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Numerical model of plasma-assisted microwave noise amplifier with 10% of energy efficiency on 150-MW
power level is described. Pulse duration of 2 ns prevents the feedback in a 50-cm long device and provides genera-
tion of microwave pulses with continuous frequency control from 4 to 17 GHz and = 2 GHz of a pulse bandwidth.
Parameters of available electron beam sources are considered.

PACS: 52.59.Ye

INTRODUCTION

Plasma relativistic microwave oscillators (PRMO)
and amplifiers are known also as Cherenkov plasma
masers, in experimental operation they are since 1982
[1]. These masers are based on Cherenkov interaction of
relativistic electron beams (REB) with preformed
plasma which mainly determines their oscillation fre-
quency. Plasma concentration range may be very broad,
hence, the plasma masers possess uniquely wide band-
width of emission frequency control. Plasma maser
which changed the frequency from 4 to 28 GHz from
one pulse to the next one was demonstrated in [2]. Since
the plasma is prepared individually before each pulse
~ 100 ps in advance, plasma masers demonstrated broad
frequency control with the pulse repetition rate up to
50 Hz [3, 4].

Plasma maser is a travelling wave tube, i.e., an am-
plifier with frequency domain growth rate governed by
plasma concentration. Reflections from inlet and outlet
borders may transform the amplifier into a self-
oscillator with inherent set of longitudinal modes and
related discrete frequencies. Therefore, the radiation
spectra of relativistic plasma oscillators consist mainly
of separate frequencies [5] although plasma-beam inter-
action provides continuous range of frequencies.

In order to irradiate all frequencies within the band
of amplification, the feedback in the device must be
eliminated. One of possible ways is to make the REB
pulse shorter than the period of plasma wave propaga-
tion back and forth between the borders. As a result, a
noise may be amplified in all frequency range which the
growth rate provides, but the non-linear theory of plas-
ma maser [6] describes the bandwidth of concurrent
irradiation as noticeably less than in linear case.

The authors of experiments [7] with a Cherenkov
BWO and that short-term REB called the regime of
their microwave device as “superluminescence” by
analogy with the well-known quantum effect. Here we
will refer to the plasma maser without inlet signal and
no feedback as “plasma relativistic noise amplifier”
(PRNA). The same plasma maser with longer REB
pulse and the feedback is the above mentioned self-
oscillator: PRMO.

In this paper we present results of numerical simula-
tions of PRMO and PRNA with almost identical pa-
rameters. The PRMO was experimentally and numeri-
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cally investigated for a long time, and it is possible to
compare computer models with known experiments. On
the contrary, the short-pulse PRNA was never studied,
neither in experiments, nor even in simulations. Com-
parison of the two devices with mostly similar parame-
ters reveals differences in their operation. Besides, spe-
cial modeling of PRNA with short pulse REB source [7]
was conducted to estimate results of possible experi-
mental implementation of the novel plasma maser.

1. MODEL

Numerical simulations were carried out using fully
electromagnetic code Karat [8]. So called 2.5-
dimensional version of the code in use considers all three
components of all fields and particle velocities but pre-
sumes their axial symmetry. Particle-in-cell (PIC) method
was applied to model electrons of the REB and plasma
particles. The scheme of the maser is presented in Fig. 1.
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Fig. 1. Model of plasma maser: waveguide 1; REB 2;
collector 3 and plasma 4

The area of modeling has axial symmetry, magnetic
field of 2 T along the symmetry axis is homogeneous.
Circular waveguide 1 with conductive walls is restricted
by two borders. The left border is transparent for relativ-
istic electrons, and the right border denoted by dashed
line is transparent for microwaves. Hollow REB 2 is
injected through the left border and terminates at the
collector 3. Hollow plasma 4 exists between the left
border and the collector also. Microwaves produced by
the beam-plasma interaction are emitted through the
right border.

The parameters of the maser are similar to that of
experimental devices [2 - 4]. The REB and plasma cyl-
inders have mean radii of 0.75 cm and 1.05 cm, respec-
tively, with the equal thicknesses of 0.1 cm. The collec-
tor radius is 1.2 cm, and that of the outer waveguide is
1.8 cm. The 500-keV relativistic electrons and the REB
current of 2 kA also correspond to the parameters of
PRMO [4].



An important task of modeling PRNA was to find
the current pulse duration and shape. Several values of
pulse duration were tested with different leading and
trailing edges of the pulses. The leading edge was under
special study because the initial noise spectrum might
greatly affect the amplified wave. It occurred that there
is no significant influence of particular pulse shape on
the results. Thus, the leading edge, the plateau and the
trailing edge of electron current pulses in PRNA were
chosen as 0.5 ns, 1 ns and 0.5 ns, respectively.

The Karat code comprises the possibility to calculate
the beam current and electron energy accordingly to the
Fedosov law for relativistic electron diode. Neverthe-
less, in the course of current pulse in PRNA with the
above parameters the electron energy was presumed to
be constant. The reason is that in experiments cold ex-
plosive cathodes are used, whereas an explosive elec-
tron emission has a delay ~ 1 ns in respect to electric
field.

Modeling of comparatively long-pulse PRMO by
Karat code has been carried out many times before, in-
cluding application of PIC-method for studying the rea-
sons for the effect of microwave pulse shortening [9].
To exclude this effect from consideration here the pulse
duration of PRMO was set equal to 20 ns with the lead-
ing edge of 2.5 ns.

Hence, the two plasma masers here have the most of
parameters correspondingly equal. They differ only in
the REB pulse shape and the length between the left
border and the collector.

2. RESULTS OF CALCULATIONS

Optimal lengths for PRMO and PRNA were calcu-
lated first of all for impartial comparison of the devices.
The calculations were conducted in the range of plasma
concentration (0.4 to 1.7)-10" ¢cm™. For the PRMO, the
results correspond to that obtained in experiments [2],
and the optimal length was found to be 23 cm like in
[7].

The optimal length of PRNA should be obviously
more. As a criterion, energy efficiency was calculated as
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Here Wk is the total energy in a pulse calculated as
Pointing  vector flux at the right border.
Wrep=0.5MV-2kA-1.5ns=1.5] is the REB pulse
energy.
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Fig. 2. PRNA efficiency n vs length L. Plasma
concentrations 0.7-10" ¢cm™ (1) and 1.4-10"7 cm™ (2)

Fig. 2 presents dependencies of the PRNA efficiency
on the length for two plasma concentrations. A few
more curves for other concentrations were obtained
which did not differ significantly. At L =50 cm the
curves reach saturation, hence, this length was set as the
optimum for further PRNA modeling.

Typical “waveform” of radiation power at the right
border of PRNA and the spectrum are presented in Fig.
3. The power averaged through one period exceeds
200 MW, the total pulse duration being about 2 ns. Note
that the spectrum consists of two separate fractions. The
first fraction is always below 1 GHz, it relates to the
short-term pulse of the REB. In absence of plasma the
device could operate as well-known ultra wide band
(UWB) source with the spectrum depending on high-
voltage pulse duration. The second fraction in the spec-
trum relates to the beam-plasma interaction and will be
considered further as high-power microwaves (HPM).
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Fig. 3. Time domain RF power (top) and spectrum
(bottom) of PRNA
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Fig. 4. HPM frequency fvs plasma concentration
n of PRNA (vertical lines) and PRMO (crosses)

The main feature and advantage of plasma masers in
respect to vacuum analogues is their ability to change
emission frequency in broad band in accordance with
plasma density variation. Fig. 4 shows that both PRNA
and PRMO change emission frequency approximately
from 4 to 17 GHz if the plasma rises from 0.4 to
3.2-10" cm™. What is different is the spectrum width:
for the PRMO it consists of separate frequencies de-
noted by crosses, and the PRNA spectrum is 1...3 GHz
wide.
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The most distinctive feature of PRNA is compara-
tively high efficiency of 15 in respect to 10% of PRMO
in the range 4 to 10 GHz. Note that here only HPM with
frequencies of >1 GHz are considered, the total energy
efficiency exceeds 15%. In terms of energy 15% corre-
sponds to 0.225] in HPM pulse or average power
150 MW during 1.5 ns.
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Fig. 5. Efficiency n vs plasma concentration n
of PRNA (1) and PRMO (2)

The REB current in the PRNA may be increased if
the accelerator in use permits to. The efficiency dimin-
ishes a little until the current rises twice from 2 to 4 kA
but the HPM energy rises, the mean power reaches
0,4J/1.5ns~=250 MW. After 4 kA there is no sense to
increase the current because the energy does not rise.
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Fig. 6. Efficiency n (1) and HPM pulse energy E (2)
vs REB current I of PRNA
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Fig. 7. Efficiency n (1) and HPM frequency (2) of
PRNA driven by accelerator [7]

The question which arises is that about practical im-
plementation of the proposed PRNA. Fig. 7 illustrates
operation of the above described PRNA if it were “rein-
stalled” without any modification to the accelerator
which was used in [7]. The voltage pulse of this device
had sharp leading edge, a plateau at 270 kV level during
0.9 ns and a 2-ns long trailing edge. The peak current
was 2kA. In our model the electron beam current
changed with voltage according to the relativistic diode
law (Fedosov law). The REB pulse energy may be esti-
mated as 1.1 J.

In the range of plasma concentrations (0.4 to
1.7)-10"” cm™ the HPM frequency rises from 7 to
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17 GHz, the width of a single pulse spectrum being 1 to
2 GHz. Comparatively to the above described case of
500 kV and 2 kA pulse the frequencies rose for appro-
priate plasma concentrations. The result is obvious be-
cause the velocities of REB electrons which excite slow
plasma wave diminished [6]. With the above rise of the
frequency, efficiency diminishes from 16 to 7%. Note
that 10% of the energy efficiency and 2-ns long pulse
correspond to 55 MW in microwaves. Comparatively to
PRNA with higher REB energy, see Fig. 5, the depend-
ence of the efficiency on plasma density is different.
The reason is that the length L of the described PRNA
was optimized for other parameters of REB: higher en-
ergy of 500 keV and much less trailing edge.

CONCLUSIONS

Numerical simulations of plasma maser with short
pulse named as PRNA and well-known PRMO were
carried out. To estimate the simulations accuracy, the
results of PRMO modeling may be compared with ex-
perimental data, i.e., 7% of the calculated PRMO effi-
ciency and 5% obtained in experiments [3]: 50 MW in
HPM with 500 keV, 2 kA in REB. The frequency band
in calculations (4 to 17 GHz) and in experiments (5 to
20 GHz) almost coincide, the parameters in calculations
and experiment are identical, so the comparison is valid.
As a consequence, the efficiency of 10% within two-
fold band of frequencies 4 to 8 GHz is likely to preview
in experiments with PRNA.

Application of available sources of high-current
electron beams (e.g., used in [7]) as a driver for the
PRNA is of interest. A plasma maser works with pre-
formed plasma which is prepared ~ 10 s before a pulse,
plasma decay is an order more long. Therefore, the
pulse rep-rate as high as 10° Hz is quite suitable for
PRNA. Prospective efficiency in experiments for PRNA
driven by the accelerator [7] may be admitted as 5%,
spectrum width of a pulse exceeds 1 GHz. This means
that during 10 ms the frequency band 7 to 17 GHz may
be confidently overlapped by microwaves with peak
power of 30 MW and uniform spectrum density. The
total energy spectrum uniformity is easily attainable
because in a plasma maser each pulse in a train may be
generated with individual frequency within the band.
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HOBBIN IIJIASMEHHbBIN PE.JIHTI/IBI/ICTCKI/II7I“HII/IPOKOHOJIOCHLII7I HUCTOYHUK
MMKPOBOJIH BBICOKOM MOIITHOCTH

C.E. Epunvinesa, B.O. /lumeun, O.T. Jloza, U.JI. bozoankesuu

OnwcaHa YucleHHast MOJIENb IUIA3MEHHOTO YCHIIUTENS IIyMa ¢ 3G QEeKTUBHOCTHIO 10 3Hepruu 10% Ha ypoBHe
MomHocTH 150 MBT. [IMTensHOCTh UMITYNIbCa 2 HC TPEAOTBpaIIaeT OOpaTHYIO CBS3b B T€HEpaTope C JIHHOM
50 cMm u obecneunBaet reHeparmo CBU-uMIymbcoB ¢ BO3MOXKHOCTBIO HEIIPEPHIBHON TepecTpoiiku yacToTel CBU-
uMIyabscoB oT 4 mo 17 I'Tn u mmpuHO#M criekTpa Kaxmoro ummnyibca =~ 2 ['Tn. PaccmarpuBatoTcst mapameTpsl cytie-
CTBYIOIIUX UCTOYHUKOB 3JIEKTPOHHBIX ITyUYKOB.

HOBE ILJTASMOBE PEJISITUBICTCHKE HIMPOKOCMYTOBE JIXKEPEJIO MIKPOXBHJIb BUCOKOI
MOTY>XXHOCTI

C.€. €Epnunesa, B.0. Jlumesun, O.T. Jloza, 1JI. bozoankeeuu

Onmcana 4yrceiabHa MOJIEIb TUIA3MOBOI0 MiJCHIIIOBAYa myMy 3 edekTuBHicTiO Mo eHeprii 10% Ha piBHI MOTYX-
HocTi 150 MBT. TpuBanicts iMIysbcy 2 HC 3armodirae 3BOPOTHHIA 3B'S130K B TEHEPATOPi 3 TOBXKUHOK 50 cM i 3a0e3-
meuye rerepamiro CBY-iMImynbciB 3 MOXIHBICTIO Oe3mepepBHOi mepedynoBu yactotd HBU-imimyneciB Big 4 10
17 I'Tu i mMpHHOIO CHEKTPY KOXKHOTO iMIyibey ~ 2 I'T'n. Po3risiaroTecst mapameTpH iCHYIOUNX JDKEpeIT eJIeKTPOH-
HUX ITy9KiB.
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