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Acceleration of Electron-Positron Plasmas to High

Energies

ABRAHAM LOEB, LAZAR FRIEDLAND, AND SHALOM ELIEZER

Abstract-It is suggested that electron-positron (e+e-) plasma can
be accelerated using the concept of cyclotron autoresonance between
the particles and a linearly polarized laser radiation propagating along
an axial magnetic field (B,). This scheme can also be applied for other
plasmas with oppositely charged particles of equal q I/m (e.g., posi-
tive and negative ions). An e+e- plasma can be accelerated to about 2
GeV in the first meter along a 100-kG guide magnetic field by using an
Nd: glass laser (X0 = 1 rtm) with intensity Io = 1018 W/cm2. The ac-
celeration scales asymptotically as (B, Io X0 Z2 )1 /3, where z is the axial
distance.

I. INTRODUCTION
A CCELERATION of particles to high energies by

high-power lasers has received considerable attention
in recent years [1]-[3]. Several schemes for coupling be-
tween the laser field and relativistic charged beams have
been proposed. Two major schemes applying the far-field
approach were discussed: the inverse free-electron laser
(IFEL) [4] and recently the autoresonance laser acceler-
ator (ALA) [5].1 In the IFEL accelerator the attainable
energies are limited ( S 400 GeV) due to radiation losses,
and the accelerated beam current is limited as a result of
transverse gradients of the wiggler field.
The ALA scheme is based on a cyclotron autoresonance

between charged particles and an electromagnetic wave
propagating along an axial guide magnetic field. This self-
sustained resonance is achieved for luminous radiation and
homogeneous fields. Both the nonlinear single particle [5]
and the collective [6] behavior of this system have been
analyzed recently for the case of a circularly polarized
laser radiation. It has been shown that the accelerated
beam can be launched into the desired autoresonance re-

gime through an appropriate transition region. The pos-
sibility of using the megagauss magnetic fields generated
spontaneously in laser-produced plasmas for autoreso-
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'The autoresonance accelerator term was also used by Sloan and Drum-

mond (see Phys. Rev. Lett, vol. 31, p. 1234, 1973) to describe a collective
ion acceleration scheme, different from the ALA.

nance acceleration was also suggested [7]. The ALA con-
cept allows the acceleration of high-current beams to
teraelectronvolt energies with low radiation losses. How-
ever, generally speaking, the collective acceleration of
dense beams is limited by space-charge effects. In this
paper we propose a novel approach to cancel these effects
by accelerating "quasi-neutral' beams (plasmas) to high
energies applying the ALA concept. In particular, we
consider the simultaneous acceleration of guided elec-
trons and positrons by a linearly polarized electromag-
netic radiation. Lately, the autoresonance acceleration of
pairs by a nonpropagating electromagnetic wave has been
discussed [8]. However, this approach cannot be ex-
tended to high energies because of synchrotron radiation
losses.
The scope of the present work is as follows. The non-

linear electron dynamics in combined guide magnetostatic
and linearly polarized laser radiation fields is considered
analytically in Section II for homogeneous fields and lu-
minous radiation. It is shown that at these conditions two
autoresonances can be achieved. In Section III we analyze
the symmetry between the autoresonant acceleration of a
positron and an electron. This symmetry allows the simul-
taneous acceleration of electron-positron pairs to high
energies. Finally, Section IV summarizes the results of
this work.

II. THE ELECTRON DYNAMICS IN COMBINED GUIDE
MAGNETOSTATIC FIELD AND LINEARLY POLARIZED

ELECTROMAGNETIC RADIATION

Consider a plane electromagnetic wave propagating in
the z direction along an axial homogeneous magnetostatic
field, Bz. Let ko, co be the wave vector and the frequency
of the wave, respectively. The following two sets of or-

thonormal vectors are defined:

el -ex sin + ey cos 4)
=e cos 4 - e, sin (/)

e3 ez

=el- -ex sin -ey cos 4)

e2 = -ex cos X + e sin X

te3=ez 4 (1)
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where, 4 = koz - wot. The pairs of vectors { e, e } and
{ e, e2 } are rotating in opposite directions as functions of
4. The transformation between the two sets of vectors is

= - cos (2)) e + sin (2))e2
e2= sin (24)) e + cos (2)) e2

e3 = e3 (2)

The electromagnetic fields in the systems can be written
as

_ 1 AAi
E = -_.-a

c at

B V xA + BZe3

where the vector potential is assumed to be linearly po-
larized in the x direction:

A = Ax cos e4x = -Ae -Aj2

and

A = A/2. (4)
Thus the electromagnetic wave can be decomposed into

right- and left-handed circularly polarized waves. The
amplitude of each of these waves is half of the amplitude
of the linearly polarized wave.
We shall discuss in the following the dynamics of a

cold electron beam in the described fields configuration, as-
suming that E and B are large enough and thus are not
affected by the beam itself. The electron's momentum
equation is

(at v V (m- v)=
c

where y = (1 -v2C2)-I/2
Equivalently, from (3),

(a + u )(u - al = x u - Vot u

where we use the following notations:

=(eBj1mc)e3
a= eA/c

U = V/c

COO = WO/C
T = ct.

According to (2) and (4),

Ol = (XX cos 4)x = -ce2-ee2 = a1e1 + a2e2

d (7U2 - U2) - (Wo - kOU3) (-YU) - a1) = £lul (9)dr

dT (YU3) = kO(U2U1 - a1U2) a (10)

The energy of the electron evolves according to the
equation

dJr a+ u2-h+ c(a2u1-a1u2) (11)

For homogeneous and stationary fields (a, Q = constant)
(8)-(1 1) can be simplified by using (7):

(3) (YuI) = ko(u3 - up)(yu2 + 2ae sin2 4) - f2u2 (12)

('YU2)' = -ko(u3 - up)(YuI - a sin (24)) + Oul (13)

('YU3) = (7U/U) = -2koa(ul sin 4+ u2 cos 4) sin 4

(14)

where ( ) _ d( )/ddr. These are the desired
equations describing the electron dynamics in the system.
Equation (14) yields the following constant of motion:

Lo = y( I - UpU3) = constant. (15)

Note that (12)-(14) include expressions containing 4.
Therefore, their direct time integration is difficult since 4
is a function of z and

Z(T)== u3dr.
0

(16)

One can overcome this difficulty by replacing the time
(5) derivatives in these equations by phase derivatives. For

an arbitrary variable a, we have

(a)' = f (da/d+) = (a)o = ko(u3 - up)(a)+. (17)

Therefore, (12) and (13) can be rewritten as
(6) (-Yul) = 1(YU2) + 2a sin2 4 (18)

(YU2)0 = -1('yu) + a sin (24) (19)
where 1 = 1 + Q /[koy(up - U3)]. Equations (18) and
(19) exhibit simple resonance behavior when 1 = con-
stant. According to (15), this takes place only for lumi-
nous radiation, i.e., when up = 1. We will consider the
electron dynamics at this case in the following. Equations
(18) and (19) yield a "forced harmonic oscillator" type
of differential equation for (-yul):

('Yu1)¢, + 12('yul) = (2 + l)Oc sin (24)
(7)

where ail = -a sin (24), a2 = -2a cos2 4, and a =

eA1/2mc2 = a, /2. Next we write (6) in components in
the frame { ej }:

d ( yuI - la) + (cOo - koU3) ( yu2 - a2) = -9u2 (8)

(20)

where 1 = 1 + Q/(koLO). The last equation shows the
existence of two self-sustained cyclotron resonances in the
system, namely,

1= 0 <=> Q = -koLo

1=2 <=> =koLo. (21)
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The two autoresonances differ in the direction of the mag-
netic field. According to (15),

U3 = 1 - Lo/y

and since -) = ( 1 l-2 u2 u) -1/2, we obtain

7 = 2L [1 +(I u) + (Yu2) + Lo].
Thus it is evident that

(22)

(23)

lim y XCK
o-4c

if

lim (Yu1) -oo
1I1 - 0°

First, we consider the electron dynamics at the autore-
sonance: 1 = 0. In this case the solutions of (18) and (19)
are

'yu1 = 'yoU1o + U(O -
I

sin (2()) (24)

,YU2 = 'You20 + a sin2 k. (25)

In order to find the time dependence of the electron's en-
ergy we use the equalities

,y = koy(u3 - ) --koLo= y (26)

and, from (14) and (24)-(26)

7 = (20! sin ¢k/Lo) [ yo(u10 sin (

+ u20 cos () + (x) sin (ki. (27)
The integration of the last equation yields

= 'Yo + (a/2Lo) [ -'0(u1o sin (2() + u20 cos (2())

+ 2-youjo(

+ YoU20 + C((2 - ( sin (20) + sin2 ()]. (28)

The time dependence of (k for I = 0 can be found from

= ko(U3 - 1) = Y

yielding

r-g= zQ' dr = 0 -y((k) dO.

By substituting (28) into (30) we have

T=o (k+ koa)Yos
I~ =-4 12U2 I-u10cosI (2) - u20 sin (24

(29)

Equations (22), (24), (25), (28), and (31) describe the
nonlinear dynamics of the electron at the resonance I =
0. Asymptotically, for 0 -* - oo, one obtains

- aqU 2L0
U1 uIel = el = - I e

ly 8\1 ty
(602 \1/3
0 kOa2 )

- -7.22 ((Bz( 100 kG))2

( 1/3

)\o(i0AM) 7r(m)

(32)

(33)

(3 Hoa
7 =

--12

= 2.6 * 103 a IBz(100 kG)\\1Xo(l0 jIm)
1 /2 )2/3

z(m)) (34)

where X0 = (2w/ko), is the radiation wavelength. These
asymptotic results coincide with the results obtained pre-
viously [5] for circularly polarized radiation: c = Ao e2,
if we perform the transformation: -a = - ( /2) 0C2.
At the resonance I = 0 the electron is accelerated by the
circularly polarized component: -oae2 of a (see (7)).
Therefore, the accelerating amplitude is only one-half of
the amplitude of the linearly polarized radiation.

Next, we consider the autoresonance I = 2. For this
case, (20) has the solution

'YUI = (7'0u20 + ae/2) sin (20)
+ ('you1o - a() cos (2()

and using (19) we get

YU2=-y0U20 cos (2() - (-youl0 - a(k) cos (2().

(35)

(36)
Therefore, for 1 = 2 and ul(( = 0) = ulo the electron
transverse momentum components in the frame { ej } are
identical with those for I = 0 and ul(( = 0) = -u1O in
the frame { ej } . Furthermore, (14), (35), and (36) yield

'y= (2 a sin 95/Lo) ['YO(U20 cos (k

- u1osin k) + a) sin k].
(37)

Thus from (27) and (37) we conclude that the autoreso-
nance acceleration at 1 = 0 and ul(b = 0) = ul0 is the
same as the autoresonance acceleration at 1 = 2 and u1((

(30) = 0) = -u10. In both cases, the time dependences of -y,
U3, and X are identical. Nevertheless, since the direction
of the magnetic field is reversed, the electron rotates in
opposite directions around the z axis in these resonances.

0)) Asymptotically, for 1 = 2,

- 'youlok2

-'YoU20¢(- YOu10 - ( - + 2 ( (cos (2(k)

+ 1) - sin (20))j|

o/u = -el = - i e1. (38)

In this case the electron is accelerated by the circularly
(31) polarized component - a e2 of c. The accelerating elec-

tric fields corresponding to the vector-potential compo-
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Fig. 1. Autoresonance acceleration of an electron beam with yo = 470,

UIO = U20 = 0, by a linearly polarized Nd: glass radiation (with wave-
length 1.06 jAm) with ct, = 1 (intensity of 1018 w/cm2) along a 100-
kG magnetic field. The z dependence of -y (solid line) and 4 (dashed line)
is presented.

nents ( ae ( eag2) rotate in the directions ej and eI,
respectively. Asymptotically, as follows from (32) and
(38), the electron rotates in resonance with the electric
field associated with the appropriate component of a', ac-
cording to the direction of U. Therefore, asymptotically
( »0 1 >> ) the acceleration is the same for a linearly
polarized radiation with a certain amplitude and a circu-
larly polarized radiation with half of this amplitude. Thus,
in accordance with previous calculations [5], the radiation
losses in a 1 -TeV autoresonance laser accelerator can be
negligible. Finally, Fig. 1 shows an example of an auto-
resonance acceleration by an Nd: glass laser with a, = 2,
(a = 1), along a 100-kG magnetic field (see (28) and
(31)). The z dependence of 'y and 0 is shown for an elec-
tron beam with u,O = 0.

III. SIMULTANEOUS ACCELERATION OF ELECTRONS AND
POSITRONS

The dynamics of a positron in the system are described
by (8) and (11) with reversed signs for axl, a2, and Q. For
luminous radiation and homogeneous fields, the positron
obeys

(_uj)00+ l2('yu1) = -(2 + lp) a sin (20) (39)
where lp = 1 - Q/ (koLO). Therefore, similarly to an
electron, the positron has resonances at (2 = +koLo. After
replacing 1 by lp and changing the sign of at, (28), (31),
(35), and (36) describe the nonlinear dynamics of the pos-
itron at the resonances lp = 0, 2. At an axial magnetic
field Q = koLo, the electron and the positron are at the
resonances 1 = 2 and lp = 0, respectively, whereas at Q
= -koLo, the resonances are 1 = 0 and Ip = 2. For a
given resonant magnetic field the two particles are rotat-
ing in opposite directions and are accelerated in phase with
different circularly polarized components of a'. There-
fore, electrons and positrons can be accelerated simulta-
neously to high energies. At resonance, the evolution of
'Y, U3, and c will be the same for electrons and positrons
with zero initial transverse velocity (ulo = U20 = 0). At

+ 3±
(wo&K0) e+, e-

{£p:2, Io}

Bz e, e+ (wo,60)

{Ip:o0,=2}

Fig. 2. Autoresonance laser acceleration of oppositely propagating "quasi-
neutral" electron-positron beams along an axial magnetic field B_ The
types of resonances between the particles and the linearly polarized la-
sers are indicated.

these conditions, if initially the density of the electrons
Ne (z = 0) is equal to the density of the positrons Ne+ (z
= 0) in a beam, then

Ne+(Z) = Ne (z) (40)
for each z > 0. In conclusion, by using a linearly polar-
ized laser radiation one can accelerate "quasi-neutral"
beams (plasmas) containing equal densities of electrons
and positrons. Fig. 2 presents a possibility for collinear
autoresonance acceleration of "quasi-neutral" electron-
positron beams. The beams propagating in the -z and the
+z directions are accelerated by the ( I = 2, lp = 0 } and
the { 1 = 0, 4p = 2 } resonances, respectively.

IV. DISCUSSION AND CONCLUSIONS

In this work we have considered the nonlinear electron-
positron dynamics in cyclotron autoresonance with a lin-
early polarized laser radiation propagating along an axial
magnetic field. There are two resonances for the electron-
positron in the system, I = 2, 0 (Ip = 0, 2), which differ
in the direction of the magnetic field. Accordingly, the
particle is accelerated in resonance with one of the cir-
cularly polarized components of the laser radiation.
Therefore, the acceleration by a linearly polarized radia-
tion of a given amplitude coincides asymptotically with
the acceleration by a circularly polarized radiation with
half of this amplitude (see (32)-(34) and [5]). It has been
shown that simultaneous autoresonance acceleration of
electrons and positrons to high energies can be achieved.
This result cannot be obtained within the existing schemes
for laser acceleration of particles [1], [2]. In other
schemes, such as the plasma accelerators [9]-[l 1] or the
inverse free-electron laser [4], a positron is decelerated in
a phase at which an electron is accelerated. In contrast,
the autoresonance laser acceleration scheme allows con-
tinuous acceleration of "quasi-neutral" beams to high
energies with low radiation losses. In particular, these
beams can contain equal densities of electrons and posi-
trons or other plasmas with oppositely charged particles
of equal q /m (e.g., positive and negative ions). Such
beams can be accelerated without the usual space-charge
divergence effects. The acceleration of high-current beams
thus seems to be feasible. The guidance of an intense laser
beam over large distances is a common problem to all
schemes in the far-field approach [1], [2]. There exist sev-
eral alternatives to the conventional intensity limited
waveguides, such as arrays of lenses or plasma fibers [7].
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The possibility of laser-beam guiding by the electron
beams was also discussed recently [12]. Discussion of
these methods in application to the ALA scheme pre-

sented here is beyond the scope of the present work. Fi-
nally, we note that the autoresonance acceleration mech-
anism might play an important role in cosmic ray

acceleration in astrophysical objects, where magneto-
static fields and intense electromagnetic radiation coexist.
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