular~dashed curve! polarizations, forZni51023, a0510,
andd55l. The pulse width is again much smaller than that of optimum
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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does not appear for circularly polarized light! of the pondero-
motive force, similar to that appearing in the well-knownu
3B heating effect.10

F. Higher dimensional effects

So far we have investigated electron acceleration in
propagation direction of an intense short-pulse laser usin
one-dimensional~1D! analysis. Although it can be expecte
that the 1D approach is sufficient for the highly direction
processes considered,14 in order to verify our results we hav
also carried out a 2D PIC simulation of a narrowly focus
laser pulse in a low density plasma. In the simulation
laser pulse is assumed to have a narrow Gaussian profi
the transverse direction. The results are given in Fig. 6
order to show the distributions more clearly, only 1/5 of t
simulated electrons is represented in the figures. Figure~a!
and ~b! show the axial momentum and density distributio
of the electrons in a linearly polarized laser pulse. The
rameter values are the same as in Fig. 5. We see tha
longitudinal electron momentum Fig. 6~a! is in good agree-
ment with that of Fig. 5~a! obtained from the 1D analytica
theory. Figure 6~b! shows that electrons are accelerated f
ward and a vacuum region or hole is formed in the tail of t
laser pulse since now there is also a transverse pondero
tive force. As a result, the wake oscillation~not shown! ap-
pears as a series of electron holes. In the enhanced de
region at the center, one can also see the local compres
patterns formed by theperiodic ponderomotive force of the
linearly polarized light pulse. The angular dependence of
electron energyg is shown in Fig. 6~c!. The transverse
spread is due to the ponderomotive force arising from
transverse profile of the laser pulse. If the laser were no
tightly focused, the transverse electron motion would be g
erned mainly by the laser field, as given by Eq.~1!. In this

FIG. 6. Results from 2D PIC simulations of a tightly focused linearly p
larized pulse in a rarefied plasma. The parameters are the same as in F
~a! Longitudinal electron momentum vs the axial coordinate.~b! 2D spatial
distribution of the electron density.~c! Angular distribution of the electron
energy. The concentric circles from the center representg51,10, and 20,
respectively.~d! Distribution of the electron momentum vectors.
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 This a
case the electrons would be~net! accelerated only in the axia
direction. Figure 6~d! gives ~in an enlarged region! the spa-
tial distribution of the electron momentum vectors. One c
again see the oscillatory nature of the longitudinal ponde
motive force. Electron acceleration is mainly in the forwa
direction and it occurs at the center of the pulse. Thus,
gether with the results from existing experiments17 and 2D
numerical calculations,25 as well as other simulations,16 our
simulation shows that forlongitudinal electron acceleration
in the pulse and the wake, despite the significant differe
in the actual configurations, 1D analyses yield quite accu
conclusions.

V. DISCUSSION

Using a simple one-dimensional analytical model,
have in this paper considered the relation between direct
celeration of electrons in a short intense laser pulse and
celeration in the laser-excited wake field. The two proces
can compete with each other. Their relative importance
pends on the response of the electrons to the pulse an
governed by the laser intensity and pulse width, as wel
the background plasma density. For longer pulse lasers
pecially when local phase matching in the laser pulse
tween the ponderomotive force and the wake plasma osc
tion occurs, there is strong electron acceleration in the la
excited wake field and little acceleration or trapping ins
the laser pulse. For sufficiently short and intense puls
there is strong acceleration of the electrons inside the pu
and the corresponding wake field acceleration becomes m
weaker. Direct acceleration of electrons inside the laser p
is no other than the ponderomotive acceleration of electr
in a plasma by the laser pulse. Its effectiveness depend
the number of background electrons available and there
the unperturbed plasma density. In low density plasmas
ponderomotively accelerated electrons will have higher
ergy but lower density. Furthermore, for linearly polariz
lasers the ponderomotively bunched electrons inside
pulse exhibit longitudinal oscillation at twice the laser fr
quency because of the oscillating component of the pond
motive force.

Depletion of the laser energy has not been included
our theory. For higher background plasma densities, the
action of the electron motion on the propagation of the la
pulse should be considered.18,23,25For long (@1 ps) pulses,
higher dimensional and ion effects can also enter. Howe
investigations of related problems19,23,24 including self-
consistent laser intensities and/or ion effects seem to indi
that these effects do not significantly change the o
dimensional electron energization behavior in the las
plasma interaction process under consideration here.

It is of interest to mention that in their study of shor
pulse laser propagation in highdensity (Ne;1020 cm23, cor-
responding toZni;0.1 under the conditions of the prese
work! plasmas, Feitet al.2 found that the laser–plasma inte
action is unstable for short-wavelength longitudinal pertur
tions. However in that regime, (Ne /Nc)

1/2 is not small, and
Lp.kp

21 ~or d.lp) always holds. On the other hand, in th
regime considered here the opposite conditionLp,kp

21 ~or
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d,lp) holds. That is, we confine ourselves to low-dens
plasmas withZni51024– 1023, corresponding to the very
low-density preplasma region that is normally produced b
much weaker prepulse or the low-intensity leading front o
high-intense laser pulse in laser–matter interactions.
should be emphasized that only at such low plasma dens
the laser pulse width can be smaller than the plasma wa
length.

In practical applications, the highest-energy electrons
the large amplitude wake oscillation will be released wh
wave breaking occurs at the wave peaks.14,20 They can also
be enhanced and extracted by elaborate methods. On
other hand, the ponderomotively accelerated ultrahigh
ergy electrons in the rising front of the pulse can be ea
extracted by impinging the laser pulse onto a solid target.16,17

The pulse will then be reflected and the high energy electr
released into the target without suffering the ponderomo
deceleration in the trailing part of the pulse. The parameteh
may then be considered as a coefficient of laser light abs
tion by the trapped~and released! electrons. Furthermore, th
reflected pulse can also interact with the wake and sign
cantly modifying the wake oscillation, leading to addition
acceleration and the option of producing backward propa
ing ultrahigh energy electrons.5,16
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