
QoLUME 31,NUMBER 18 PHYSICAL RKVIKW LKTTKRS 29 OCToBER 1973

Autoacceleration of an Intense Relativistic Electron Beam

M. Friedman
U. S. ¹va/ ReseaxcII, I.aboxatowy, %'ashington, D. C. 20875

(Received 7 September 1973)

A novel autoacceleration mechanism was used to double the particle energy in a pulsed
relativistic electron beam. This mechanism increases electron kinetic energy at the ex-
pense of pulse duration. Acceleration is accomplished by passing the beam through a cav-
ity structure inserted into a conventional drift tube. Experimental results showed that
the mean electron kinetic energy was increased from about 0.5 to 1.0 MeV, while the
beam duration decreased from about 50 to 25 nsec. The total energy efficiency of the
process was approximately 757o.
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FIG. 1. Schematic of the experiment.

The technology of producing an intense relativ-
istic electron beam with particIe energies of less
than 10 MeV is highly developed and has been dis-
cussed extensively in the literature. ' However,
electron beams with particle energies greater
than 10 MeV are technologically difficult to gen-
erate and generators are quite expensive.

A potentially simple and inexpensive approach
to high-kinetic-energy electron beams is to use
autoacceleration processes on lower voltage
beams. In this Letter an experiment is described
in which an autoacceleration mechanism approxi-
mately doubled the mean particle energy of a
pulsed relativistic electron beam while halving
the pulse duration. The experiment (Fig. 1) con-
sisted of a foilless diode4 emitting an annular
electron beam with a current of -10 kA and a
voltage of - 500 kV for 50 nsec duration. The
beam radius was 1.9 cm and its thickness was
0.2 cm. An 8-ko magnetic field confined the elec-
tron beam.

The drift chamber consisted of a long 4.7-cm-
i.d. stainless-steel tube into which is inserted a
gap feeding a long cavity. As can be seen from
Fig. 1, for convenience the cavity is "folded"
over the drift tube in the form of a coaxial outer
tube 3.75 m long. The initial drift tube section
(region 1) is 20 cm long; it is followed by a 15-

cm gap (region 2); and that is followed by a 3.75-
m drift tube (region 3).

Several diagnostics were used to analyze the
electron beam. A calorimeter was employed to
determine the total beam energy and a Faraday
cup monitored the beam current. Aluminum foils
of different thickness were placed in front of the
Faraday cup in order to determine particle ener-
gy from the reduction of beam current, An x-ray
telescope with a set of lead absorbers was used
to determine the pulse duration as well as spec-
tral information concerning the bremsstrahlung
radiation. This radiation emerged from a tan-
talum foil serving as a target for the electron
beam. Magnetic probes were inserted to mea-
sure the current of the electron beam crossing
the gap and the wall current flowing in the cavity.
These same diagnostics were used in a control
experiment in which the properties of a similar
beam propagating in an uninterrupted drift tube
of 4.7 cm i.d. were measured.

Figure 2 shows beam voltage, x-ray, and Fara-
day-cup signals. Two Faraday-cup traces are
shown for cases where aluminum absorbers were
inserted in front of the Faraday cup. The thick-
ness of the absorbers were 6.8&&10 and 0.13
gicm'. Note that the duration of the x-ray and
the Faraday-cup signals were 25 nsec in com-
parison with the applied voltage pulse, 50 nsec
in duration.

By placing aluminum absorbers in front of the
Faraday cup and measuring the transmitted cur-
rent, the mean particle energy was estimated. '
Figure 3 shows the percentage of transmission
of beam current through different thicknesses of
aluminum foil. The mean kinetic energy of the
electron beam passing the cavity is seen to be
higher than the energy of the electrons in the con-
trol experiment. Using Fig. 3 and range-energy
relations for relativistic electrons, ' the particle
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FIG. 3. Relative transmission of beam current
through different thicknesses of aluminum foil obtained
for (1) the experiment (with the cavity), and (2) the con-
trol experiment,

lowing relation was used:
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FIG. 2. Typical oscillographs. Diode voltage, x-ray,
and Faraday-cup signals obtained for (left) the control
experiment and for (right) the experiment (with the cav-
ity). The Faraday-cup signals were taken with different
thicknesses of aluminum absorber (6.8 &&10 and 0.13
g/cm').

where I, V„ht, and E are the current, voltage,
time duration, and total energy of the electron
beam, respectively. The indices 1 and 2 stand
for the experiment (i.e., with the cavity and gap)
and control experiment, respectively. It was
found that I,/I, ~ 0.5 from the Faraday-cup mea-
surements, At, /at, ~0.5 from x-ray pulse dura-
tions, and E,/E, ~0.5 based on calorimeter mea-
surements. Substituting these results in Eq. (l),
one finds V,/V, ~2, or V, = 1 MeV, again consis-
tent with other measurements.

l.om—
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energy in the experiment is estimated to be 950
+50.keV, while the particle energy in the control
experiments is 550+ 50 keV.

On the basis of the spectrum of the bremsstrah-
lung radiation one can also deduce the particle en-
ergy. Figure 4 shows relative intensity of x-ray
radiation produced by the beam passed through
the cavity region, after attenuation by lead ab-
sorbers of different thicknesses. The absorption
coefficient p, for an "infinite" thickness of lead
absorber was extrapolated to be ~0.07 cm' g ',
while for the control experiment p, =0.14 cm' g '.
The first value corresponds to x-ray photons with
energy of 1 MeV, and the second number corre-
sponds to 0.5-MeV photons, thereby confirming
the Faraday-cup measurements.

A third method used to estimate the mean elec-
tron kinetic energy utilized independent rneasure-
ments from an electron beam calorimeter, a
Faraday cup, and the x-ray detector. The fol-
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FIG. 4. Relative intensity of x-ray radiation after
attenuation by lead absorbers obtained for (1) the ex-
periment (with the cavity), and (2) the control experi-
ment.
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The beam shape after passing through the cavity
remained annular, but its radius and thickness
increased. Only 60% of the electron beam was
intercepted by the Faraday cup and the calorim-
eter. (Under the control-experiment conditions
all of the electron beam was intercepted by the
calorimeter and the Faraday cup. ) This means
that the real values for the current and energy
of the accelerator beam are -1.5 times greater
than the measured values. In that case the cor-
rected current ratio is I,/I, ~ 0.75 and the cor-
rected energy ratio is E,/E, ~0.75. This last re-
sult means that the total efficiency is ~75%.

The experimental conclusion is thus that the
cavity appears to cause an "autoacceleration"
of the electron beam fron 0.5 to 1.0 MeV, with
the required energy coming from a shortening of
the pulse duration. The autoacceleration process
can be explained in terms of transmission-line
concepts. The electron beam, while flowing in the
first drift tube, sees a discontinuity in the drift-
tube wall. This discontinuity catastrophically
disrupts the electron beam' and a virtual cathode
is formed at the entrance to the cavity. ' The po-
tential difference between the virtual cathode and
the walls is of the order of 500 kV, the same
voltage that was applied on the foilless diode.
Electrons are emitted from the virtual cathode
and are accelerated across the gap in the cavity.
Figure 5 shows the electron current across the

gap, as measured by a magnetic probe. Note that
the rise time of the current is decreased to 5

nsec, as is characteristic of virtual cathode
emission, ' compared with the applied voltage rise
time of 20 nsec. When the electron beam is flow-
ing through region 3 (see Fig. 1), the return cur-
rent is forced to flow through the walls of the
cavity, thereby developing a voltage

V, = LdI/dt

across the gap where L is the inductance asso-
ciated with the cavity (= 4x 10 ' H) and dI/dt is
the rate of change of the current. This voltage
decelerates the electrons and reduces their ki-
netic energy. Hence the cavity may be viewed
as being energized at the expense of the electron
beam energy; but the cavity can also be seen as
a transmission line with a short-circuited end,
and when a current pulse of value I flowing in the
cavity walls reaches the short-circuited end, the
current doubles its value to 2I and propagates
backwards. When this pulse reaches the open
end, it sees a constant current source (i.e. , the
electron beam) which produces only a current of
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FIG. 5. Typical current and rate of change of current
oscillographs that were taken (left) at the gap and (right)
at 1.25 m away from the gap.

a value I. In order to match the boundary condi-
tions, a voltage pulse of the same magnitude as
in Etl. (2) will be produced but with an opposite
sign. Thus, an accelerating energy of e V, will
be added to the particle energies in the remaining
beam passing through the gap.

Since it takes 25 nsec for an electromagnetic
wave to propagate in the cavity, for 25 nsec the
beam will supply energy to the cavity while, for
the next 25 nsec, the beam will gain energy from
the cavity. Figure 5 shows the current flowing
on the walls of the cavity as measured by a mag-
netic probe which was located at a distance d
=1.25 m from the gap. Figure 5 also shows the
rate of change of this current. Here it is easy to
see the current and the reflected current pulses.
In comparison, the rate of change of the electron
beam current flowing across the gap (i.e. , d = 0)
is also shown. The traces of Fig. 5 can be re-
produced using standard transmission-line cal-
culations. Using Eq. (2) and Fig. 5 one finds that
V, ~ 500 kV. Hence the total particle energy after
the acceleration phase is expected to be of the or-
der of 1 MeV.

There is no reason why this simple autoacceler-
ation process could not be repeated, and even
higher particle energies and shorter pulse dura-
tions might be obtained.

Discussions with Dr. L. S. Levine are grate-
fully acknowledged.
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Nonlinear Absorption of Radiation by Optical Mixing in a Plasma
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(Received 8 March 1973)

Parametric excitation of longitudinal plasma osci11ations can occur when a plasma is
simultaneously irradiated by two laser beams whose frequencies differ by (2/n)~&„n =1,
2, 3,... , where «&8 is the electron plasma frequency. We examine (i) the effect of a fre-
quency mismatch on the excitation of the principal mode, (ii) the mode coupling in an in-
homogeneous plasma, and (iii) the radiation absorption efficiencies.

Recent experimental' and theoretical results' '
indicate that enhanced absorption of radiation by
a plasma can occur through the excitation of a
large-amplitude longitudinal wave at the beat fre-
quency of two laser-beams. %e investigate this
excitation for a homogeneous, cold plasma, show-
ing, in a weak-field approximation, that the para-
metric resonances fall into the regions of insta-
bility of the solutions of a nonhomogeneous
Mathieu equation. The time dependence of the
solutions is a function of the mismatch, 6~, be-
tween the beat frequency, A~, and the natural
plasma frequency ~~. By considering ~~ to be
spatially dependent, we generalize our solution
to the case of an inhomogeneous plasma. This
treatment is presented as an alternative to that
of Rosenbluth and Liu, ' who solve the longitudinal
wave equation directly, and to that of Kaufman
and Cohen, ' who formulate the interaction in
terms of the local longitudinal dielectric constant
with vanishingly small damping. The present
method enables us to calculate the steady-state
spatial distribution of power transfer as a func-
tion of the dissipation rate. In particular, in the
presence of collisions, transfer occurs over a
region defined by 5&@(x) = + v/2, while when con-
vection predominates, the zone of transfer is
5~(x) =+ Da&v, '/2U~'; v is the collision frequency,
v, the electron thermal velocity, and v~ the plas-
ma-wave phase velocity. %e then calculate the
transfer efficiencies for parallel and antiparallel
laser beam.

Consider two electromagnetic waves:

E,. '(r, t) =E, sin(w, .t —k, r), i=1, 2,

linearly polarized in the positive y direction,
propagating through a cold homogeneous plasma
along the x direction, at frequencies ~, much
above the plasma frequency ~~. The equation of
motion of an electron fluid element in the com-
posite field E =Ey +E2 is

~ 0

A+ vA = (e /m)(E '+ A && B '/c+ E,), (2)

where A = r —r, is the displacement of the fluid
element from its equilibrium position r„E,is
the self-consistent electrostatic field, and v is
the longitudinal damping rate. Assuming that e,.
= (eE/mc~, )«1, A„lk, - k. , I «1, and v « ~;, and
making use of ~~«('',-, we find, for the longitu-
dinal displacement A, at the beat frequency 6(',

d'A„/d7'+ (v/6&v)dA„/d 7+ I5 —e cos(r -kxo)]A„
= —(e/k) sin(~ —kx, ).

k.=k, +k„e.= —,o, n, (a&, + ~,)'/auP.

For small c the regions of instability of the
Mathieu equation (3) lie in the vicinity of the

(5)

Here, T= A&et and 5=(&u~/D&u)'; e and k depend on
the mutual orientation of the wave vectors, k,
For parallel beams

1
kp

—-k, -k„p=2

and for antiparallel beams






