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Electron capture and violent acceleration by an extra-intense laser beam
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This paper reports on an interesting phenomenon in strong-field laser physics. It has been found, by numeri-
cal simulation method, that when interacting with an extraintense stationary laser beam„Q*100, whereQ is
the dimensionless measure of the field intensity@Y. K. Ho, Phys. Lett. A220, 189~1996!‡, the electron can be
captured and violently accelerated by the laser beam field.@S1063-651X~98!00811-3#

PACS number~s!: 41.75.2i, 42.50.Vk
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We have reported previously@1–3# that an electron can b
scattered inelastically by an intense stationary laser beam
long asE0 , the reference electric field intensity, meets t
requirementQ05eE0 /(mevc).0.1, in which 2e and me
are the electron’s charge and rest mass, respectively,v the
laser circular frequency, andc the speed of light in vacuum
This result has not only represented an answer to the q
tion of whether an electron can obtain net energy gain fr
a far-field laser field@4–6#, but also provided us with a pos
sibility to accelerate the electrons by lasers. For exam
when a laser beam of Hermite-Gaussian~0,0! mode with
Q0510 is used, the electron incident with a 5° crossi
angle and initial energy of 50 MeV can obtain an energy
400 keV from the laser field. This acquired energy is ve
small compared with what is obtainable from the pres
conventional high-energy electron accelerators, such
SLAC, which can accelerate the electrons to 50 GeV. T
our field configuration was not thought to be an effect
method for laser acceleration until recently when a bre
through is made, which will be presented in this paper. T
principal result is that the electron can be captured and
lently accelerated by an extraintense laser beam withQ0
*100. This is a new phenomenon, to our knowledge, a
can be of potential interest to the far-field laser accelerat

The configuration of electron-laser interaction is shown
Fig. 1. The field we use is the lowest-order Hermi
Gaussian mode@7#, which is x polarized and propagate
along thez axis. The expression for the transverse elect
field component is

Ex~x,y,z,t !5E0

w0

w~z!
expS 2

x21y2

w~z!2 D
3expF2 i S vt2kz2w~z!2f0

2
k~x21y2!

2R~z! D G , ~1!
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whereE0 is the reference electric-field strength,w0 the beam
width at the focus center,k is the laser wave number,f0 the
initial phase, and

w~z!5w0F11S 2z

kw0
2D 2G1/2

, ~2!

R~z!5zF11S kw0
2

2z D 2G , ~3!

w~z!5tg21S kw0
2

2z D . ~4!

The other electric and magnetic components can be obta
by usingEz5( i /k)(]Ex /]x) andBW 52( i /v)¹W 3EW @8#. The
electron dynamics can be obtained by solving the Lore
equation in the relativistic framework,

dPW

dt
52e~EW 1VW 3BW !. ~5!

ss
3,

FIG. 1. Schematic geometry of electron scattering by a la
beam. The laser propagates along thez axis.w0 is the beamwidth at
the waist. Without losing generality, we assume that electrons e
from the 2x side, and are parallel to thex-z plane. (g i ,Pxi ,Pyi

50,Pzi) denote the incoming energy and momentum of the el
tron, and (g f ,Px f ,Py f ,Pz f) that of the outgoing state.g is the
Lorentz factor andb0 the impact parameter.u5tan21(Pxi /Pzi) is the
electron incident angle, andf5tan21(Pyf /Pxf) the deflection angle
in the x-y plane.
6575 © 1998 The American Physical Society
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As usual, only the real parts of the fields are used.
cause for such complicated fields, the analytical solution
Eq. ~5! is almost impossible, we have to resort to numeri
analysis. In our numerical simulation, Eq.~5! is solved by
the fourth-order Runge-Kutta method together with Richa
son’s first-order extrapolation procedure@9#. For a more pre-
cise calculation, all real entities are declared to be dou
precision, which could hold real numbers to an accuracy
14 digits. Test calculations against analytical results has b
performed by using the plane-wave electromagnetic fi
over a large range of field intensity, which has shown
reliability of our numerical method. The aim of taking all th
above measures is to exclude the possibility that the con
sions presented in this paper result from a numerical fluk

In the following, we will first discuss the general electro
dynamics in the extraintense laser field withQ05100, and
then the characteristics of electron capture together with
electron acceleration. Finally, a conclusion is drawn.

It has been found@1# that when scattered by a laser bea
of Hermite-Gaussian~0,0! mode with Q0&10, the electron
can either be reflected by the field or pass through the fi
depending upon the electron incident transverse momen
Pxi and the field intensityQ0 . The delimiting Pxi can be
estimated, from the traditional repulsive ponderomotive
tential @10#, to be aboutQ0 /&. But whenQ0 is increased to
around 100, things begin to change and a new electron
havior emerges, i.e., the electron can be captured. In Fig
we present two typical cases withQ05100, one for ordinary
inelastic scattering and the other for capture of the elec
by a laser field. It is interesting to note, that the captu
electron can be accelerated to an energy as high as 1.5
much greater than the keV energy gain from the inela

FIG. 2. Two typical cases of electron dynamics. The solid line
for ordinary electron inelastic scattering withf05240°, and the
dotted line for electron capture withf050°. A laser beam of the
Hermite-Gaussian~0,0! mode, with field intensityQ05100 and
beamwidthkw05200, is used. The electron incomes with mome
tum Pxi /(mec)55, Pyi /(mec)50, Pzi /(mec)550, corresponding
to an initial energy 26 MeV. In the electron capture case, we h
terminated the calculation atvt5100 000 when the electron is ac
celerated to 1.5 GeV, much greater than the final energy 32 Me
the inelastic scattering case. The inset is an enlargement of the
denoted by the arrow.
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effect. It seems that the electron capture turns out to be
effective laser acceleration mechanism. Thus, in the follo
ing, we will focus on the electron capture characteristi
leaving aside the inelastic scattering, which has been
cussed in detail before@1–3#. By comprehensive numerica
research, it is found that there are at least three condit
under which the electron capture phenomenon may eme

First, an extraintense laser field withQ0*100 is neces-
sary, viz. Il2*1022 mm2 W/cm2, which should be achiev-
able in the near future@11#.

Second, the electron should be incident with a sm
crossing angle relative to the laser beam propagation di
tion, and its transverse momentumPxi must not be too large
namelyPxi!Q0 /&. The latter condition is totally contras
to the conventional idea about the electron scattering, wh
claims that whenPxi<Q0 /&, the electron cannot overcom
the repulsive ponderomotive potential barrier and will be
flected by the laser field. The physics of this condition is s
not very clear at this moment. But its usefulness is obvio
since unlike most previous laser acceleration mechani
@12# the electron is not required to be preaccelerated to h
energy before final acceleration.

When the above two conditions are satisfied, the elect
can still not be assured to be captured because the ca
effect is very sensitive to the third factor, namely, the init
phasef0 of the laser field, which has been embodied in F
2, where the 240°-phase difference leads to quite differ
electron dynamics. To see in detail the role played byf0 ,
we present in Fig. 3 the variational relationship between
transverse electric fieldEx and the momentumPxi . It can be
seen from Fig. 3 that the conspicuous difference between
electron scattering and capture takes place whenPxi ap-
proaches zero; that is, the electron begins to be reflecte
the laser field. At this time, in the transverse direction, t
electron is mainly influenced by the electric fieldEx . For
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-

e
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FIG. 3. Variation relationships between the electron transve
momentumPx and the electric-field intensityEx . All the initial
conditions of the electron and the laser field are the same as tho
Fig. 2. ~a! is for the capture case withf050°, and ~b! for the
scattering case withf05240°. The vertical arrow in~a! denotes the
part responsible for the electron capture.



si
xis
ur
a
n

t
F
o
on

e
n
e
ce
d
n

rt
n

n
y
elec-
ser
lec-
ig.
e
n–
rved
aser
ing
nt

um-
gh

o a

mo-
ita-
n
c-
di-
be
gion
the
nd
c-

y-
on–
ects
lse
ted

a
is-
al
o.
a,

a
re
c

PRE 58 6577ELECTRON CAPTURE AND VIOLENT ACCELERATION . . .
ordinary scattering, the force exerted byEx will pull the
electron outside of the laser field in the2x direction. But, as
opposed to the electron capture case, it is just the oppo
Hence the electron will further approach the beam a
where the field intensity is extra strong, leading to capt
and violent acceleration afterwards. Similar situation c
also be found in other capture cases. Since the directio
Ex at the electron reflection point is dependent uponf0 , we
can now see why the electron capture is so sensitive to
initial phase. The capture phase range corresponding to
3 is presented in Fig. 4, from which it can be seen that ab
50% of electrons can be captured when the initial electr
are uniformly distributed in the 360°-phase range.

After being captured, the electron will run along the las
propagation direction, and be accelerated by the extrainte
laser field. According to our numerical analysis, the acc
eration is mainly due to the nonlinear longitudinal for
VxBy , whereVx andBy are the velocity and magnetic fiel
in the x andy directions, respectively. After some transitio
time following capture, the electron energy can increase m
notonously until reaching a limiting energyEmax

5mec
2gmax, wheregmax is aboutQ0

2/2 in magnitude. To give
a physical picture to such a phenomenon, we can reso
the linearly polarized plane-wave field. In this field, the e

FIG. 4. Demonstration of the phase range of the electron c
ture. All the initial conditions of the electron and the laser field a
the same as those in Fig. 2. In the electron capture cases, the
culation are terminated atvt5100 000.
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ergy of an electron initially at rest will oscillate with a
amplitude ofQ0

2/2 @13#, which is just the maximum energ
an electron can obtain from the laser beam. Because the
tron energy increases quickly due to the ultraintense la
field, the phase slippage between the laser field and the e
tron becomes very slow, which almost disappears in F
2~b! over a very long time, leading to a total failure of th
ponderomotive-potential model to describe the electro
laser-beam interaction. Furthermore, we have also obse
that accelerated electrons can be extracted from the l
beam without losing much of the gained energy by apply
a static magnetic field of intensity available with prese
technology.

From all the results and discussion above, we can s
marize as follows. When the laser intensity is strong enou
(Q*100 for a Nd:glass laser; this value corresponds t
laser intensity about 1022 W/cm2, which is expected to be
available in the next couple of years!, the electron-laser in-
teraction enters a regime where the conventional pondero
tive potential model can no longer be used either quant
tively or qualitatively. One of the features of the electro
dynamics in this regime is that relatively lower-energy ele
trons with small crossing angles to the laser propagation
rection and with proper phases relative to the field can
captured by the laser beam, thus entering the near-axis re
where the field intensity is extrastrong, and moving along
wave propagation direction without quivering motion, a
being violently accelerated longitudinally by the laser ele
tric magnetic field.

It is worthwhile to indicate that the above electron d
namics characteristics have also been found in the electr
extraintense-laser-pulse interaction, except those eff
stemming from the leading and trailing edges of the pu
@14#. Thus it is hoped that our predictions can be submit
to experimental tests in the near future.
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