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Parametric Interaction of Modulated Intense Relativistic Electron Beams
with High-Voltage Gaps

M. Friedman and V. Serlin
Plasma Physics Division, Naval Research Laboratory, 8 ashington, D.C. 20375

(Received 29 January 1985)

A parametric mechanism that can tailor the shape of a modulated intense relativistic electron
beam was found. This mechanism is highly efficient in up-conversion of the fundamental frequen-
cy of the current modulation to the second and third harmonics. It is shown in this Letter that the
parametric mechanism is the result of a nonlinear capacitance that appeared when a quasi-dc high-
density electron beam traversed a high-voltage gap.

PACS numbers: 52.75.—d 41.80.—y

Parametric mechanisms have been used for many
years in low-noise rf amplifiers, in generation of
shock waves in nonlinear electric lines, 2 and in ex-
planation of free-electron laser mechanisms. 3 They
also appeared in various plasma devices. 4 Parametric
mechanisms originate in electrical circuits when some
elements such as capacitors, inductors, dielectric con-
stant, or wave velocity can be varied in time by apply-
ing a suitable signal. Examples of nonlinear elements
are semiconductor diodes5 (Varactors), ferrites, 6 and
electron beams. 7

In this Letter we investigate a parametric mecha-
nism that originates from a nonlinear capacitance that
appears in a high-voltage gap during the passage of a
high-density electron beam. We find that when a
high-density electron beam that is current modulated
at a frequency f traverses a gap, high-voltage pulses at
frequencies of 2f and 3f will appear in the gap in-
fluencing the current of the electron beam. The total
effect is a highly efficient mechanism for up-conver-
sion of the frequency of a density-modulated intense
relativistic electron beam.

It is clear that the propagation of a dense electron
beam within a geometry that includes high-voltage
electrodes can affect the charge distribution, and
hence the capacitance between the electrodes. In 1957
Bull suggested8 that the dc capacitance of a parallel-
plate capacitor depended on the current of the electron
beam that flows through it and on the applied voltage.
This effect was calculated and found to be of impor-
tance at high electron densities which corresponded to
the space-charge —limited current. Since in 1957 high-
current electron beams did not exist, the effect was
never verified experimentally.

In the 1970's it became possible to generate high-
density electron beams, the so-called intense relativis-
tic electron beams (IREB's). It also became possible
recently to modify the spatial and temporal distribution
of IREB's by propagation through high-voltage
gaps. ' ' The new experimental results suggest that
the work of Bull should be revisited.

The capacitance per unit area of a one-dimensional

capacitor that consists of two parallel plates through
which an electron beam of current I is propagating'3 is

(i Vp

mc Pfrf P;V;—
e T

where Vo is the applied voltage on the capacitor, the
subscripts I and f stand for input and output, respec-
tively, y= (1 —P2) 'I2, P=v/c, and v is the electron
velocity. T is the transit time of electrons across the
space between the two parallel plates, 5= (Qzf+ Q/
2)/Ap where Q is the total charge inside the capacitor,
Qgf is the image charge on the output plate, and 2 p is
the area of the plate.

For a low-density nonrelativistic electron beam yf
=&;=I, Q/2= —Q„f, 5=0, and T=d(pf p')
x mc/eVp where d is the distance between the two
parallel plates. In that case

C' = e/d. (2)

This is the free-space capacitance per unit area of a
two —parallel-plates capacitor.

When superrelativistic electrons traverse the capaci-
tor the capacitance can be calculated taking pf p j= 1, yf pj+ eVp/mc, T= d/c, and Q/2= —Qzf or
5 = 0. In that case too, C'= e/d. Only for a high-
density and mildly relativistic electron beam does
C'e e/d. Moreover, it was shown'3 that for Vp & 0 the
capacitance is C') e/d and when Vp) 0 the capaci-
tance is C' & e/d. Thus, the gap capacitance appears to
be nonlinear, i.e., C' depends on Vp.

A quantitative picture of the behavior of a realistic,
two-dimensional gap can be found by investigation of
the change of the potential energy stored in the gap as
a function of Vp. The potential energy stored in a
capacitor (of any shape) that is confined by two elec-
trodes between which electrons with charge density p
are stored is

Wg= 2 e JI E d I= —,
'

Qf Vp+ —,
'

JI peVd I.

For simplicity it is assumed that one of the electrodes
is grounded while the second one is held at a potential
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Eq. (8) one calculates Ct = 0.5 pF and C2 = 0.1 pF.
Although the electrostatic probe was calibrated only
relatively one can calculate the voltage as a function of
frequency at the gap using the values of Co, Ct, C2,
the current at the gap, and Eq. (8):

V, = (1.5 + 0.1) x 10s V,

Vz= (1.0+0.3) x10 V,

V3 = (3.0 + 1.0) x 10 V.

The voltage at the gap influences the current of the
IREB. It was shown' that when an oscillating voltage,
V', was applied at a gap located at an axial point z = 0,
an oscillating current would be seen on the IREB at a
point z downstream. For a large amplitude of V',
current oscillations were found even at point z = 0. In
the present experiment V'= V3 is not large enough to
generate I3 at the gap. However a large-amplitude
current oscillation at the third harmonic was detected
downstream of the gap. At the axial position where I3
reached its maximum, an additional coaxial cavity was
inserted. The characteristic frequency of this cavity
was tuned to the fourth harmonic (=1.15 GHz) of
the initially sinusiodally modulated IREB. An electro-
static probe located at the gap of the additional cavity
gave a signal containing a large amplitude of the fourth
harmonic [Fig. 4(d)]. Theoretically, one can keep ad-
ding more cavities and get higher and higher harmon-
1cs.

Since it was possible to modulate IREB at frequen-
cies of —3 GHz, '4 the above parametric affect will be

useful to generate a modulated IREB with a frequency
spectrum that may extend beyond 10 GHz. The dura-
tion of each electron bunch in the modulated IREB
will be & 0.1 nsec with power in the 10'0-W range.
Such a beam will be useful for generation of micro-
waves and can also produce trains of subnanosecond-
duration energetic x-ray pulses by electron
bremsstrahlung.
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