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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 lase@eah®0, whereQ is
the dimensionless measure of the field intenfityK. Ho, Phys. Lett. A220, 189(1996], the electron can be
captured and violently accelerated by the laser beam figlt63-651X98)00811-3

PACS numbgs): 41.75-i, 42.50.Vk

We have reported previous[{—3] that an electron can be whereE, is the reference electric-field strengtiy, the beam
scattered inelastically by an intense stationary laser beam seidth at the focus centek, is the laser wave numbeg,, the
long asEy, the reference electric field intensity, meets theinitial phase, and
requirementQy=eEy,/(mewc)>0.1, in which —e and m,

are the electron’s charge and rest mass, respectivethe 27\ 2112

laser circular frequency, ardthe speed of light in vacuum. w(z)=wg| 1+ _2) , )
This result has not only represented an answer to the ques- kwy

tion of whether an electron can obtain net energy gain from

a far-field laser field4—6], but also provided us with a pos- kw2 2

sibility to accelerate the electrons by lasers. For example, R(z)=2z| 1+ _0) , (3)
when a laser beam of Hermite-Gaussi@0 mode with 2z

Qy=10 is used, the electron incident with a 5° crossing

angle and initial energy of 50 MeV can obtain an energy of kw2

400 keV from the laser field. This acquired energy is very (p(z):tg‘l(—o). (4)

small compared with what is obtainable from the present 2z

conventional high-energy electron accelerators, such as

SLAC, which can accelerate the electrons to 50 GeV. Thud he other electric and magnetic components can be obtained

our field configuration was not thought to be an effectivepy usingE,= (i/k)(JE,/dx) andB= —(i/w)V X E [8]. The

method for laser acceleration until recently when a breakelectron dynamics can be obtained by solving the Lorentz

through is made, which will be presented in this paper. Thexquation in the relativistic framework,

principal result is that the electron can be captured and vio-

lently accelerated by an extraintense laser beam Wigh

=100. This is a new phenomenon, to our knowledge, and

can be of potential interest to the far-field laser acceleration.
The configuration of electron-laser interaction is shown in

Fig. 1. The field we use is the lowest-order Hermite-

Gaussian mod¢7], which is x polarized and propagates

along thez axis. The expression for the transverse electric- [ —

field component is

®
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2,2 FIG. 1. Schematic geometry of electron scattering by a laser
k(x“+y9) ; . .
-, 1) beam. The laser propagates alongztais.wy is the beamwidth at
2R(2) the waist. Without losing generality, we assume that electrons enter

from the —x side, and are parallel to thez plane. (;,Py;,Py;
=0,P,;) denote the incoming energy and momentum of the elec-
* Author to whom correspondence should be addressed. Addresfon, and s Pyt Py ,P,¢) that of the outgoing statey is the
correspondence to Institute of Modern Physics, Shanghai 2004380rentz factor and, the impact parameteé.=tan ‘(P,;/P,) is the
China. FAX: 86-21-65104949. Electronic address: electron incident angle, anqﬂztan’l(ny/Pxf) the deflection angle
hoyk@fudan.ac.cn in the x-y plane.
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FIG. 2. Two typical cases of electron dynamics. The solid line is
for ordinary electron inelastic scattering withy=240°, and the FIG. 3. Variation relationships between the electron transverse

dotted line for electron capture witho=0°. A laser beam of the momentumP, and the electric-field intensit§, . All the initial
Hermite-Gaussiar(0,00 mode, with field intensityQ,=100 and  conditions of the electron and the laser field are the same as those in
beamwidthkwy=200, is used. The electron incomes with momen-Fig. 2. (a) is for the capture case witkho=0°, and(b) for the

tum P,;/(mec) =5, Py;/(mcc)=0, P,;/(m,c) =50, corresponding scattering case wittho=240°. The vertical arrow ifa) denotes the

to an initial energy 26 MeV. In the electron capture case, we havepart responsible for the electron capture.

terminated the calculation ait=100 000 when the electron is ac-

celerated to 1.5 GeV, much greater than the final energy 32 MeV in

the inelastic scattering case. The inset is an enlargement of the paqreCt: It seems that the_ electron ce}pture turn§ out to be an
denoted by the arrow. effective laser acceleration mechanism. Thus, in the follow-

ing, we will focus on the electron capture characteristics,
i leaving aside the inelastic scattering, which has been dis-
As usual, only the real parts of the fields are used. Be- g 9

cause for such complicated fields, the analytical solution té:ussed in detail beforel—3]. By comprehensive numerical

Eq. (5) is almost impossible, we have to resort to numericalreseamh’ it is found that there are at least three conditions

analysis. In our numerical simulation, E() is solved by undgr which the _electron captur.e phe_nomenon may emerge.
the fourth-order Runge-Kutta method together with Richard- 'St an Zextralr;tensze laser field wi,=100 is neces-
son’s first-order extrapolation procedy@. For a more pre-  S&ry, Viz. I\ =10% um? W/cn?, which should be achiev-
cise calculation, all real entities are declared to be doubl@ble in the near futurgl1]. o _
precision, which could hold real numbers to an accuracy of Second, the electron should be incident with a small
14 digits. Test calculations against analytical results has bee§f0ssing angle relative to the laser beam propagation direc-
performed by using the plane-wave electromagnetic fieldion, and its transverse momentwPy; must not be too large,
over a large range of field intensity, which has shown thenamelyP,;<Qq,/v2. The latter condition is totally contrast
reliability of our numerical method. The aim of taking all the to the conventional idea about the electron scattering, which
above measures is to exclude the possibility that the concluslaims that wherP,;<Q,/v2, the electron cannot overcome
sions presented in this paper result from a numerical fluke.the repulsive ponderomotive potential barrier and will be re-
In the following, we will first discuss the general electron flected by the laser field. The physics of this condition is still
dynamics in the extraintense laser field wiflz=100, and not very clear at this moment. But its usefulness is obvious,
then the characteristics of electron capture together with theince unlike most previous laser acceleration mechanisms

electron acceleration. Finally, a conclusion is drawn. [12] the electron is not required to be preaccelerated to high
It has been foundll] that when scattered by a laser beamenergy before final acceleration.
of Hermite-Gaussia®,00 mode with Qy=<10, the electron When the above two conditions are satisfied, the electron

can either be reflected by the field or pass through the field;an still not be assured to be captured because the capture
depending upon the electron incident transverse momentuifect is very sensitive to the third factor, namely, the initial
P,; and the field intensityQ,. The delimitingP,; can be phaseg, of the laser field, which has been embodied in Fig.
estimated, from the traditional repulsive ponderomotive po2, where the 240°-phase difference leads to quite different
tential[10], to be abouf,/v2. But whenQy is increased to electron dynamics. To see in detail the role playedday
around 100, things begin to change and a new electron bave present in Fig. 3 the variational relationship between the
havior emerges, i.e., the electron can be captured. In Fig. 2ransverse electric field, and the momenturR®,;. It can be

we present two typical cases wi@y= 100, one for ordinary seen from Fig. 3 that the conspicuous difference between the
inelastic scattering and the other for capture of the electrorlectron scattering and capture takes place wRgnap-

by a laser field. It is interesting to note, that the captureddroaches zero; that is, the electron begins to be reflected by
electron can be accelerated to an energy as high as 1.5 Getie laser field. At this time, in the transverse direction, the
much greater than the keV energy gain from the inelastielectron is mainly influenced by the electric fidlg,. For
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5000 - ergy of an electron initially at rest will oscillate with an
amplitude ofQ3/2 [13], which is just the maximum energy

an electron can obtain from the laser beam. Because the elec-
tron energy increases quickly due to the ultraintense laser
& o500t Scattering ] field, the phase slippage between the laser field and the elec-
Phase Range tron becomes very slow, which almost disappears in Fig.
2(b) over a very long time, leading to a total failure of the
ponderomotive-potential model to describe the electron—
laser-beam interaction. Furthermore, we have also observed

00 180 360 that accelerated electrons can be extracted from the laser
d beam without losing much of the gained energy by applying
¢0( eg) a static magnetic field of intensity available with present
technology.

FIG. 4. Demonstration of the phase range of the electron cap- . .
o . . From all the results and discussion above, we can sum-
ture. All the initial conditions of the electron and the laser field are

the same as those in Fig. 2. In the electron capture cases, the ¢ arize as follows. When the laser_ intensity is strong enough
culation are terminated ait=100 000 Q=100 for a Nd:glass laser; this value corresponds to a
laser intensity about £8Wi/cn?, which is expected to be
available in the next couple of yearshe electron-laser in-
teraction enters a regime where the conventional ponderomo-
tive potential model can no longer be used either quantita-
ﬁVer or qualitatively. One of the features of the electron

ordinary scattering, the force exerted By will pull the
electron outside of the laser field in thex direction. But, as
opposed to the electron capture case, it is just the opposit

Hence the electron will further approach the beam axis LR - .
tynamics in this regime is that relatively lower-energy elec-

where_the field Intensity is extra strong, Ie_:adlng to _capture[rons with small crossing angles to the laser propagation di-
and violent acceleration afterwards. Similar situation can

also be found in other capture cases. Since the direction Or]ectmn and with proper phases relative to the field can be

E, at the electron reflection point is dependent uggn we captured by the laser beam, thus entering the near-axis region

can now see why the electron capture is so sensitive to thvevhere the field intensity is extrastrong, and moving along the

o . .wave propagation direction without quivering motion, and
initial phase. The capture phase range corresponding to Fig. . . L

. L L eing violently accelerated longitudinally by the laser elec-
3 is presented in Fig. 4, from which it can be seen that abo% . L

I ric magnetic field.

50% of electrons can be captured when the initial electrons It hwhil indi hat the ab | d
are uniformly distributed in the 360°-phase range t Is worthwhile to indicate that the above electron dy-

After being captured. the electron will run alon ' the lasern@mics characteristics have also been found in the electron—

g cap ’ 9 extraintense-laser-pulse interaction, except those effects

propagation directi_on, and be accelgrated by the eXtraimenSs?emming from the leading and trailing edges of the pulse
laser field. According to our numerical analysis, the accel;

eration is mainly due to the nonlinear longitudinal force L14]. Thus it is hoped that our predictions can be submitted

: o to experimental tests in the near future.
V,By, whereV, andB, are the velocity and magnetic field O experimental tests € near future

in thex andy directions, respectively. After some transition  The authors would like to thank Professor Z. M. Fu for a
time following capture, the electron energy can increase mocareful reading of this manuscript, and for enlightening dis-
notonously until reaching a limiting energyEn..  cussion. This work was partially supported by the National
=MCYmax, WHEreyax is abothé/Z in magnitude. To give Natural Science Foundation of China under Contract No.
a physical picture to such a phenomenon, we can resort 0684001, the National High-Tech ICP Committee in China,
the linearly polarized plane-wave field. In this field, the en-and the Science and Technology Foundation of CAEP.
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