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Summary

A static periodic magnetic field (wiggler) to-
gether with a radiation field, can induce a beat wave
in the presence of an injected electron beam. This
beat wave, if properly phased, can trap and continu-
ously energize the electron beam. To optimize the
transfer of energy from the photons to electrons, both
the wiggler amplitude and wavelength are spatially in-
creased as a function of acceleration distance. The
acceleration process is self-consistently analyzed and
includes radiation depletion and space charge effects.
Two numerical illustrations are given using different
radiation sources.

Introduction

A number of authors have proposed methods for
accelerating electrons utilizing the electromagnetic
energy of a radiation field in the presence of a

periodic static magnetic field.l'3 Electric fields of

typical lasers, in a pulsed, focused mode, can be

> 109 eV/cm. These vacuum fields are luminous, rapi-
dly oscillating both in space and time and, hence,
impart an insignificant amount of energy to the parti-
cles. It is possible, however, to utilize a small
fraction of the radiation field in the presence of a
periodic magnetic field (wiggler) to continuously
energize a beam of electrons.

The cormbined action of the radiation field and
wiggler magnetic field on the electron beam results in
a beat wave or ponderomotive wave. The magnetic wig-
cler field periodically changes the momentum of the
electrons in such a way as to give the electrons a
velocity component in the direction of the radiation
electric field. The electrons, if properly phased
with respect to the beat wave, can be trapped and
continuously erergized. As the electrons are accel-
erated the necessary resonance condition can be main-
tained oty gradually increasing the wavelength of the
wiggler field as a function of distance z along the
acceleration region. Furthermore, to optimize the
transfer of energy from the photons to electrons it
will be shown that the vector potential associated
with the wiggler field should also be increased as a
function of =z. Optimizing the transfer of energy from
the radiation field toc the trapped electrons requires
increasing both the transverse as well as the axial
energy of the electrons in a controlled way. After
the tracped electrons have been energized, the trans-
verse coherent motion can be converted into axial
motion by adiabatically removing the wiggler field.

Since the energized electron beam may be suffi-
ciently intense to deplete the radiation field as well
as to induce self space charge fields, the accelera-
tion process is analyzed self-consistently. Both the
amplitude and phase of the radiation field are self-
consistently cbtained ag functions of z. The effects
cf induced space charge field due to particle trapping
is also handled self-consistently. Finally two de-
tailed numerical examgles of a radiation beat wave
accelerator are given.
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Self-Consistent 1-D Formulation

In our analysis, we assume a cold electron beam,
and linearly polarized radiation field and wiggler
field. We will present a selZ-consistent 1-D ron-

linear formulation including space charge effects.4'5

The physical principle of the laser accelerator is
identical to the inverse mechanism of the free electron
laser (FEL). The vector potential associated with the
generalized linearly polarized wiggler and temporal
steady state radiation field are
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The ponderomotive wave is the result of the beat-
ing of the wiggler field and the electromagnetic radia-
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Self-consistent non-linear steady state equations
for the laser accelerator are given below. De-
tails of the analysis can be found in Refs. 4-5. The
equation governing the relative phase between the elec-
trons and the ponderomotive wave is given by a gener-

alized pendulum-like equation,5
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b
is the electron beam density, and {( )>¢ = (21m) -1

is the plasma freguency, o

22T ©

J ( )d¢o is the ensemble average over initial
o
phases. The first three terms of Eg. (3) includes the
effect on the phase due to the variation of the radia-
tion phase, wiggler wavenumber and wiggler amplitude,
respectively. The fourth term represents the ponder-
omotive wave, and the last term denotes the effect of
space charge (collective) waves on the phase. The
amplitude ard the rhase of the radiation is governed
by
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where k = dg/dz + w/c.
The rate of change of energy of the electron is
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In the ponderomotive wave, the particle with constant
phase is denoted as the resonant particle. For the

resonant ticle, = . ! = (}
sona parllc e YR YLYZR where Y,r (k/(kw

+ dyp /dz) /2)%, The energy of the electrons associated
with the perpendicular and axial wotion can be in-
creased independently.

To maintain a resonant particle, either kw(z) or

Aw(z) can be prescribed, but not both. The relation is
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Assuming that the electrcn energy, at the entrance to
the interacticn region z = 0, is matched to the phase
velocity of the ponderomotive wave, the fraction of par-
ticles that will be trapped depends on the amplitude

of the trapping potential, |e ¢trap' as well as the

axial electron velocity spread, AVZ. The trapping
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in axial Y. The various contributions to &Y are wig-
gler gradients, emittance, self-field and intrinsic

energy fluctuations at the cathode.
Example 1

As an example of a 10.6 Um laser accelerator we
choose a C02 laser with an energy of 5 kJ, pulse dura-

tion of 1 ns and laser beam waist xbzo.S cm. The ampli-
tude of the radiaticn vector potential is AR(O) = 52

statvolts

2 .
z =71 w/c is 7.8 m.
[} o}

wiggler initially has a magnetic field Bw(o) =7

(ER(O) = lO8 ev/cm). The Rayleigh length

The tapered linearly polarized

wavelength of ZW(O) = 2.8 cm, amplitude of the wvectoxr
potential Aw(O) = 2.25 x 103 statvolts and an intexr-

action length of 12 m. The parameters of the electron

beam, injected into the acceleratcr region at z = G,

are beam current I = 1 kA, beam radius r, = 0.1 cm,

beam energy Y(0) = 43.2 (Y;(O) T21'4' YZ(O) = 31.€),
particle density n = 3.32 x 10 cm~3 and plasma

frequency wb = 1.05 x lOll sec-l.
Chosing the resonant phase $R = -2.5 such that
cos wR = -0.8, and tapering the wiggler field as shown

in Fig. 1, the energy of the accelerated electrons in-
crease as shown in Fig. 2. The rate of increase of
energy averages to about .7 MeV/cm. The final param-

eters are Bw = 50 kG, ﬁm = 8 cm, Yz = &3, Y& = 26.1,

Y = 1640. 1In this example, the radiation has been
depleted by about half (Fig. 1), and about 30% of the
electrons in the injected beam have been accelerated.

Example TI

In this example, we will utilize the radiation
from a FEL to accelerate the electrons. A schematic
diagram is shown in Fig. (3). The optical cavity
system is composed of four mirrors, which if properly
shaped could contain the radiation field. One cavity
is used for producing the radiation using the FEL
mechanism. Another cavity is used to accelerate the
electrons using the beat wave mechanism. The tempo-
ral sequence of the acceleration process is to build
the radiation up to the desirable value first, and
then to inject a second electron beam with the appro-
priate energy into the acceleration region.

The radiation power in the cavity should be
about a factor of two or more of the final desirable
accelerated electron beam power. We will consider a
radiation beam with wavelength } = 0.025 cm, beam
waist ro = 0.5 cm, beam power PR = lOll watts,

Rayleigh length zo = 31.4 cm, and peak electric field

E_= 4.4 x 104 statvolts/cm (13.2 MeV/cm). Since the

R
damage threshold of the electric field on the copper
mirror is 0.5 MeV/cm for 1l psec at A = 0.025 cm, the
mirrcrs must be separated by L = 50 zg or 15 m. The

0 cf the cavity will then be approximately 108.

For the numerical calculation of the electron
acceleration, we will make the resonant particle,
constant phase approximation. 1In this approximation
all particles as assumed to have the same constant

phase, VR' The electron beam in this approximation

consists of a pulse train of macro particles separated
in distance by 2ﬂvz/w Furthermore, we will chose the

radiation field to be the fundamental TEMgo free space
field. Radiation depletion will not be considered

in this example. The energy of the accelerated macro
particles are calculated by Egs. (6) and (7).

The tapered wiggler initially has a magnetic
field B (0) = 3 kG, wavelength of zw(o> = 2.5 cm,
W

: 3
amplitude of the vector potential Aw(O) =1.2 x 10

statvolts, and an interaction length of 2 m. Parameters
of the electron beam, injected into the acceleration
region at z = 0, are beam energy Y(0) = 7.9, Y;(O) =

1.1 and YZ(O) =7.1
Chosing cos §= -0.8, locating the minimum waist
of the Gaussian radiation beam at z = 220 = 60 cm, and

tapering the wiggler field as shown in Fig. (4), the

energy of the accelerated electrons increase as shown
in Fig. (5). The fastest rate of the energy increase
(Fig. 5) is 0.7 MeV/cm at the point where the Gaussian
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radiation field (Fig. 4) 1is the largest. The final

parameters are B = 29 k =7 =
w G, Ew .5 cm, Yz 11.9,

Y; = 13.9, and Y = 164.

For a circularly polarized wiggler, the rate of

acceleration is changed by adding an axial guide field,

Bz, to the expression.

2
d 2
(YRmOC ) _ “w/c |el Aw AR cos ¥
d £ -
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where QO = |e|B /moc is the cyclotron frequency. One
z

notices that if Qo =Y kv, . the rate of acceleraticn

can be substantially increased.
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