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Abstract—The spectra of a plasma relativistic maser are measured. It is shown that the microwave frequency
can be varied from 4 to 28 GHz by varying the plasma density from 4 x 10'2 to 7 x 10'3 cm™3 at a power of
30-50 MW. The relative width of the emission spectrum is within 50-80% for low plasma densities and
15-30% for high densities. Experimental results are compared with calculations. © 2000 MAIK “ Nauka/ I nter-

periodica” .

A Cherenkov plasma relativistic maser (PRM) is
based on the Cherenkov mechanism for the excitation
of aslow eigenmode of a plasma waveguide by a high-
current relativistic electron beam (REB). The phase
velocity of the excited wave is approximately equal to
the electron velocity and the frequency range of the
generated microwaves is determined by the plasma
density and diameter and the diameter of a metal
waveguide surrounding the plasma.

The first experimental study of a PRM [1] showed
that, as the plasma density increases eightfold, the
microwave emission frequency nearly doubles. In [2],
attempts were made to measure the shape of the PRM
spectrum and, finally, in [3], absolute measurements of
the PRM spectrum (in units of MW/GHZz) were carried
out with the help of a specially designed calorimetric
spectrometer. By this time, both the linear and nonlin-
ear theories of the Cherenkov PRM were well devel-
oped [4]. The problem of an amplifier was solved in the
following way. A noisy signal in awide frequency band
was taken as an input signal, and the longitudinal pro-
file of the emission power along the plasma waveguide
was calculated. The length at which the microwave
power reached its maximum was determined. The
emission spectrum and the efficiency of the amplifier
were studied. The bandwidth of the input signa was
chosen as follows: it was increased from one calcula-
tion to another until the output emission spectrum
became narrower than the input-signal spectrum. In
calculations, the plasma, REB, and waveguide diame-
ters coincided with those of the existing experimental
devices. The REB and the plasma were assumed to be
in a homogeneous infinitely strong longitudinal exter-
nal magnetic field; i.e., it was assumed that Q, > w,,
where Q, is the electron cyclotron frequency and w, Is
the plasma frequency.

It isknown that the onset of a beam—plasmainstabil-
ity in a bounded plasma occurs if the plasma density
exceeds the threshold value [5]. In the linear stage of
the instability, the amplitude E of the electric field
oscillations at the frequency f increases along the beam

(along the z-axis) according to thelaw E = E ;¢ where
E, isthe electric field amplitude at the amplifier input
and ok isthe spatial growth rate. Figure 1 showsthe cal-
culated frequency dependence of the spatial glrowth rate
ok for different values of the plasmadensity.” It is seen
that, according to linear theory, the mean emission fre-
guency increases with increasing the plasma density;
the frequency band in which the amplification occurs
can be very broad. In contrast, in the nonlinear stage of
amplification, the emission spectrum is markedly nar-
rower. In Fig. 1, the spectrum width is represented by
line segments b—f showing the frequency ranges in
which the spectral density of emission power dP/df
exceeds alevel of 0.3 of its maximum value.

A comparison of the experimental spectra of aPRM
with the calculated spectrum of a microwave amplifier
showed that they differed markedly [3]. According to
calculations, the amplifier spectrum had one maximum;
however, in the experiment with an oscillator, two max-
imums were observed. One of these maxima was
observed at low frequencies. The mean frequency of
this spectral component was lower than the calculated
value of the mean amplifier frequency. The high-fre-
guency component of the oscillator emission was
observed near the relativistic electron cyclotron fre-
guency Q./y, whereyisthe relativistic factor. The ener-
gies of these two spectral components differed insignif-
icantly (no more than twice). As the plasma density nj,
increased from 1.5 x 10" to 3.8 x 10'* cm™3, the mean
frequency of the low-frequency spectral component
increased from 5 to 12 GHz, whereas the mean fre-
guency of the high-frequency spectral component
remained almost unchanged and was equal to 26—
28 GHz (Q,/21ty= 24 GHZz). According to calculations,
the mean amplifier frequency should vary from 10 to
22 GHz and the 26-GHz component should be absent
for n,=1.5 x 10" cm~. There was asignificant discrep-
ancy in the spectral width Af; eg., the calculation

1 Figure 1 and the calculated curve in Fig. 5 were presented by the
authors of [4].

1063-780X/00/2604-0303%$20.00 © 2000 MAIK “Nauka/ Interperiodica’



304

oK, 1/cm
0.30 -

0.25F <
0.20F
0.151
0.10F

0.05

f, GHz

b c d e [,

Fig. 1. Dependence of the spatial growth rate ok on the fre-
quency f for plasma densities of (3a) 0.3, (b) 0.8, (c) 2.3, (d)
4.4, (e) 6.0, and (f) 7.0 x 10! cm. The curves represent the
results of calculation by linear theory, and the horizontal
line segments on bottom show the results of cal culations of
the spectrum width by nonlinear theory.

Fig. 2. Schematic of the PRM: (1) REB, (2) plasma, (3)
metal waveguide, (4) coaxial conical emitting horn, (5) col-
lector, (6) dielectric window, and (7) hot ring cathode of the
plasma source.

yielded Af/f = 0.3, whereas the experimental value was
Af/f~ 1.

As was mentioned above, the amplifier was calcu-
lated assuming the external magnetic field to be infi-
nitely strong. In the experiment, we had Q, = (1.4—
0.85)w,. Neverthel ess, the generation of gyrotron emis-
sion at the frequency Q./y by an electron beam in
which electrons entering the waveguide only had the
Ionglitudinal velocity component was an unexpected
resullt.
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All these discrepancies were discussed in [3], in
which it was noted that “the main discrepancies—a
wide experimental spectrum and the presence of alow-
frequency emission simultaneously with a high-fre-
guency emission—require further theoretical and
experimental investigations.”

In [3], we compared the spectra of the microwave
oscillator with the calculated spectra of an amplifier.
The subsequent theoretical study was aimed at the
development of numerical methods for calculating the
microwave oscillator. The beam instability is convec-
tivein nature; for this reason, generation can occur in a
plasmawaveguide of alimited length L if the reflection
coefficient k of the wave reflecting from the end of the
plasma waveguide is high enough to satisfy the condi-
tion ke > 1. On the other hand, if k = 1 in the gener-
ation freguency range, then no emission leaves the
microwave oscillator. Therefore, there exists an opti-
mum K value for which the oscillator emission power is
maximum. In the linear stage of the instability, a high-
current REB generates a broad frequency spectrum
(Fig. 1). If the reflection coefficient K in the generation
frequency range depends substantially on the fre-
guency, then the spectrum of the microwave oscillator
can differ markedly from that of the microwave ampli-
fier. In the papers on the plasma microwave oscillator
[6, 7], an approximate formula is used to describe the
dependence of k on the frequency and the dimensions
of a device. Thus, the development of the numerica
model of the microwave oscillator isstill far from com-
pletion even for Q. > w,

This paper is devoted to the experimental study of a
PRM in which, as compared to [3], we changed the
geometry of the transition of a plasma waveguide to a
coaxial emitting hornin order for the coefficient k to be
independent of the frequency. As aresult, the measured
PRM spectrum became close to the calculated spec-
trum of the microwave amplifier [4].

Figure 2 shows the schematic of the experiment.
The Terek-2 accelerator produces a high-current REB
with an electron energy of 500 keV, a beam current of
2 or 3 kA, and a current-pulse duration of 30 ns. An
annular electron beam (/) with a mean radius of r, =
6 mm and thickness Ar, = 1 mm passes inside a hollow
plasma column (2) with amean radius of r,= 9 mmand
thickness Ar, = 1 mm. A coaxia plasma waveguide
consisting of a hollow plasma and a metal waveguide
(3) with aradius of R= 18 mm ends in a conical horn
with metal outer (4) and inner (5) cones. Microwaves
are generated in the plasma waveguide, enter the metal
coaxial horn, and then are output into free space
through a dielectric window (6).

The REB and the plasma are in a homogeneous lon-
gitudinal quasistatic magnetic field (B = 1.3-2.2 T and
the current pulse duration is 5.5 ms). Asin the previous
experiments[3, 8], the plasmais created in a discharge
with ahot ring cathode (Fig. 2, position 7). The plasma
source has the following parameters: the cathode volt-
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age is 500 V, the discharge current is up to 90 A, the
working gas is xenon, and the gas pressure is 4.5 x
107 torr. At firgt, the voltage is applied to the plasma-
source cathode and the plasma is created over 30 ps.
Then, the REB is injected into the plasma. The dis-
charge current is controlled by changing the cathode
temperature, which allows us to change the plasma
density from shot to shot.

To solve the main problem of this study (to carry out
measurements of the PRM spectrum), we used a calo-
rimetric spectrometer described in [3]. Thetotal energy
of the radiation flux from the PRM was measured in
eight frequency bands. 5.1-9.3, 9.3-12.1, 12.1-15.3,
15.3-19.5, 19.5-24.1, 24.1-28.9, 28.9-32.4, and 32.4—
38.8 GHz. The energy spectrum was measured in units
of JGHz. The measurements of the microwave-pulse
shape allowed us to calculate the power spectrum in
units of MW/GHz. Typical values of the spectral power
density were 2-4 MW/GHz to within a measurement
accuracy of £0.25 MW/GHz.

Figure 3 shows the dependence of the total emission
energy on the plasma density for several values of the
plasma-waveguide length L = 10, 12.5, 15, and 20 cm.
Thetotal REB energy per one pulseis=30 J(at an elec-
tron energy of 500 keV, a current of 2 kA, and pulse
duration of 30 ns). Hence, it followsfrom Fig. 3 that the
PRM energy efficiency is =3%. The microwave-pulse
duration is 20 ns; therefore, the emission power attains
~50 MW and the power efficiency is =5%. For L =
20 cm (curve 1), emission arises when the plasma den-
sity exceeds a threshold level of 2.5 x 10> cm. This
valueis closeto the calculated value of the plasma den-
sity at which, under our conditions, the spatial growth
rateis ok > 0. Since, for low plasma densities, the max-
imum value of the spatial growth rate dk,,,,, increases
with increasing the plasmadensity (Fig. 1), aPRM with
L = 15 cm operates at a higher plasma density, n, = 4 x
102 cm3 (Fig. 3), according to the formula ke?t > 1.
The fact that the threshold plasma density increases as
the plasma-waveguide length further decreases (L =
12.5, 10 cm) cannot be explained by this smple model
because the value of &k, for n, =5-6 x 10" cmr®
(Fig. 1, curves g, f) is lower than the maximum value,
whichisattained at n, =2 x 10"* cm (Fig. 1, curvesc, d).

Figure 4 showsthe PRM spectrafor thelength of the
plasmawaveguide L = 20 cm and different plasmaden-
sities. The total microwave-pulse energy expressed in J
is shown in each of the six plots. It is evident that the
mean emission frequency increases from 4 to 28 GHz
as the plasma density varies from 4 x 10'? to 7 x
103 cm3. The accuracy of the measurements of the
spectral width is rather low. It follows from the mea-
surements that the spectral width exceeds the width of
the spectrometer bands; i.e., Af > 3 GHz. This can be
inferred from the fact that the microwave frequency is
a continuous function of the plasma density and, for
any value of the plasma density, the measured spectrum
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Fig. 3. Microwave-pulse energy as afunction of the plasma
density for different values of the interaction length: (1) 20,
(2)15,(3)12.5,and (4) 10cmat B=22T,r,=0.9cm, ry =

0.6cm,andp=4.5 x 10~* torr; the working gasis xenon.

never fals into one spectrometer band. The maximum
spectral width is determined by the boundaries shown
in Fig. 4; i.e., this width comprises two or three spec-
trometer bands. In Fig. 5, the cal culated dependence of
the mean emission frequency of the microwave ampli-
fier on the plasma density (assuming B — ) is com-
pared with the experimental dependences for PRM for
two values of the magnetic fieldB=1.3and 2.2 T. The
shaded area is the domain in which the calculation
gives dP/df > 0.3 (dP/df),,,,- It is seen that, for low
plasmadensities (low emission frequencies), the exper-
imental results agree with the calculations. For higher
plasma densities, there is a discrepancy between the
experiment and calculation. For example, the experi-
ment shows that, for n,=6 x 103 cm= and Q, = 0.5w,,
the emission frequency f isequal to 21 GHz and, asthe
electron cyclotron frequency increases to Q. = 0.9w,
the emission frequency increases to f = 27 GHz. The
calculation for n, = 6 x 10" cm™ and Q. > w, yields
the frequency f = 32 GHz. Hence, the discrepancy
between the calculation and experiment can be attrib-
uted to the fact that, in the experiment, the condition
Q. > wy isnot satisfied at high plasma densities.

The maximum widths of the experimental spectra
are shown in Fig. 5 by vertical line segments. As was
mentioned above, the spectral width is measured rather
roughly. Nevertheless, we can conclude that, for low
plasma densities, the experimental spectral width is
approximately equal to the calculated value; for high
plasma densities, the experimental spectral width
exceeds the calculated values.

The coincidence of the experimental resultswith the
calculated dependence of the emission frequency on
the plasmadensity f(n,) isthe most reliable argument in
favor that the generated mode is the azimuthally sym-
metric lowest radial mode of the slow plasmawave. In
our previous papers, we suggested that the generated
mode was precisely this mode, but the dependence f(n,)
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Fig. 4. Spectra of the plasma microwave oscillator for plasma densities of (a) 0.4, (b) 0.8, (c) 2.3, (d) 4.4, (e) 6.0, and (f) 7.0 x
103 em2aB=22T,L=20cm, rp=0.9cm,r,=0.6cm, andp=4.5 x 107* torr.

did not confirm this suggestion. Our suggestion was
based on the fact that emission was observed in the fre-
quency range w < w, and the threshold value of the
plasmadensity (for long plasmawaveguides) coincided
with the calculated one.
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Fig. 5. Mean emission frequency asafunction of the plasma
frequency f, = wy,/21t Experimental curves 1 and 2 corre-
spondtoB=1.3and 2.2 T, respectively. The shaded domain
shows the results of caculations by nonlinear theory. The
vertica line segments indicate the maximum measured
spectral width.

It is seen from Fig. 3 (curve I) that the measured
emission power remains almost constant as the plasma
density varies. Thisis dueto the fact that the maximum
value of the spatial growth rate dk remains at nearly the
same level for different values of the plasma density
(Fig. 1). Furthermore, this means that the coefficient of
reflection from the transition of the plasma waveguide
to the vacuum coaxial waveguide remains nearly con-
stant when the plasma density and the generation fre-
guency change simultaneously.

As is known, filling a waveguide with a plasma
makes it possible to transport currents exceeding the
limiting vacuum current [9]. Therefore, it isinteresting
to examine how the microwave power depends on the
current. All of the above results were obtained at a cur-
rent of 2 kA, whereas the limiting vacuum current was
egual to 3.5 kA. The increase in the beam current to
3 kA did not lead to an increase in the microwave
power. Thisresult agreeswith the theoretical prediction
[10] that the amplifier efficiency decreases as the beam
current approaches the limiting vacuum current.

Thus, it is experimentally shown that, in a Cheren-
kov PRM, the azimuthaly symmetric lowest radial
mode of a slow plasma wave can be generated over a
widerange of plasmadensities. For thefirst time, asev-
enfold frequency change (from 4 to 28 GHz) was
PLASMA PHYSICS REPORTS  Vol. 26
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obtained at apower of 30-50 MW by changing only the
plasmadensity. From apractical standpoint, it isimpor-
tant that such a frequency change can be performed
during a time of about 30 s, which is determined by
the rate of the plasma density variation.

Further progressin PRM studies requires the devel -
opment of a numerical model of a plasma microwave
oscillator, which will make it possible to increase the
PRM efficiency to 15-20% asis predicted by the calcu-
lations of the amplifier. These calculations show that
the width of the emission spectrum can be varied by
changing the gap between the beam and the hollow
plasma. However, to date, we have failed to implement
such control of the spectral width at a constant micro-
wave-oscillator power. These two problems form the
basis for future PRM studies.
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