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Automodulation of an Intense Relativistic Electron Beam

M. Friedman
¹va/' Research Laboratory, washington, D.C. 20375

(Received 28 October 1978)

A novel method of automodulating an intense relativistic electron beam has been dem-
onstrated, The modulation is accomplished by passing the electron beam through a se-
ries of cavities that are inserted into a conventional drift tube. Experimental results in-
dicate that the current is modulated at a frequency of 500 MHz at a relative modulation
amplitude exceeding 80%.
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FIG. 1. Schematic of the experiment.

Modulated electron beams have been the sub-
ject of many theoretical and experimental inves-
tigations. Their utility has been suggested or
demonstrated for collective ion acceleration, '~

the production of hot plasmas, '" and the genera-
tion of electromagnetic radiation. " Techniques
for modulating low-power electron beams are
relatively straightforward and are discussed in
the literature. " In these techniques, external
oscillating electric or magnetic fields are used
to modulate the electron beam. The power in
these oscillating fields must be of the same order
of magnitude as the power in the electron beam.
Thus, it is obvious that these techniques will be
difficult to apply to a high-power relativistic elec-
tron beam.

A simple passive technique to modulate an in-
tense relativistic electron beam of power greater
than 10"W is reported in this Letter. Beam-
current modulation at a frequency of 500 MHz
was achieved. The relative amplitude of the mod-
ulation apparently exceeded 80%. The experimen-
tal arrangement (Fig. 1) consisted of a foilless
diode~ emitting an annular electron beam with a
current of -15 kA and a voltage of - 500 kV for
50 nsec duration. The beam radius (at the diode)
was 1.9 cm and its thickness was 0.2 cm. An

8-kG magnetic field confined the electron beam.
The drift chamber consisted of a 1.2-m-long,
4.7-cm-i. d. stainless-steel tube. Four gaps feed-
ing four coaxial cavities were inserted in the
drift tube at various axial positions, as shown in
Fig. 1. The length of each cavity was 15 cm and
its outer diameter was 18 em. The base pres-
sure in the drift chamber and cavities was ~ 10
Torr of air.

Several diagnostics were used to anaIyze the
electron beam. Two magnetic probes, which
measured the azimuthal component of the self
magnetic field of the beam, were used to deter-
mine the rate of change of the beam current.
These probes were located on either end of the
multiple cavity structure. In addition, a Faraday
cup was used to monitor beam current. Alumi-
num foils of different thickness were placed in

front of the Faraday cup in order to estimate the
mean electron kinetic energy from the attenua-
tion of the measured beam current. Stray induc-
tance in the Faraday cup (of the order of 10 "H)
limited the frequency response of the probe to
-100 MHz. In order to observe the current modu-
lation directly, a small fast Faraday eup was
used in which only a small portion of the beam
was detected. The frequency response of this
probe was greater than 1 GHz.

Figure 2 shows the beam voltage and Faraday-
cup and fast —Faraday-cup signals. From the fast
Faraday-cup signaI one can see the current modu-
lation of the electron beam. This probe samples
parts of the beam passing through four holes lo-
cated at different azimuthaI and radial positions.
The fast Faraday cup was connected through an
-20-m-long HGV-58 cable to a traveling-wave



VOLUME 32, +UMBER 3 PHYSICAL RE VIE%' LETTERS 21 JANUARY 1974

20—

D

!' . V!I!

50 nsec
40 nsec

10—

--~ -crt f'&'

0
0

LJ

I I I I I I I I I I !

20 40 60

20 nsec

FIG. 2. Typical oscillographs. From top to bottom,
beam voltage, Faraday-cup signal, and fast-Faraday-
cup signal. Note that the frequency response of the
Faraday cup is - 100 MHz. Any current signal with
frequency components greater than 100 MHz was inte-
grated by the probe and effectively eliminated from the
oscillograph trace. Hence, the signal from this Fara-
day cup indicated in "dc" component of the current.

oscilloscope. This cable attenuated the 500-MHz
component of the signal by a factor of -3." Tak-
ing this into account, it indicates that the relative
amplitude of the current modulation exceeded
Bo%%uo. By placing aluminum absorbers in front of
the Faraday cup and measuring the transmitted
current the mean particle energy could be esti-
mated. ""It was found that the particle energy
in the bunched beam is -1.0 MeV although the
diode voltage was only 500 kV. This result is
similar to the results reported earlier in an auto-
acceleration experiment with intense relativistic
electron beams, in which a single large cavity
was used.

The magnetic probe measuring the rate of
change of the azimuthal component of the magnet-
ic field beyond the cavity structure shows the
same type of modulation. Figure 3 shows the net
electron beam current derived from the magnetic
probe signal (a trace of dBe/dt is shown in an in-
set in Fig. 3). As a comparison, Fig. 4 shows
the current measured by a magnetic probe lo-
cated just in front of the cavity structure where
no modulation is observed.

The experimental conclusion from all of the

FIG. 3. Net electron beam current derived from. a
magnetic probe signal. The magnetic probe was located
beyond the cavity structure. (Insert, oscillograph of
the magnetic probe signal. )

above is that the cavity structure appears to
cause an automodulation of the electron beam.
Although the experiment (Fig. 1) superficially
resembles a klystron amplifier, the mechanism
of beam bunching is quite different. A simple
picture views each of the cavities as a parallel
LC resonance circuit. " This resonant circuit
is shock energized by a voltage impulse

Vi = LdI/dt,

where L, is the inductance associated with each
cavity and dI/dt is the rate of change of current
flowing at the cavity walls (i.e., the return cur-
rent). Using the dimensions of the cavities and
the measured dI/dt (from Fig. 4) one finds that
V, ~ 120 kV. (A more detailed discussion of this
mechanism can be found in an earlier work. ~2)

Each cavity thus will oscill. ate at a characteristic
frequency of 500 MHz with an amplitude of the
order of 120 kV. In any 2-nsec interval each cav-
ity wi11 first decelerate the beam and absorb en-
ergy. Subsequently, in the second nanosecond
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FIG. 4. Electron beam current measured just in
front of the cavity structure.
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the cavity will give energy to the beam and ac-
celerate the electrons. A similar picture can be
obtained by looking at the force F exerted on an
electron travelling in the gap of the cavity,

F = F,+R (E,+ V && 8,), (2)

where F, is the self-force generated by the elec-
tron beam, E, and B, are the respective electric
and magnetic fields stored in the cavity, and V
is the velocity of the electron. To the first-order
approximationV=(0, 0, V, ) and F=(E„„Ee„0);in

that case

de/dt = eE, ~ V,

where e is the energy of the electron. E, is a
periodic function of time (not necessarily sinus-
oidal). Since the time an electron spends in the

gap is short compared to the period of the oscil-
lation of the electric field, the electron will gain
or lose energy depending on the sign of the scalar
product E.V. Hence, some electrons will gain
energy from the cavity during the first half-peri-
od while the rest will give energy to the cavity
during the second half-period. Since the elec-
trons in the beam are relativistic, a change in
their energy will only slightly affect their veloc-
ity. This is the reason that all the cavities are
energized in the right phase so that the same
electrons will always lose energy while the rest
will always gain. The total effect will be to es-
tablish relativistic electron bunches embedded in
a background of slow electrons. The current mod-
ulation is presumably observed because the slow-
er electrons are lost from the beam. The fre-
quency of these bunches will be 500 MHz and the
mean particle energy within each bunch is -1
MeV. The total number of high-energy electrons,
in the beam, is half the number that was produced

by the diode; however, their kinetic energy is
twice as high. The total energy in the beam stays,
approximately, the same.

This simple automodulation of an intense rela-
tivistic electron beam may open new research
possibilities for beams in plasma heating, collec-
tive acceleration of ions, and intense rf emis-
sions,

Discussions with Dr. L. S. Levine are grateful-
ly acknowledged.
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