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NONLINEAR PROCESSES
IN PLASMAS



CYCLOTRON MASERS IN SPACE:
NEW APPROACHES AND APPLICATIONS

V. Y. Trakhtengerts
Institute of Applied Physics, Nizhny Novgorod, Russia

1 Introduction

Cyclotron masers (CM) are widely spread in space plasmas. Practi-
cally any space object with magnetic field and an internal or external
source of energy can be a candidate for CM operation. In the sim-
plest case a space cyclotron maser (SCM) is a magnetic flux tube
filled with a cold plasma, with a small addition of charged energetic
particles, electrons or ions, which serve as a working substance for
a space generator. This magnetic flux tube can belong to plane-
tary magnetospheres, solar corona or other stellar or nebular objects.
SCM has many common features with its nearest laboratory analog
— gyrotron. The cyclotron resonance lies in the base of SCM oper-
ation, and cyclotron instability (CI) of energetic particle population
with transverse anisotropy of velocity distribution causes stimulated
electromagnetic emission. -

At the same time there are some important differences. At first,
it concerns wave eigenmodes. In the presence of rather dense cold
plasma those are whistler mode waves and alfven waves, which are
strongly ducted by the magnetic field. Second, natural sources supply
SCM with energetic particles with large pitch angle and energy dis-
persion. And third, the magnetic field in space changes its value by
several orders along the magnetic flux tube. All these circumstances
together with quasioptical scales of electrodynamical systems stim-
ulated application of the quasilinear (QL) theory to description of
wave-particle interaction in SCM. The QL approach was found very
fruitful for analysis of stationary and quasistationary regimes of SCM
operation, when the characteristic time, 7, of wave intensity and en-
ergetic particle flux changes was much more than period T, of wave
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group oscillations between reflected mirrors (conjugate ionospheres in
the feet of the magnetic flux tube) and the period of particle bounce
oscillations, T}, between magnetic mirrors:

r> M1 T,=§% n=§% 1)
Vg v,
where z is coordinate along the magnetic field line, v, is wave group
velocity, and v, is particle velocity component along the magnetic
field.

Many features of the Earth radiation belt dynamics and genera-
tion of natural ELF (Extreme Low Frequency) and VLF (Very Low
Frequency) waves in the frequency range f ~ 0.1-10 kHz were de-
scribed successfully on the base of the QL theory. At the same time
essential discrepancies with QL approach were revealed under anal-
ysis of the fine structure of ELF-VLF emission spectra, which were
observed by satellites and on the ground. A pulsating aurora could
be the most bright illustration to this discrepancy. The matter is that
Nature invented a very interesting phenomenon, so-called pulsating
auroral patches, which turned out to be very convenient for exper-
imental verification of the SCM theory. Detailed experimental and
theoretical investigations have shown that these patches, which are
seen as periodically flashed bright spots in the night sky, are the result
of electron CM operation inside a separate magnetic flux tube with
enhanced cold plasma density [1, 2]. This tube serves as a cavity for
cyclotron waves and at the same time it creates favorable conditions
for CI development. Optical emission is the result of energetic elec-
tron precipitation into the atmosphere under the action of cyclotron
(whistler mode) waves.

Many macroscopic features of this phenomenon (connection with
a cold plasma duct, ELF wave generation and energetic electron pre-
cipitation, periodicity of generation) were described very well on the
base of the QL theory. However, patches revealed a very pronounced
fine structure in dynamical spectra of waves and in temporal behav-
ior of precipitated electron fluxes, which could not be explained by
the QL theory. This fine structure appeared at the maximum phase
of the flash and manifested itself as discrete ELF-VLF signals with
rising frequency, which grew from the noise-like radiation background
and followed each other with period Ty less then T, and T} (1). The
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precipitated particle fluxes showed the same deep temporal modula-
tion. Actually, these facts testified specific self-organization effects,
which appeared in process of QL relaxation.

It is shown below that such a fine structure can be connected
with formation, at the QL stage, of a specific step-like deformation
on the energetic electron distribution function and transition to the
hydrodynamic stage of CI, when coherence effects become important.
These effects lead to new generation regimes with discrete structure
of the dynamic spectrum of radiation.

Another new tendency in the theory of cyclotron masers in space
concerns interaction of hot and cold plasma components in SCM
through the electromagnetic radiation generated. This interaction
is considered principal in some important applications. Below such
an interaction is investigated on the example of a solar flare. It is
shown that the fast transfer of energy from hot to cold plasma compo-
nent, which takes place in CM operating in the solar corona, produces
strong heating of coronary plasma and can lead to mass ejection of
coronary matter into the interplanetary space. In conclusion, some
consequences of SCM investigations are discussed, which could be
interesting to apply in laboratory plasma magnetic traps.

2 Self-organization effects and discrete dynamical
spectrum structure of SCM radiation

In this section we consider some self-organization effects, which arise
at the final stage of quasilinear relaxation and determine a dis-
crete dynamical spectrum structure of SCM electromagnetic emis-
sion. These effects are connected with formation of a step-like defor-
mation in a distribution function of energetic particles at the bound-
ary between resonance and nonresonance particles. In the case of CM
this boundary is determined from the cyclotron resonance condition,
written for the central crossection of the magnetic flux tube:

Wm — WBL = kUL (2)

where wpy, is gyrofrequency of energetic electrons, v,y, is velocity com-
ponent along the magnetic field direction, w;, is maximum frequency
in the spectrum of generated whistler waves, wave vector k,, and fre-
quency wy, are connected by the dispersion relation for whistler-mode
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waves. In general case w,, and k,, are slowly changing (in compari-
son with the period of the wave) functions of time. The idea about
step-like deformation of a distribution function and possible transi-
tion to hydrodynamic stage of instability was formulated at first in
[3, 4] in application to one-dimensional beam-plasma interaction. In
a sense, transition to the hydrodynamic stage of instability testifies
some self-organization process, when phase effects become important.

At that time this interesting idea did not find further applications.
We came back to this idea under the influence of experimental facts.
Satellite measurements of so-called ELF chorus emissions, which were
attributed to CM generation, showed [5, 6] that chorus were always
a mixture of noise-like and discrete emissions, moreover, the periodic
succession of discrete signals formed the high-frequency part, which
was growing from noise background. Period T’y of this succession was
less then T, and T}, so it was clear that this fine structure could
not be explained in the framework of the QL theory only, but the
QL stage played an important role in preparation of the situation
when formation of discrete signals was possible. Detailed analytical
and computational analysis of SCM operation was undertaken on the
base of the QL theory, which showed the formation of a step-like
deformation in the distribution function for conditions close to real
SCM systems [7]. In fact, it was generalization of the results of [4]
on the case of two-dimensional QL relaxation with sources and sinks
of energetic particles and waves taken into account.

Figures 1-3 illustrate the computational results, which were ob-
tained by [7]. In particular, Fig. 1 shows the behavior of the CI
amplification (solid line) and wave energy density (dashed line) in
the process of QL relaxation, and in Fig. 2 the tendency to hydrody-
namic stage of instability is seen, when the ratio of growth rate, v,
to the spectrum width, A, goes to unity. Figure 3 demonstrates the
appearance of a step-like deformation in the distribution function as
a function of pitch angle sine z (z = /1 — (v,1/v)? = sin L, where
01, is pitch angle in the central cross-section of the magnetic mirror).

Transition to the hydrodynamic stage of CI leads to a princi-
pally new generation regime in SCM, when coherence effects begin
to prevail [8]. This regime is the so-called backward-wave-oscillator
generation regime. It is well-known in electronics dealing with well-
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Figure 1. The temporal evolution of amplification ' = 0.5 § (v/v,) dz and the
whistler wave energy density £ (computational results [7]).
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Figure 2. The temporal evolution of the ratio of + to the amplification frequency
bandwidth at half power A, (computational results [7]).
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Figure 3. The dependencies of the averaged growth rate, v (dashed line), and
the whistler wave energy density, £ (solid line), on the dimensionless frequency
§ = 1 — wo/w, and of the distribution function, F (bold line), and the diffusion
coefficient, D (dotted line), on ¢ = sin 0., at different times (from [7]). Curve
labels (1-3) refer to the time points: 1 denotes t = 52.5 s, 2 denotes t = 63.5 s,
and 3 denotes t = 70 s. The formation of the step and wavelet generation are
seen.
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organized electron beams with small velocity dispersion (see, for ex-
ample, [9]). The important property of this regime is that it is ex-
cited in open electrodynamical systems without reflecting mirrors.
The positive feedback connection appears in such generators through
interaction of the cold-plasma wave mode with the “beam” mode,
which has to propagate against a cold mode. This case takes place,
when w < wp. the “beam” mode exists only in the case of hydro-
dynamic instability. Both these conditions are fulfilled in SCM with
the step-like distribution function, the difference is only quantitative.
If in the case of a well-organized beam (é-function in the velocity
space) the growth rate, v, which characterizes the temporal scale in

the generator, is proportional to N,t/ 3, N}, is beam density, so for

a step distribution vy ~ N,i/ 2, Computational modeling and exper-
imental investigation of laboratory devices [9] show, that the BWO
regime is excited, when the beam density overcomes some threshold
value. When the beam density is growing, a generator comes through
several bifurcations from stationary generation to the periodic regime
and further to the stochastic one. Taking into account the common
physical basis, we have grounds to expect the same regimes in SCM.
More detailed consideration is given in [8], where it has been shown,
that the fine structure of radiation in SCM can be attributed to peri-
odic and stochastic BWO generation regimes with a step distribution
function. In particular, the period of the fine dynamical spectrum
structure is equal to

Ty =1 (vz +v;") (3)

where vy is velocity of a step, v, is group velocity of waves, the
characteristic scale, {, of SCM along the magnetic field is determined
by the cyclotron resonance mismatching due to the magnetic field
inhomogenity and is equal to [8]

= af(ka)"/3 (4)

where a is characteristic length of a magnetic flux tube, k is wave
vector, (ka)l/3 > 1.

According to (1) and (3), Typ ~ 2a/vy,, so Ty < T,, Tp; that is
in good accordance with experiment. It is borne in mind, that the
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present theory of a fine structure has mainly the qualitative character,
though it explains many important features of SCM generation. In
future it is necessary to develop a strict nonlinear theory, which could
include an appearance of phase coherence and nonlinear dynamics of
particles and waves at this stage. In real conditions the influence of
magnetic field inhomogenity can be very important [10].

3 Fast energy exchange between hot and cold plasma
components in SCM

In the previous section a cold plasma played passive role in SCM,
determining cold electromagnetic eigenmodes. In real conditions hot
and cold components can strongly interact with each other. In par-
ticular, a cold component can serve as a nonlinear element, which
determines the quality of the CM electrodynamical system and, con-
sequently, generation regimes in SCM. Such a situation is realized
in so-called alfven sweep masers (ASM), operating in the frequency
range of geomagnetic pulsations (f ~ 0.1-10 Hz) and using energetic
protons as an active substance. ASM generates alfven waves with the
wavelength comparable with thickness of the ionosphere. Thus the
conjugate ionospheres serve in ASM as Fabry-Perot cavities, which
determine the resonance (nonmonotonous) dependence of the wave
reflection coefficient on frequency. When ASM begins to operate,
generated alfven waves cause precipitation of energetic protons into
ionosphere, which create additional ionization and change the reflec-
tion coefficient. As the result, specific periodic regimes are excited,
which can explain the important type of geomagnetic pulsations in
the frequency range f ~ 0.1-10 Hz [11, 12].

The point of view on the cold plasma component as a nonlinear
element in CM was very fruitful for explanation of some experiments
with laboratory magnetic traps, where burst-like whistler wave gen-
eration and energetic electron precipitation were observed [13, 14].
Here we pay attention to the experiment of [15], which is important
for further consideration. In this experiment the plasma was prepared
by magnetic compression, which was accompanied by appearance of
energetic electrons. At some phase of compression the bursts of elec-
tromagnetic radiation appeared on the frequency less then the mini-
mum gyrofrequency in the magnetic trap. At the same time intense
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optical emission from plasma volume was observed, which testified
strong pulse heating of the background plasma.

The explanation of this experiment given in [13] is based on the
consideration of a cold plasma as a nonlinear absorbing element,
which determines the CI threshold in CM and is switched off in pro-
cess of CI development. Actually, in the presence of a dense cold
plasma with a sufficiently high degree of ionization the CI thresh-
old is determined by damping of whistler waves due to electron-ion
collisions and can be written as

Y = (w/wBL) Vei (5)

where ¥ ~ wp(Np/N,) is CI growth rate, w is frequency of cyclotron
waves, N; and N, are densities of hot and cold plasma components,
respectively, v, is electron-ion collision frequency, which is equal to

Vei & BONT3/% [s71), (6)

where T is the electron temperature of a cold plasma (in °K), and
N, is measured in cm™3.

When in the process of slow evolution of CM parameters the CI
threshold (5) is reached, generated whistler waves begin to heat a
cold plasma, and v,; is decreased according to (6). As the result, CI
develops as a very short burst of waves, which is accompanied by fast
heating of a cold plasma. The similar situation can be repeated in
space plasma, in a solar corona particularly. It is well-known, that on
the preflare stage a coronary magnetic loop, which is connected with
a solar flare, is filled with a very dense and relatively cold plasma.
Simultaneously a reconfiguration of the magnetic field takes place in
this region. However, these processes by themselves can not provide
for the explosive beginning of a solar flare, when very strong heating
of corona takes place during parts of a second in the central crossec-
tion of this magnetic loop, and intense energetic electron precipitation
appears in its feet.

A possible physical mechanism of such an explosion can be con-
nected with operation of CM inside a flaring magnetic loop. A new
scenario for a solar flare could be the following. During the preflare
stage plasma injection from the chromosphere and magnetic recon-
figuration (reconnection and compression) lead to formation of two-
component plasma, consisting of cold dense plasma and hot addition
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with small density but large energy supply, which are conditions for
CM operation. In principle, this process is quite real: energetic elec-
trons appear due to the running-away effect in the increasing mag-
netic field [16], background plasma remains cold due to additional
ionization process and to radiative losses, which are very strong in
the conditions of the solar corona [17, 18]. At a certain stage of
evolution the CI threshold (5) is achieved. It occurs at first in the
equatorial crossection of the magnetic loop, where the threshold is
minimal. In this region explosive accumulation of whistler wave en-
ergy and growth of plasma temperature occur for a very short time,
~ y~1. The initial spatial scale of the heated region along the mag-
netic flux tube is determined by heat conductivity length, 7, which is
much less than the scale of magnetic loop. This length determines the
front width of two nonlinear thermal waves, which propagate along
the magnetic flux tube from the central crossection. Thus the energy
of energetic electrons is gathered from all volume of a magnetic loop
and accumulated inside a very small volume in the form of thermal
energy of the background plasma. The energy density of this-plasma
can overcome the local magnetic energy density, what can lead to
mass ejection to the interplanetary space. More detailed quantitative
calculations [19] make it possible to explain many important features
of a solar flare.

4 Some consequences for laboratory plasma

The most important problem in the SCM theory now seems to be the
fine structure of SCM radiation. This problem includes the principal
questions, such as self-organization effects, which are arising in the
process of QL relaxation and are connected with formation of some
specific deformations in the distribution function of energetic parti-
cles. The most natural of them is a step-like deformation, which can
be the embryo of coherent states in plasma. New wave generation
regimes caused by these coherent states could be the universal mech-
anism of the spectral fine structure of radiation from natural sources.
Experiments with man-made sources of electromagnetic radiation are
very fruitful here. A unique example of such an experiment is op-
eration of the american transmitter “Siple” in the frequency range
f ~ 2-12 kHz, which is just the range of natural CM in the Earth
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magnetosphere [20]. The very important results were obtained in this
experiment, which dealt with so-called triggered ELF-VLF emissions
[20, 10]. Unfortunately, the investigations ceased because Siple was
destroyed by a hurricane and would not be restored due to its very
high cost. At the same time, laboratory modeling could give valu-
able results and would be much cheaper than construction of a special
transmitter for space experiments.

The creation of CM with a background plasma of full value would
be very useful for modeling new applications, such as fast energy
transfer from the hot to the cold plasma component. It would be
possible to verify in laboratory conditions the full chain of a new
scenario of a solar flare from creation of the two-component plasma
to explosive heating of a cold plasma.

These experiments could have relation to controlled thermonu-
clear fusion (CTNF). Actually, accumulation of small addition of en-
ergetic electrons inside a magnetic trap with cold plasma is often an
easier problem than heating and confinement of dense thermonuclear
plasma. CM operation permits, in principle, to put very fast the con-
siderable part of energy of energetic electrons from all the volume of
magnetic trap into a small volume of background cold plasma, which
could be a thermonuclear plasma. In fact, we have some modifica-
tion of inertial CTNF. More detailed consideration of this question
is beyond the frame of this paper.

Acknowledgment This work was supported in part by the Russian
Foundation for Basic Research, grant 96-02-16473a.

References

1. Trakhtengerts V.Y., Tagirov V.R., Chernous S.A., Geomagn.
Aeron. 1986, 26, 99

2. Demekhov A.G., Trakhtengerts V.Y., J. Geophys. Res. 1994, 99,
5831

3. Ivanov A.A., Rudakov L.I., Zhurn. Ezp. i Teor. Fiz. 1966, 51,
1522 (In Russian)

4. lIvanov A.A., Physics of strongly nonequilibrium plasmas (in Rus-
sian), Energoatomizdat, Moscow 1977

431



10.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

Hattori K., Hayakawa M., Shimakura S., Parrot M., Lefeuvre F.,
in Proceedings of the NIPR Symposium on Upper Atmospheric
Physics, vol. 2. National Inst. of Polar Res., Tokyo 1989, p. 84

Hattori K., Hayakawa M., Lagoutte D., Parrot M., Lefeuvre F.,
Planet. Space Sci. 1991, 39, 1465

Trakhtengerts V.Y., Rycroft M.J., Demekhov A.G., J. Geophys.
Res. 1996, 101, 13,293

Trakhtengerts V.Y., J. Geophys. Res. 1995, 100, 17,205

Ginzburg N.S., Kuznetsov S.P., in Relativistic HF Electronics,
Inst. of Appl. Phys., Gorky, USSR, 1981 pp. 101-144, In Russian

Omura Y., Nunn D., Matsumoto H., Rycroft M.J., J. Atmos.
Terr. Phys. 1991, 53, 351

Belyaev P.P., Polyakov S.V., Rapoport V.O., Trakhtengerts V.Y,
Geomagn. Aeron. 1987, 27, 652

Demekhov A.G., Trakhtengerts V.Y., Polyakov S.V., Belyaev
P.P., Rapoport V.O., An alfven sweep maser model for pc 1
pearls: Theory, Tech. Rep. 405, Radiophysical Research Insti-
tute, Nizhny Novgorod, Russia 1994

Gaponov-Grekhov A.V., Glagolev V.M., Trakhtengerts V.Y.,
ZhETF 1981, 80, 2198

Demekhov A.G., Trakhtengerts V.Y., Radiophys. and Quantum
Electr. 1986, 29, 848

Perkins W.A., Barr W.L., in Proc. Int. Conf. Plasma Phys. and
Controlled Nucl. Fusion Res., vol. 2. IAEA, Vienna 1966, 1966
pp. 115-134 ’

Bogomolov Y.L., Demekhov A.G., Trakhtengerts V.Y., Scher
E.M., Yunakovsky A.D., Sov. J. Plasma Phys. 1988, 14, 316,
FP-rus: v.14, No.5, p.539-546

Priest E.R., Solar Magnetohydrodynamics, D. Reidel, Dordrecht,
Holland 1982

Khodachenko M.L., Izv. Vuzov — Radiofizika 1996, 39, 53
Trakhtengerts V.Y., Izv. Vuzov — Radiofizika 1996, 39, 699
Helliwell R.A., Mod. Radio Sci. 1993, p. 189

432



INHOMOGENEOUS PLASMA PARAMETRIC
INSTABILITY DRIVEN BY FREQUENCY MODULATED
PUMP

V.I1.Arkhipenko, V.N.Budnikov , E.Z.Gusakov', V.A.Pisarev,
V.L.Selenin’, L.V.Simonchik and B.O. Yakovlev'

Institute of Molecular and Atomic Physics, Minsk, Beylorussia
"Ioffe Physico-Technical Institute, St Petersburg, Russia

Abstract

The inhomogeneous plasma parametric decay instability driven by
frequency modulated pump 1is studied both theoretically and
experimentally. A strong decrease of the threshold of decay instability
of the Trivelpiece-Gould wave in a magnetized plasma is observed in a
narrow range of the pump frequency modulation rates. The decay point
motion due to the pump frequency modulation is shown to be
responsible for this effect, which occurs when the decay point velocity
is equal to the ion acoustic velocity. Effective instability suppression is
demonstrated for larger decay point velocities. The time evolution of
the decay wave amplitude is investigated for different pump frequency
modulation rates.

Introduction

According to [1,2] plasma inhomogeneity has a strong stabilizing
effect on parametric decay instabilities. The decay condition

Ko (%) =x,(x) +x,(x) (1)

for projections x; (j=0,1,2) of wavevectors in the inhomogeneity
direction, can be satisfied only at isolated points x = x, in a
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nonuniform plasma. The parametric interaction occurs in the vicinity
of these points with the size

(- ‘%(Ko(x) ~x1(x) - 2 (5)

Convection of the decay waves out of narrow interaction regions is
the loss mechanism that saturates the instability. In fact, we have here
amplification of the decay waves with the amplification coefficient
given by

-5
(2)

2
S=exp[ﬂ7°lJ (3)

[v10,|

where 7o is the instability maximal growth rate in the homogeneous
plasma theory and v; and v, are components of the daughter wave
group velocity in the inhomogeneity direction.

The plasma nonstationarity also produces a stabilizing effect on
decay instabilities due to violation of the frequency decay condition [3]

@o(t) = (1) + w,(t) (4)

However these factors acting simultancously can reduce the
stabilizing effect, as has been shown theoretically for decay t—l+s [4].
In this case the decay point xd(t), at which the decay. conditions ( 1)

and ( 4 ) are satisfied, moves with the velocity v = dx, / dt. When the
velocity of the decay point approaches one of the group velocities v,
or v,, the convection of the daughter wave out of drifting interaction

region vanishes and the amplification coefficient formally goes to
infinity. This resonance can modify the fluctuation spectra of
parametrically driven waves in inhomogeneous and nonstationary
plasma and could be used, in principal, for selective excitation of
plasma waves. In spite of this, the above effect has not been verified
experimentally yet, probably due to difficulties in controlling the
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parameters of nonuniform and nonstationary plasmas and performing
fine wave measurements in such conditions.

However the required motion of the decay point can be achieved in
much more convenient way by using a frequency modulated pump
wave. The time variation of the pump frequency @, = a)o(t) results

in a change in the decay point position x, = xd((oo) = xd(a)o(t)).

Unlike the nonstationary plasma case, this drift of the decay point can
be casily controlled by variation of the frequency modulation rate. The
first experimental observations of the effect of enhancement of
parametrically produced waves due to the pump frequency modulation
were reported in [5,6]. In the present paper the theoretical analysis will
be given as well as the results of experimental investigation of
dependence of the decay instability threshold on the pump modulation
rate. The time evolution of parametric decay at different pump
frequency modulation rates is also investigated.

Theoretical analysis

The decay instability driven in inhomogeneous plasma by
frequency modulated pump is investigated in the framework of coupled
wave equations for slowly varying amplitudes of parametrically excited
waves

o'bl(x,t) dll(x,t)

+ v, = yoaz(x,t)ewh")
& OZ t) éaé(( t) ()
X, X, * —id(x,t
207 +o, 2& _ yoal(x,t)e 9(x.t)

2
. X 2 .
where the phase mismatch ¢ = LY2 + ao(x - vot) consists of

two terms. The first is related to the plasma inhomogeniety, where as
the second describes the pump frequency modulation with the period
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1 zAf

7 and deviation Af, @, =—-—5——, v, is the pump group
v, T

velocity projection in the inhomogeneity direction. Supposing that all

the frequency variation of the pump is taken by the high frequency
daughter wave a; we use a quadratic phase substitution for a,

a4 =7 exp{-—iao (o =0) (x - vlt)z} (6)

v (v1 - v)

2aofzvo (vl + vo)
Zaofz(v1 +vg) + vy

(7)

where v = —

Introducing a new variable 77 = x — vt we represent the equations
( 5) in the standard form

é’ffl(n,t)ﬂ aa,(n, 1)
1

)e/e2

= ¥4,
a on

& (77 t) & (77 t) e (8)
201 ) + i, 2&79 - 7861(77, t)e 272

N )

U1y

. . ~2
in which u; =v; —v, u, =v, —v, ¢

Equations ( 8 ) describe the parametric decay in the
inhomogeneous plasma. These equations were studied in [1,2], where
no absolute instability, but spatial amplification of plasma fluctuations
was found. The amplification coefficient for the low frequency wave
a,which dose not change the frequency, according to [1,2], takes a

form

7y, 1
S = exp(nZ) = exp(———"———) (9)

ll)l - 1)"02 - D|
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This coefficient formally goes to infinity for modulation rates
L)

- 2f2(vo - 02Xv1 - Uo)

approaches the group velocity v,. The physical reason for this effect

a, , for which the decay point velocity v

is that convection of the decay wave out of the drifting interaction
region vanishes when v equals its group velocity. This is similar to
some extent to the increase of the amplification near the cut off, where
v, = 0. However, in the cut off case the amplification length
-5

d
{= vanishes together with v, in such a way that the

dx

amplification coefficient remains finite. In our case, in the absence of
convective losses the decay wave energy will concentrate within the
drifting decay region. The energy growth in this region can be limited
by a number of mechanisms, in particular by the violation of the
resonance condition v = v,, or by small convective losses caused by

the effect of wave dispersion. Another limiting factor of importance
under the experimental condition is the finite modulation period. The
analysis of the transient phenomena after the pump switch on made for
equations ( 8 ) in [7,8] shows that for v, > v the amplitude a, -0

growth exponentially in time with the growth rate
1 1
_, (20 o)
Y=%o (10)

Uy — U

The growth rate decreases when approaching the resonance v—v,. The
saturation time for exponential growth is
72
my ot (vz - ')1)
% %
(1)2 - v) (v - vl)

t, =

sat

(11)
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In the resonance case, for v—uv,, the saturation time goes to

infinity, which is explained by the growth of the interaction length
L
. When

L= 7\/—Z_ and decrease of the convective losses t , =

the saturation time is longer than the modulation period ¢, > 7 the

wave amplitude will grow exponentially during all the modulation
period, so that close to the resonance the amplification will be given
not by ( 9 ), but by

(v = 0,)2(v, - v)”? .

Uy =1

S = exp{yr} = expiy, (12)

In the opposite case t, < 7 (far from resonance) the exponential

growth saturates due to the convective losses so that expression -9th is
valid. The decay point velocity, providing the largest amplification is
given by condition t, = 7 .For large decay point velocities v > v,,

no exponential growth in time is predicted at 7 = 0. The convective

instability occurs instead.

Experimental observations

The experiment was carried out in the linear plasma device [9]
shown in fig.1. The argon plasma was produced using the electron
cyclotron discharge in a tube 2cm in diameter and 100cm long placed
in an uniform magnetic field of 3kG. The plasma was inhomogeneous
both across and along the magnetic field ne=nc(r,z). The maximum
density was n~10%cm?, electron temperature T.~2eV and argon
pressure 2102Torr. The Trivelpiece-Gould (TG) pump wave was
excited in the plasma with a waveguide. The saw-tooth frequency
modulation of the pump was used with the frequency variation given

by f =1, —%Af In the experiment we had f, — Af = 2300MHz,
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the frequency deviation Af < 800MHz and 7 > 10°s. According to

0,2 (r.2)
_52__1 k.2

the dispersion relation for the TG mode £ lz = .
®

the overcritical plasma density region represents a waveguide for this
mode (see fig.2). Propagating along this weakly inhomogeneous
channel towards decreasing plasma density the pump gradually slows
down. Its electric field and parallel wavenumber sharply increase near
the point where the critical density surface n(r,z)=n; intersects the
chamber axis and where the hybrid resonance is situated [9].Close to
the resonance the pump parallel wavenumber ko is given by equation

3’k -2-==0 (13)

where a~4cm and b~ 0.4cm are the density scale lengths
along and across the magnetic field. The backscattering parametric
instability 1>1’+s, excited in the near vicinity of the hybrid resonance
was observed in previous experiments [9], utilizing a monochromatic
pump (Af = 0). As it was shown in [9] at small power level

Py < 20mW the inhomogencous plasma convective decay instability

was excited, described by the amplification coefficient ( 3 ). The ion
acoustic wave involved in this decay propagate along the magnetic
field in the direction of decreasing density.

The homodyne and heterodyne detection of the backscattered pump
wave used in these experiments for studying the decay instability is
not applicable in the frequency modulation case. The enhanced
microwave scattering diagnostics was used instead to study the ion
acoustic decay wave [9,10]. For this purpose a small power
(P < SmW) probing TG mode was launched into the plasma by the

same waveguide. The probing wave frequency was chosen
f, = 2250MHz less than the minimum pump frequency, so that its

backscattering by the decay ion acoustic wave occurs out of the



‘AloAyoadsai ‘s1amod pasajess pue pajos|yas ‘papiwisuel) ay} ale
Sd pue 'd % "awayss uonebedosd anem ewsejd uosyoajd dwind ay) z'614

apmmssaem

441



instability region, providing information on the decay wave amplitude
and spectra.

The first experiments have shown the possibility of parametric
excitation of ion acoustic waves at frequency 2-3 MHz by frequency
modulated pump. The probing wave backscattering spectrum Ap
consisted of a single line down-shifted by 2MHz and 1MHz broad.
The sequence of such spectra for modulation periods from 3.5us to
10.5ps and frequency deviation Af=350MHz is shown in fig.3. The
line amlitude is suppressed for slow and fast modulation and has a
maximum for 1=5.5us. The dependence of the threshold of ion

acoustic wave observation on the modulation rate A% is shown in

fig.4. This dependence has a deep minimum for optimum rate
A% ~ S0 MH %Js . The threshold here is a factor of 5 smaller than

in the stationary pump case (Af = 0). The modulation rate for which

the destabilization occurs is close to that predicted by theory. From
condition v =c, one obtained for the 1->I’+s backscattering decay

MH
A = f, S L6027
7. 2a s
increases drastically for the fast modulation case taking the value a

MH
factor of 10 higher for Af ~ 120 z
T

The instability observation threshold

. For higher modulation rates

the instability excitation was not observed in the experiment. .

The temporal evolution of the instability was studied in the special
experiment in which the modulation period was varied at constant
modulation rate and f, — Af. The different behaviour was observed

for slow and optimum modulations. For slow modulation
(Af e = 400MHz for 7, =T=12ps) the dependence of acoustic

wave amplitude A, proportional to the spectral line Aps maximum, on
time T consists of two different parts (see fig.5). It is exponential for
small 7 and then saturates at the level, which exponentially depends on
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Fig.3 The probing wave backscattering spectra Aps(f-f;) for different pump
frequency modulation rates.

443



the pump power P. Such a dependence agrees well with the theoretical
prediction for the case of 7 >t in which the convective losses are

sat
essential for the instability saturation. On contrary in the optimum case
for T = 8us shown in fig.6, only exponential growth is observed and

no saturation takes place. The growth rates here are lower than in the
previous case for the same power level (see fig.7).

Pth’ a.u.
5.0
= A Af=800 MHz

4.0 ¥ Af=400 MHz

T A

3.0

2.0 *

1.0 ok *

0.0 ' I '

|
0 40 80
AfIT, MHz/8

Fig.4 Threshold dependence on modulation rate

|
120

This observations are explained by the increase of the saturation



time and decrease of the growth rate which should occur according to
equations ( 10-), ( 11 ) when the decay point velocity increases and
approaches c,.

Agau.
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Fig.5 |A wave evolution for slowly modulated pump

At higher modulation rates for T = 6us the growth rate decreases

drastically as it is seen in fig.7. and the saturation dose not exist,
which is in agreement with predictions of theoretical analysis.
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Abstract

First a brief overview of electrostatic excitations in ionospheric
radio modification experiments is given, including the Stimulated
Electromagnetic Emissions (SEE). Then a simplified model for their
generation by upper hybrid oscillations trapped in plasma density
striations, is formulated. This model permits new kinds of para-
metric processes. Two such processes are introduced. Numerical
results showing SEE source spectra from these instabilities, are shown,
and their relation to observed SEE features discussed.

1. Introduction

This report will discuss processes which occur when powerful HF
waves are launched from ground into the ionosphere, the so-called
ionospheric radio modification experiments. Thus we discuss electro-
magnetic waves of wavelength ~ 50-200 m, propagating into the
ionospheric plasma, and thus our waves are certainly not microwaves.
However, many of the processes of interaction between an incident
electromagnetic wave and a plasma are quite generic. This is in par-
ticular true for the aspect of electrostatic excitations, which is the
primary interest of the present authors. Namely, when the electro-
magnetic wave penet:ates into the plasma, electrostatic oscillations
may be excited in various ways. This must be at the expense of the
energy of the incident wave, and so, when the electrostatic oscillations
are eventually absorbed in the plasma, it amounts to an additional,
or “anomalous” absorption of the incident electromagnetic waves.

The ionospheric modification experiments have been an active
field of research since the 1960’s, and since about 1970, an extensive
literature on experimental and theoretical investigations of processes
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of electrostatic excitations in these experiments has occurred. In
the next section, a brief overview of this field will be given. How-
ever, our main focus of interest in this report is certain particu-
lar manifestations of these electrostatic excitations, which have been
detected in a long series of experiments starting about 1980: When
the reflected HF wave is frequency-analysed, it shows a rich sideband
structure, which has proved to be highly reproducible, although it
depends strongly on the applied frequency. This has been termed
Stimulated Electromagnetic Emissions (SEE). Experiments of this
kind have been performed at Tromsg, Northern Norway [1], near
Niznyi Novgorod, Russia [2], at the Arecibo Observatory, Puerto
Rico [3], and near Fairbanks, Alaska [4]. A brief account of these
experiments will be given in sect. 3.

However, our main objective is to present a (fairly novel) theoreti-
cal model and point of view on the theoretical explanation of these
manifestations. In sect. 4 we formulate the theoretical model. Our
main point of view is that the sidebands are due to parametric
processes of electrostatic (upper hybrid) oscillations across the mag-
netic field lines which are trapped in magnetic-field-aligned plasma
density irregularities. These parametric processes are discussed in
sect. 5. Sect. 6 contains a concluding summary.

2. Electrostatic excitations in ionospheric radio modifica-
tion experiments

For most aspects of the theoretical discussion of these experi-
ments, the Earth’s magnetic field must be included in the theoretical
model. Then, the incident electromagnetic wave will be a super-
position of an ordinary polarized wave (O-mode) and an extra-
ordinary wave (X-mode). The O-mode will be reflected at the height
where the applied frequency wp equals the electron plasma frequency
wpe = 4me?n/m., where n is the electron density, while the X-mode
is reflected at a lower altitude. As a result, only the O-mode can
excite high-frequency electrostatic waves near the applied frequency
wo; this can take place in a height interval roughly given by

I1>X>1-Y?

szze(h)/wg, Y =Q./wo, (1)
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where Q. = eBy/cm, is the electron gyrofrequency. The X-mode does
not have access to this height range. Thus, electrostatic excitations
have the signatures (i) wy < maxwy., and (ii) it occurs only for
O-mode incident wave. We mention the following three major classes
of phenomena of electrostatic excitations:

(i)

(i)

2*

Linear mode conversion. The incident O-mode wave can be
converted into electrostatic waves by a purely linear process,
although plasma inhomogeneity must be taken into account in
the theoretical model. For a version of the theory relevant
for the ionospheric experiments, the magnetic field must be
included; then, the relevant process is penetration through the
radio window near critical incidence. For further information,
it is referred to [5] and references therein. From a theoretical
point of view, there is good reason to expect this process to
take place during the experiments. However, it is not readily
accessible to experiments, and it does not play a major role in
explaining observed phenomena, although it has been invoked
in some cases. Note that this process has recently been reported
in experiments in a stellarator [29)].

Ponderomotive parametric instabilities. The parametric decay
instability, in which the electromagnetic wave wgy excites a
Langmuir wave (wy, k) and an ion-acoustic wave (w;, —k) where
wo = w + w, and wy ~ wy, w, € wy, as well as the so-called
“Oscillating Two-Stream Instability” (OTSI), were theoreti-
cally predicted to be excitable in the ionospheric experiments
in the late 1960’s, and subsequently observed using the UHF
radar of the Arecibo facility [6]. Due to the excellent experi-
mental possibilities using VHF/UHF radars at Arecibo and
later at EISCAT, Tromsg, these processes have received
extensive attention up to the present date. This attention
may also be due to the interesting theoretical issues involved,
and we include here a brief historical account. A saturation
theory of the parametric decay process was presented in refs.
[7,8] in terms of further cascading, using the formalism of weak
turbulence theory. A well-known theoretical contribution [9]
pointed out a certain theoretical paradox in the weak turbu-
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(iif)

lence description of Langmuir turbulence, and together with
certain laboratory experiments [10], and certain observational
surprises, in particular concerning measurements of the height
in the ionosphere from which the radar echo came [11,12],led to
interest in alternative explanations of the observations in terms
of “strong” Langmuir turbulence processes involving various
kinds of cavitation phenomena and “solitons”. Improved resolu-
tion in the experiments as well as a new generation of
computers to simulate nonlinear models of the processes, has
recently led to a detailed correspondence between theoretical
predictions and experimental observation. On the theoretical
side, driven and damped models were considered instead of the
conservative model of ref. [9]. As a result, localized cavitation
phenomena were seen as a result of (driven) cavity resonance
(analogous to what will be discussed later in this paper). On the
other hand, cascades also proved to play a role, although not in
agreement with weak turbulence results [13,14]. In an elegant
experiment at Arecibo [15], various different spectral features
predicted by theory [13,14] were identified, originating from
separate heights, in agreement with theoretical predictions. The
same can be said to be true at Tromsg [16], although the
features associated with cavitation are not always observed.

Magnetic field-aligned density striations. It was discoveredSia
experiments in Platteville, Colorado, USA, that density irregu-
larities with a small scale perpendicular to the Earth’s magnetic
field and very elongated along the field lines, were developed
during radio modification experiments. They were detected by
means of radar backscatter perpendicular to the magnetic field
lines [17,18]. Similar experiments have later been performed at
Sura, Tromsg, and Arecibo. Their transverse dimension is of
the order of metres (as determined by the wavelength of the
diagnostic radars), while their parallel dimension is expected to
be of the order of several kilometres. In all current theoretical
efforts, this phenomenon is considered as a feature of electro-
static excitation, because it has the features of being excitable
only with O-mode polarization. The current theoretical picture
which is promoted by the present authors, is briefly as follows:
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(a) The time scale of the phenomenon of striations is of the
order of seconds. All theoretical efforts therefore have concen-
trated on slow transport and heat conduction processes. This
also is the essence of the explanation of the strong anisotropy,
since electron transport goes much easier along than across the
magnetic field. (b) The driving of these thermal processes, is
provided by the ohmic heating of the electrons due to damping
of electrostatic excitations. These excitations come about due
to already existing striations. (c) In order to have a theoreti-
cal explanation, there must be a positive feedback between
the electrostatic excitations and the striations. In some of the
theoretical contributions [19-22] this is achieved by pointing out
that the striations can both trap and generate upper hybrid
oscillations in a certain height range. These oscillations will
exist in the density depletions, and there they lead to heating
and excess pressure. Then plasma is blown out of the density
depletions, mainly along the magnetic field lines. The most
recent of these contributions [22] extends this into a saturation
theory.

3. Stimulated electromagnetic emissions

When wy < maxw,. of the ionosphere, the incident O-mode
wave is totally reflected at wy = wp.. As already mentioned in the
introduction, the SEE experiments consist in spectral-analysing the
returned wave. At first, the objective was to use the ionospheric
set-up to study direct stimulated scattering processes, such as stimu-
lated Brillouin scattering or stimulated Raman scattering. However,
the spectra that were actually obtained, could not be explained this
way. One then turned to invoking electrostatic excitations as inter-
mediate stages, and see the generation of electromagnetic sidebands
as a nonlinear mixing of these excitations. At the early stage of
development, the ponderomotive parametric instabilities were con-
sidered this way. Since these processes had been well documented
through the extensive radar studies, this was a rather natural choice.
Ref. [23] is an attempt at a rather complete explanation along these
lines.

However, since about 1988, it has become clear that the main
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features of the SEE most probably have their origin in the striations.
First, it was detected that the spectra behave in particular ways when
the applied frequency is near a harmonic of the electron gyrofrequency
[24]. This invokes the electron Bernstein waves, which exist only for
wave vectors nearly perpendicular to the magnetic field. Since the
striations also jnvolve electrostatic excitations perpendicular to the
magnetic field, the association is obvious. Another result which points
in the same direction, is that the main SEE features need a time of
order seconds to develop [25], just as the striations do. It is very
reasonable also from a theoretical point of view that striations play a
role in producing SEE: as will be demonstrated in sect. 5, they serve
as resonators for electrostatic excitations.

There are two main features of SEE which will be of concern in
this paper: (i) The Downshifted Mazimum (DM), which is a hump in
the spectrum downshifted by ~ 8-15 kHz from the applied frequency
fo = wo/2m. The upper limit, ~ —8 kHz, is fairly invariant, and it has
been pointed out long ago [26] that it corresponds to the lower hybrid
frequency Qrg = (QiQe)l/ 2 where (); . are the ion and electron gyro-
frequencies. This is a third feature that points towards the striations,
since lower hybrid waves are also perpendicular waves. (ii) The other
main feature is the Broad Continuum (BC), which is a broad feature,
mainly downshifted, extending down to ~ —150 kHz.

Common to the DM and BC is that they disappear when the
applied frequency is near a gyroharmonic, and they need a time of
order seconds to develop. An explanation of this, compatible with
the above theoretical explanation of the striations, occurred in ref.
[27]. There are other features that occur when the applied frequency
is near a gyroharmonic; and there is a narrow continuum (NC) which
shows up also in short time experiments. These features are, however,
thought to involve processes outside of the scope of this paper.

4. A general theoretical framework for SEE generation

The general theoretical framework within which it is proposed to
investigate the SEE generation, was developed in ref. [28], and will be
briefly described below. The basic achievement of the approach of ref.
[28] is to apply the averaging method to the space dependence, so as to
separate the problem into (i) electrostatic excitation, (ii) calculation
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of source, and (iii) electromagnetic generation and propagation. The
electric field is represented as

E— % [E(x, t) exp(—iwgt) + c.c.] (2)

where the dependence of the complex envelope E(z,t) on t is slow.
Then, the method of average induces a decomposition of this envelope
into

E=E,+ V¢ (3)

where the electrostatic part ¢ varies on the short, local, spatial scale
X.

(i) ‘The electrostatic excitation is then governed by the local equa-

tion
(2 3 oA V2 wo on
V- [(z (5 + I/*) Vo + 2wo)\DV Vo+ (AQ -3 no)) V¢]
192 _, wo on
_— — __E [ g—— . — 4
2 wov'l‘¢ 2 EO v (no) ) ( )

In (4), the electromagnetic wave field Eq(X) varies on the global
spatial scale X, and is considered a constant in (4). The same
is true of the mismatch parameter AQ(X) = wp — wpe(X). The
damping operator v can contain both the collisional and Landau
damping

VBC

v(I) = 2 + 1 (k) (5)

where v, is the effective frequency of collisions between elec-
trons and heavy particles. The remaining quantities in (2) are
AD = Ute/Wpe, Vte €lectron thermal velocity, and . electron
gyrofrequency.

To close the electrostatic part of the model, one has to add
an equation for the plasma density perturbation. That will be
further discussed at the end of this section.
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(i)

(i)

The source term. The interaction between the local (electro-
static) and global (electromagnetic) level, is taken care of by

R = z;f—wo@w (6)

where the bar denotes average over the local space variable.

Electromagnetic generation and propagation. On the global
level, the relevant set of equations can now be written as

0Eq - _ AT -
a W‘ + 5 Eo _g V x (V X EQ) = —Zw_0J2 (7)
where
1 0

In ref. [28] it was demonstrated that the source term j, takes
consistently care of the energy loss from the electromagnetic
wave into the electrostatic turbulence. In addition, its spectral
sidebands will drive up sidebands in Eq according to equation
(7).

This formalism is sometimes called the mean field approxi-
mation.

Egs. (4) + an equation for the ponderomotive density modifi-
cation, (6), and (7), constitute our general theoretical framework
for the study of SEE generation. However, this is presently a fairly
intractable model even numerically. For the results to be presented
in this paper, we shall specialize to a much more restricted model:

(i)

(i)

We do not consider the generation process, involving eq. (7).
Instead, we shall solve the local equations at constant values
of Ey and AQ, compute the spectrum of the source j,, and
consider that as a contribution to the sideband spectrum.

For the local (electrostatic excitation) part, we consider a one-
dimensional (slab) model, in which all space variation is across
the magnetic field.
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In normalized variables, our equations are

i<ﬁ+ )E+62 +(Q-(N+n)E

ot 0xz?
= Eo(N + n) — j2(t)
0*n on 0°n
8t2 +21/¢ E oz a3 +QLHn a Y] |E+E0|2

j2(t) = (N +n)E

In (8) the units are

3 M1 .
T = 2—77-]: E ‘d—o (tlme)
3 M
X = sV )\D/,/n_L (space)
64 m 12 .
€= (? L 3r noTe ) (electric field)
s~ 4 m .
N = AL (density)

(8a)
(8b)
(8¢)

(9)

where m, M are the electron and ion masses, Ap = vse/wWpe the Debye
length (vie = (Te/me)l/ 2 electron thermal velocity), 7, =2+ 3T;/T
(ujs.:l_ng Ye = 2 and v, = 3 for the adiabatic exponents), and T, are
- the electron and ion temperatures. The parameters of the model (8)

are

Q= 3 M (A—Q - %Y2> (mismatch)

2L m 0
Eo = (Eo-e5) /e (drive)
» 9 M ﬁn%r{r(liai‘lzed lower
LH™ 42 oy ybrid frequency
+ squared)
43 N Anf’/ ec/wo (collisional damping)

(10)

One can, without loss of generality, assume Fy real and positive in

(8) (remove a common phase in Ey and E).
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In addition, we have the lower hybrid Landau damping operator,
which in wave space representation is

(k) = v (k) = (1/2)(r/2)* @, (k)r® exp(-r?/2)

@, (k) = (K* +Q3p)"?,

r= (@ (k)/1k])8, (11)
5= (3+2T./T;)"/2.

In (8), the density perturbation has been separated into two parts:

on — n(z,t) + N(z) (12)
To
where N (z) is a preexisting depletion representing the striation, which
is assumed to have formed as a result of slow transport processes not
accounted for in model (8), and assumed to be maintained by, e.g.,
pressure balance; while n(z,t) represents the perturbation due to the
ponderomotive force.

5. Some results

In this section we shall report some numerical and analytic results
for the model (8), and interpret them relative to SEE observations, in
particular the DM and BC features. In all of our numerics, we solve
(8a,b) with periodic boundary conditions using a spectral method
described in [14], with some obvious modifications due to the change
of model. For N(z) we have used a depletion

N(z) = (—Noexp (—(x/l)z)) - N (13)

where N is the mean value of the first term. In all the cases we are
going to discuss, we have used Ng = 55.0 and [ = 1.5, which for
typical parameter values correspond to an electron density depletion
of ~ 1% and halfwidth ~ 1.4 m. We have used 4096 Fourier modes
and system length 204.8, so that N(z) comes very near to being an
isolated irregularity. Even so, we have included the term N in (13)
so that N(z) has vanishing mean value in the periodic system, in
accordance with the formulation in ref. [28]. For the nondimensional
lower hybrid frequency, we have used the value Q2 ,, = 375.
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Our primary objective is to determine the spectrum

S(w; Q) = (|12(@)*) (14)

where J,(w) is the Fourier transform of Jy(t) as determined by (8),
and the brackets denote average over subspectra. We shall call (14)
the source spectrum.

(i)

(if)

Stationary solution. The first finding we wish to describe, is
that nontrivial source spectra (i.e., spectra with contributions
away from w = 0) is a threshold phenomenon. For sufficiently
small Fy, egs. (8a,b) have a stationary solution. (This can be
proved rigorously using fixed point theorems of mathematical
analysis.) In the simplest case, when the ponderomotive modi-
fication of the density is neglected, the stationary electrostatic
response F(z) satisfies

d*E : -
Ez—+ (Q+iv - N(z))E = EyN(z), (15a)
E(z) — 0, |z| — oo. (15b)

In order to obtain this, we have also assumed an isolated irregu-
larity N(z) so that the average terms vanish.

Trapped mode resonances. Since the operator L = —(d?/dz?) +
N(z) with boundary condition (15b) is self-adjoint, it has only
real eigenvalues. Consequently, (15) has unique solution as long
as v # 0. However, when N(z) is negative, L has (a finite
number of) eigenvalues, 0 > Q, > minN(z), j = 0,1,...,n.
The eigenfunctions represent undamped, undriven standing
oscillations trapped in the density depletions. When v is small
and Q@ ~ Q,, the solution to (15) may attain a large ampli-
tude. We shall call this the trapped mode resonances. For
N(z) as defined in this section, they occur at Qp ~ —50.2,
Qy ~ —324, Qy ~ —17.8, and ¢ ~ —6.8. These are the eigen-
values of the undamped and undriven problem which have even
eigenfunctions. In addition, there are eigenvalues Q; ~ —41.0,
Q3 ~ —24.8, and Q5 ~ —11.9. having odd eigenfunctions. The
corresponding trapped mode resonances are not excited in the
present case, because the driving term is even.
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(iii) Trapped mode decay instability.  Nontrivial SEE spectra
occur as a result of some instability of the stationary wave
structures. We have found the following instability mechanism:
The stationary wave structure can decay to a trapped mode
resonance which exists at a lower frequency; at the same time
the frequency difference must be near (i.e., slightly larger than)
the lower hybrid frequency. Linearizing around the stationary
solution to (8a,b) and Fourier-analysing as ~ exp(—twt) the
following approximate dispersion relation for decay to trapped
resonant mode j can be derived:

w=—iv+Q, - Q+ E3W,(w) (16)

where

/ / :c)V Yexp(—A|z — z'|)dz dz’
- [ W@pda, (17)

and A = (@3 — w2, Vi(2) = (B() + Eo)e, (0); ¢,(c) is
a normalized eigenfunction for eigenmode j, [ e%(z)dz = 1.
For |w| < Qrg, W, is real-valued. Invoking causality, (17) has
to be continued to |w| > Qry via the upper complex w half
plane. It can be shown that this gives W, a positive (nega-
tive) imaginary part for w < —Qrg (w > Qrg), and thus an
i{nstability exists for w < —Qpgy. For sufficiently small Ey,
E(z) can be determined by (15), implying that W,(w) is in-
dependent of Ey. Fig. 1 shows an example of Wy for values
of w around w = —Qry computed this way. Fig. 1 demon-
strates that (i) Im Wy > 0 for w < —Qpy; (i) Im Wy = 0 for
—Qrp < w; (iii) ImWy — 0 as w — —oo (fairly quickly). For
E$ small, Re (w) ~ Q, — Q. At the same time ImW, > 0 for
— Qrpg. This gives roughly the condition

Q~Q, +Qry (18)

for the excitation of the instability.
In Fig. 2 we show source spectra obtained by solving (8a,b)
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Figure 1: The function Wy(w) computed for Q@ = —29.8, v, = 0.5.
Full line: Re (W), dotted line: Im (Wp).

numerically for Q = —29.8 — N, and for three different values
of Fg: 0.1, 0.3, and 0.5. At Ey = 0.075 (not shown), the solu-
tion approached the stationary state, and no nontrivial source
spectrum resulted. The theoretical threshold derived from Fig. 1
is about Ey = 0.09. At Ey = 0.1, regular oscillations at fre-
quency —w, where @ ~ 20.4, resulted, and this frequency is
observed in the source spectrum. At Ep = 0.2 (not shown),
regular oscillations at the same frequency upon a slowly oscil-
lating mean value resulted. At Fo = 0.3, these slow modula-
tions (corresponding to the spectrum near w = 0) became more
irregular. At Ey = 0.5, a fairly erratic and irregular behaviour
was found, although the spectrum still peaked at w ~ —20.4.
At Ey = 1.0 (not shown), no such peak could be observed. Note
also that peaks at —2d, —3& and +& occur in Fig. 2, and that
they increase greatly by passing from Fg = 0.1 to Ey = 0.3.

We have also identified the trapped mode decay instability
for the trapped mode resonances ©; and Q5. Decay to odd
modes does not give nontrivial SEE spectrum, at least not just
above threshold.
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Figure 2: Source spectra computed according to (1c) and (2) with
Q=-298-N, v, =05. (a) Eo = 0.1, (b) Eg = 0.3, (c) Ep = 0.5.
In each case, 120 000 values sampled with time step §t = 0.0005 were

used.

In (a) and (b), one spectrum was used, while in (c) the plotted

spectrum is an average of 5 subspectra.

(iv)

Application to Downshifted Mazimum feature. In order to apply
the process of trapped mode decay instability, we interpret the
model (8) as local and quasi one-dimensional, and consider
as dependent on height. Then in some height regions, (18) is
satisfied, and at each value of Q in these regions, a source
S(w; ) is produced according to (14) which contributes to
the observed spectrum. In some, but not all, cases, features
called UM (upshifted maximum), 2DM, and 3DM, have been
observed. The spectral features at +&, —2&, —3& in Fig. 2 are
compatible with these observations.

A Stokes-antiStokes instability. Another instability, which can
be seen as related to the OTSI instability, can be excited
when  is midway between two trapped mode resonances,
ie, Q2 %(Qn + Q,,,). Its mechanism can be described as a

’
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resonance between the Stokes component of mode €2,, which
is at w ~ Q, — Q with the antiStokes component of mode
Qmy, w = —(Qy, — Q). For an isolated irregularity N(z), the
approximate dispersion relation

(W iv =) (w+ v +on) = E§|Woml? (19)
can be derived, where
@, :Qj—Q-l—EgWJ(w), j=nm (20)

and
EXW, =—/\/ / Vi (2) Vi (z') exp(= |z — 2'|)dz dz’
—/_OOV( 2)Vin () de (21)

For the situation w real and |w| < Qrg, W, is real. Then, for
w = @, and w = —@,, simultaneously, we obtain from (19) the
threshold condition

Wom|EE=v, (22)

so clearly an instability exists. The conditions imply

1 1
Qo 2 (Ot Q) + 5 B(Wa+ W), (23)
1 1,

In addition, for N (z) even, both resonances must be either even
or odd. It is easily shown that solutions E(z) to (15) are even
when N(z) is even; then it readily follows that W, = 0 for
combinations of odd and even resonances.

In Fig. 3 we show examples of source spectra where this
instability is active. The model was run at a fixed Q, while
increasing Fy in steps of 0.1 every 30 time units. At Ey = 0.4
and 0.5 the stationary structure was stable, while the instability
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Figure 3: Results from a numerical run with Q = —42.06 — N,v, =

P(w) (lin. scale)
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0.2, where Ey was increased by 0.1 every 30 time units, starting at
Eo = 0.4 and ending at Fy = 0.8. Upper panel: source spectrum
for 100 < t < 120 (Ep = 0.7). Lower panel: source spectrum for
130 < t < 150 (Ep = 0.8) (no averaging over subspectra).

(vi)

set in at Fg = 0.6. Results at Fo = 0.7 and 0.8 are shown.
In particular, when increasing Fo from 0.7 to 0.8, the average
of U = [|E|%dz increased by a factor ~ 8.5, and the time
variation of U was of the order of, or larger than, this mean
value itself. The source spectrum for this case (lower panel)
shows an extremely broad spectrum, mainly downshifted.

The Broad Continuum. The extremely broad spectrum of Fig. 3,
lower panel, is compatible with the observed phenomenon of
Broad Continuum (BC), though, the spectrum shown here (as
well as many other cases that we have obtained) appears to
be even broader than those reported, in terms of the width
expressed as numbers of Qpg. As the observed spectrum, it is
mainly downshifted. From studies of HF-generated Langmuir
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turbulence, it has been concluded that cavitation processes lead
to broad SEE spectra [28]. This spectrum should be understood
this way. We are not ready to say whether the onset of this
cavitation should be associated with the Stokes—antiStokes
instability described above, or whether it should be under-
stood as some independent transition, such as, e.g., loss of
equilibrium, or nonlinear resonance.

6. Discussion

We have demonstrated how N(z) in model (8) can act as a
resonator, to produce SEE source spectra (8c) compatible with
experimental observations. The model (8) is extremely rich in
dynamical behaviour, as already the above theoretical and numeri-
cal results indicate. We have obtained numerical solutions for a large
set of parameter values. We have demonstrated phenomena that
can explain the occurrence of Downshifted Maximum and Broad
Continuum. In particular, the processes behind the two appear as
independent, with DM having a considerably lower threshold than
BC.

It should not be underscored that (8) represents a considerable
simplification from the real situation. For example, the existence of
the trapped mode resonances implies that the solutions will be very
sensitive to (z); therefore, a model with consistent height depen-
dence may be more appropriate, though, at the boundary of what
can be treated numerically. This also implies a considerable exten-
sion of (8b) for the density response. Another omission that may be
critical, is the Z-mode leakage [19]. Of course, the generation process

according to (7), deserves attention; a simple example was discussed
in [28].
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LOWER-HYBRID TURBULENCE EXCITED BY
A TRANSVERSE ION BEAM IN A MAGNETIZED
PLASMA
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A.A. Fraiman, L.V. Lubyako, D.A. Ryndyk, N.K. Skalyga,
O.B. Smolyakova, V. Erckmann*, H. Laqua*, T. Geist* M. Kick?*,
W VII-AS Team* ECRH Team*, CX Diagnostics Team?*,

E. Holzhauer’, W. Kasparek’

Institute of Applied Physics, Nizhny Novgorod, Russia
*Max-Planck-Instituge fiir Plasmaphysik, Garching, Germany
FInstitute fiir Plasmaforschung, Universitet Stuttgart, Germany

Microinstabilities arising in a magnetized plasma due to the presence of
charged particles with some kind of the non-equilibrium distribution func-
tion constituted an important subject in the early days of fusion researches
since they were related to the problem of anomalous transport in experi-
ments on the magnetic plasma confinement. Considerable progress has
been achieved with respect to theoretical investigations (see, e.g. [1]) where
the instability growth-rates for different types of oscillations can be ob-
tained from the dispersion relation for small amplitude fluctuations pro-
vided that the non-equilibrium distribution function of electrons and ions is
known. Experimental investigations of these instabilities are intrinsically
more difficult due to the fact that in the experiment usually only parame-
ters of the fully developed (saturated) stage of the instability can be meas-
ured, which results from some nonlinear saturation mechanisms (e.g. non-
linear mode coupling); besides, the initial undisturbed nonequilibrium dis-
tribution function is often known only approximately and is, therefore, the
subject of more or less justified speculation. A number of laboratory
plasma experiments have been reported on the excitation of instabilities by
ion beams (e.g. [2,3]). Recently these instabilities have been invoked to
explain enhanced emission at the ion cyclotron harmonics of fusion prod-
ucts [4-8].

In this paper we present results of experimental and theoretical investi-
gations of lower hybrid (LH) turbulence excited in a magnetized plasma by
a transverse ion beam. This turbulence was initially detected in experi-
ments on collective Thomson scattering of powerful gyrotron radiation at
W7-AS [9-11] and is closely correlated with injection of a charge-
exchange (CX) diagnostic neutral hydrogen beam into the plasma trans-
versely to the magnetic field; later it was also confirmed by measurements
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with a magnetic loop antenna located close to the plasma edge. An attrac-
tive feature of these experiments at the W7-AS stellarator is the fact that
the non-equilibrium distribution function of the ion beam can be considered
as well defined. In addition, the detected turbulence is characterized by a
very narrow frequency spectrum and a very narrow angular spectrum in
the wavenumber space which allows a straightforward theoretical analysis.

Experimental results

In Collective Thomson Scattering
(CTS) experiments at the W7-AS stel-
larator the frequency of probing radiation
is 140 GHz; the geometry is close to
back-scattering (see Fig.1). With a
plasma diameter about 20 cm and prob-
ing and receiving antenna beam cross-
sections about 4 cm practically no spatial
resolution is achieved. For this scattering
geometry the characteristic scale of de-

tected electron density fluctuations is \‘\‘ V' vacuum vessel -
close to that corresponding to twice the ' Ww7.AS magnetic surlaces
vacuum wave-number of probing radia-

tion: k,~2k,=2w,/c. When a diag- Fig. 1

nostic neutral hydrogen beam is injected CTS geometry at W7-AS

into the plasma transversely to the magnetic field, a sharp increase in the
scattered signal power from turbulent density fluctuations propagating
transversely to the magnetic field is observed in the LH frequency range
(see Fig.2). The dependence of measured frequency on plasma density
closely follows the linear LH dispersion relation [10-11]. The turbulence is
characterized by both a narrow frequency spectrum (of the order of 2-3%
of LH frequency) and a narrow angular spectrum (clearly even narrower
than the intrinsic angular resolution of 1-2 deg. of the scattering system
determined by the emitting and receiving antennae). The intensity of scat-
tered radiation is very high and could reach several MeVs in terms of the
equivalent black-body radiation temperature (see Fig.3). With a magnetic
loop antenna positioned close to the plasma edge similar signals correlated
with launching of the diagnostic neutral beam into the plasma were also
registered in the appropriate frequency range; an example of the spectrum
analyzer output at the centered frequency of 900 MHz is presented in
Fig.4a together with the monitor for a CX neutral beam (Fig.4b). Simulta-
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neously with LH turbulence and with the charge exchange diagnostics the
appearance of a fast ion component with a quasi-maxwellian distribution
function ("tail" temperature about 2 keV) could be also observed.

The main part of CTS results on LH turbulence is obtained for deute-
rium plasma with electron cyclotron resonance heating (ECRH) at the
second harmonic (radiation frequency 140 GHz, magnetic field 2.5 T) with

electron density ranging within (3 —8) e 10" cm™, electron temperature 1-

2 keV and ion temperature 200-400 eV. The diagnostic hydrogen beam is
injected vertically into the vacuum chamber at a toroidal position where
the plasma column has an elliptical shape strongly elongated in the vertical
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direction. Over the plasma cross-section the magnetic field is nearly trans-
verse to the direction of propagation of the probing microwave beam. It
possesses  low shear and the magnetic field intensity undergoes radial—
variation with scale length of about 1.5 m. The neutral beam apertuie in
the plasma, q,, is about 5 cm with angular divergence about 1.5 deg. It is

composed of 3 monoenergetic fractions with energies E, =22 keV, E, /2
and E_ /3 and approximate mixing ratio 45:30:25; the total beam current

is about 5 A. The neutral beam is injected at the toroidal position separated
by approximately 2 m from the position where the CTS antenna block is
installed.

Ion beam in the plasma

The ion beam in the plasma is the result of the charge exchange proc-
ess between plasma ions and injected neutral atoms, whereby hydrogen
ions are created in the plasma with the same energy and direction of mo-
tion as the original neutral beam. The life-time of beam ions is determined
by the vertical drift in the nonuniform magnetic field:

2aRw ;

s )]
~ ¥
where a and R are minor and major plasma radii correspondingly, @, is
gyrofrequency of beam ions, and ¥, is velocity of beam ions transverse to
the magnetic field. For W7-AS parameters and given values of the beam
energy the estimate for the beam life-time yields the value in the 100 mi-
crosecond time scale which is considerably less than the inverse collision
frequency of beam ions in the relevant range of plasma parameters. The
fraction of neutral atomstrapped into the plasma as beam ions, ¢, , is de-

fined as the product of the resonant charge exchange cross-section and line-
integrated density of plasma ions: @, = oy #n, (With o, <1). This value

Ty

approaches unity for plasma densities about 0.510™cm™ . Taking into
account angular divergence of the neutral beam and the low value of the
rotational transform it is possible to estimate beam density in the plasma
and its spatial distribution. Due to combined action of vertical drift with

drift velocity V, ~¥; / 2Rw ; and beam transport along the magnetic field
with velocity V), ~V, ¢ A3, where A $ is angular beam divergence in the
toroidal direction; beam ions fill a plasma volume which extends along the
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magnetic field by approximately L, = 2a(V,, /Vd) in both directions from

the injector position; for the values under consideration L, amounts to 3-5

m. Density of the ion beam may be estimated as the total electric charge
injected into the plasma by NB during ion beam life-time divided by the
elementary electric charge and by the volume filled with the ion beam.
With a, <1 beam density normalized to the background plasma density

equals
a=" o gty OcxInp ’ )
n, 2eal,ayn, ea,V,AS,
where I,, is the neutral beam current and e is the electric charge of a
beam ion. For the beam parameters used in experiments, from Eq.(2) it
follows that 7, ~ (2-4)e107n, .

Thus, the spatial distribution of beam ions is defined by geometrical
factors only, such as the beam aperture in the direction of major radius,
angular beam divergence in toroidal direction and by the major plasma
radius, which determines the inhomogeneity scale of the toroidal magnetic
field. Beam life-time in the plasma is defined by the scale of the magnetic
field inhomogeneity and beam energy. Beam density normalized to back-
ground plasma density is independent of plasma parameters and defined by
the parameters of injected neutral beam with taking into account CX cross-
section.

Dispersion relation for LH perturbations

Here we consider the dispersion relation for LH waves in the electro-
static approximation, which is justified by the considerable slowing-down
of the experimentally observed turbulence which corresponds to the value
of the transverse refractive index of a few hundred. Since the wavelength of
LH turbulence is small as compared to the characteristic radial inhomoge-
neity scales of plasma parameters, we start with a homogeneous plasma
model (i.e. local approximation). Later we shall discuss what may be ex-
pected for the inhomogeneous case. Following /10/ we investigate the pos-
sibility that LH turbulence is originating due to the instability driven by a
transverse ion beam in the plasma.

As is well known (see, e.g. [1]),the dispersion relation for small pertur-
bations in the electrostatic approximation may be presented in the follow-
ing form:
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=1+ ng 3)

where ¢, 1s dielectric tensor component in the direction of k-vector of

erturbations under consideration and s(") is contribution into dielectric
p

tensor from the « -th specie of plasma charged particles which in the case
of magnetized plasma with arbitrary distribution functions of charged par-
ticles F, (v, ,v,) may be presented as [1]:

Fe _|(@-ko pK “+k ¥, |,
g(“) I 4%; J‘ ﬁgl é’uz
T omk $ IHG)

w-no,, -k,v,

v,dv,dv,, 4

where v, and v, are velocity components transverse and parallel to the
magnetic field, respectively, @ and k are frequency and wave-vector of
considered small perturbations, e,, m, and w_, are respectively charge,
mass and gyrofrequency of the a-th plasma specie, &, = v /2 , and the
argument of the Bessel functionis ¢=k,v, /o, .

For the maxwellian distribution function,

3
F,=n, exp| —
27T, 2T,

it follows from Eq. (4) that

1 ) 0-nw, | _
f=— 14 ca lphe 5
K kzdj{ W kv, cosd Zn:W(kua cose)e "(Z"‘)] ’ ©)

where d, is Debye length of the « -th specie, v2 = 2T, /m,, , W is plasma
dispersion function, the argument of modified Bessel function is

z, = T,k sin? 0/ mw>, ,and 9 is angle between the k-vector and the
magnetic field.

For the plasma parameters considered here it is possible to simplify the
contribution of the main plasma species to the dielectric tensor in the LH
frequency range. Restraining ourselves to quasi-perpendicular propagation
(cos 9 <<1) and assuming maxwellian distributions for electrons and bulk
plasma ions we have:

for electrons (w << w

kv, <<w,,z,<<1)

ce> ce? 2
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2
w w cos® 6 3 o’ Jro w?
&g = ’: ’” 2k2 exp| -

g 0 8ol ksuede2 cosé kv, cos8)’
(6)
where @, is electron plasma frequency and r,, is mean electron gyrora-
dius;
for ions (@ >> coc,,kv z,>>1) ]
; w? w3, ml, (z;)exp(-z,
8()=“ lz’i_z pi ( ) p( )’ (7)

o' Gao; z(e-no,)

where @ , is ion plasma frequency. The last term in (7) is specified sepa-
rately because it may be of importance in the close vicinity of the multiple
cyclotron resonance, in other cases this term can be neglected.

For the distribution function of beam ions we shall use the following
expression:

F(v,,v,)=

an,8(v,) [0 458(v, - v)) +035(v, — v, )] ®

v, +0.255(v, —v;)
where the numerical factors represent the mixing ratio in the ion beam used
and transverse velocities v,,v, and v, correspond to the beam fractions

with different energy. Then the beam contribution to the dielectric tensor
can be written as follows:

_a PIZ (9)

c: n - na)cb
where the value of G, is found by substitution of distribution function (8)
into Eq.(4) and integration by parts:

2 [045J,(E)J1(E,)+0320,(&,142)J3(&, 142) +
& 025V3U. (&, 1B)T(E, 13)

and quantity & corresponds to the most energetic beam fraction:
So=kv /o, .

(10)

LH wave instability under double resonance condition

Below we consider the frequency range close to some cyclotron har-
monic of beam ions (|& - nw ,| << @4 ),.s0 that from contributions of both

background ions (7) and beam ions (9) to the dielectric tensor only one
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harmonic of infinite sum can be taken into account. With this approxima-
tion the dispersion equation can be written in the dimensionless form as
follows:
402 3 2 - ,\/;Q ( 92) Hy,
l+g,— —=geK“+i|= exp| — + =0, (11)
o2 4 2 K3(o 2K2(p Q-nQep -

where Q= co/a) soand Qu =m, /a) » are wave frequency and ion beam

gyrofrequency normalized to ion plasma frequency, respectively, K = kd,
is wave number normalized to the inverse electron Debye length, and
q, = a5, [0}, . Angle (o=(co @ p,.)cos.9 gives the deviation of wave

propagation from the perpendicular normalized to its natural scale for LH
waves, propagating nearly transverse to the magnetic field. The last term in
(11) includes >

H, - L[,mc;,, —ﬁl,,.(z,-)expez,.)] (12)
_ Q, z,
with m =n for a hydrogen beam in hydrogen plasma and m = 2n for a
hydrogen beam in deuterium plasma, Q, =w,, /co,,,. . For k-numbers

under consideration the value of K is rather small (few units times 107")
and the fourth term in Eq.(11), which represents a thermal correction may
be omitted without serious modification of the dispersion relation (see also
[9]). The imaginary term in (11) describes Landau damping of LH waves
due to electrons and may be of importance even for propagation angles
rather close to transverse to the magnetic field. A similar ion term is neg-
ligibly small for quasi-transverse propagation and is already omitted in (7).

The solution of Eq.(11) without beam contribution produces the well-
known result for angular dependence of the LH wave frequency:

2 _ 2 _ 1+¢2
Q" =Q, 11q (13)

where the imaginary term due to Landau damping is not taken into ac-
count.

Next we consider the solution of Eq.(11) under the so-called double
resonance condition,

Qy =nQ,.
It is difficult to realize this in a perfectly uniform plasma but such a
condition can be naturally realized (locally) under realistic experimental
conditions due to the inhomogeneity of magnetic field and plasma density.
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Since the last term in (11) constitutes a small correction everywhere out-
side the resonance, we look for the solution in the form Q=Q,, +6 with
]§| <<Q,. With no account for Landau damping (which is justified
for ¢ — 0) this small correction is given by (see [1]). -
S5 = — QqH, '
2(1+q,)’
from which it follows that for positive H, there is a solution with Im& >0
which corresponds to an unstable mode with the growth-rate ¥ =Imd .
This is an instability of hydrodynamic type which is described by the dis-
persion relation without the negative imaginary part in the explicit form. If
the contribution of background ions to the last term of Eq.(11) can be ne-
glected, then the instability growth-rate is proportional to the square root
of a=n,/n,.
In a similar way the angular dependence of the instability growth-rate
may be obtained with the Landau damping term taken into account. The
instability also takes place when H,>0:
- LQ, + |- Ly _QuH,

4(1+q,) | 16(1+q,)* 2(1+q,)’
here the Landau damping term in Eq.(11) is denoted by iL. It is interesting
to note that the instability still exists even when the Landau term is so large
that weakly damped LH waves (with |y|<<® ) are absent without ion -
beam. In this case the instability growth-rate is proportional to the first
power of the small parameter a =n, /n, .

A more general result can be obtained taking into account the effect of
both Landau damping and small detuning from the exact double resonance
condition. The instability takes place when the normalized detuning does
not exceed the square root of the maximum normalized growth-rate ob-
tained under the exact double resonance condition.

In order to find the conditions of instability and values of its growth-
rate it is necessary to investigate the value of H,. All the contributing
quantities (see (10), (12)) are negative until the arguments in the Bessel
functions are smaller than their indexes; so the instability can arise only for
a large enough wave number and beam energy. In Fig.5 the dependence of
G, on n for £, =50 ( which corresponds to typical plasma and beam

parameters in the CTS experiment) demonstrates that in principle a large

(14)

; 15)
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number of cyclotron harmonics may become unstable. A small variation in
&, (for example, due to variation of k, ) shifts this oscillating depend-
ence along » axis changing the regions of stable and unstable harmonics. A
similar dependence of H, on & for a fixed value of n=20 is presented in

Fig.6, which illustrates the sequence of stable and unstable & regions.
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For a fixed given background ion temperature and beam-to-ion den-
sity ratio (in our case 7;=200eV and a=10"%) there is some maximum

value of &, after which instability regions cease to exist due to nega-

tive contribution of background ions in (12). Note that at fixed
plasma and beam parameters &, -dependence is equivalent to k-
dependence and gives spatial spectrum of unstable modes.

An example of the angular dependence of the instability growth-rate is
presented in Fig.7b, where all plasma parameters and the wave number of

LH wave are assumed to be fixed (n,=n,=10"cm™, 6B, =25T,
T,=2keV, T, =02keV ,k,=2k,, 0.=10") and the only parameter

varying is the propagation angle. There are again some angular regions, in
which instability takes place. It is clear that the angular width of the first
theoretical unstable region considerably exceeds the experimentally ob-
served angular range of excited LH waves. Furthermore, within the same
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unstable region the theoretical variation of LH frequency (see Eq.(13)),
which is shown in Fig.7a is considerably greater than the experimentally
observed spectral width (compare with Fig.3). This means that the narrow
width of propagation angles close to perpendicular to the magnetic field for
the detected LH waves cannot be explained by the angular dependence of
the linear instability growth-rate.

A possible qualitative explanation may be proposed by investigating
the development of instability in the case of inhomogeneous plasma in the
W7-AS stellarator experiment. The group velocity of LH waves can be
estimated from dispersion relation (11) with both resonance and Landau
damping terms omitted. The dimensionless components of group velocity
(i.e. components of group velocity normalized to d,w ;) are:

3 4 1 9
o 4 1+qe S l+qe QLHKJ. ’ (16)
3 g2 1 P’
r ~— < Q K + )
o1 l+gq, He l+q, QK

where it is assumed that the thermal correction is small. For the plasma
parameters considered here the transverse group velocity is of the order of

10° cm/sec for =0, diminishes to zero at p=¢*, which is comparable to

dimentionless wavenumber K, and then changes its sign and continue to
increase in magnitude with ¢ . The longitudinal group velocity is rapidly
increasing with ¢ deviating from_zero and for p=¢* is by 2-3 orders of

magnitude higher than V,,, (qo:O). Using typical values of instability

growth-rate of the order of 107 sec™ one can expect practically absolute
instability within “quasi-homogeneous” region with the radial scale of the
order of 1 cm and the propagation directions very close to transverse to the
magnetic field. The above strong dependence of group velocity on the
propagation direction may be proposed as a possible mechanism for expla-
nation of the narrow angular and frequency range of measured LH turbu-
lence based on the propagation effects in the nonuniform plasma. LH
waves propagating not transverse to the magnetic field are rapidly swept
out of the interaction region without noticeable amplification.

TIon diffusion in the velocity space

As established by Camey [12,13] the interaction of magnetized ion
with LH wave of finite amplitude may be of stochastic character provided
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that the transverse ion velocity is greater than the phase velocity of the
wave and the wave amplitude is large enough. A gyrating ion gets "a kick"
from the wave at the point on its trajectory, where the component of ion
velocity parallel to the wave-vector, k, equals the wave phase velocity.
This results in the variation of both the transverse ion velocity (Av | ) and
the phase of ion gyration in the external magnetic field, A¢ ; these values

are related as

%
Av, z—:“’ A¢z2\/2n’£"%( a7 ) cosg, a7

LH mw o \Kgt,

where ¢ is unperturbed phase of ion-wave interaction; e and m; are elec-
tric charge and mass of ion; w,,, k;; and E, are the frequency, the

wave-number and the amplitude of LH wave, respectively. Eq.(17) is valid
only in the case of v, > @ [k, ; in the opposite case the values of both
Ap and Av, are zero since there is no point of resonance interaction on
the ion trajectory. So inequality
. v, >0y [k (18)
may be considered as the condition of resonance interaction. Stochastic
" behaviour takes place if the averaged phase variation of the ion motion
after one rotation is larger than approximately 7/2 .

In the following we investigate the case of LH turbulence with the k-
vectors isotropically distributed in all directions transverse to the magnetic
field and covering some range in k-numbers. This assumption is natural for
the locally homogeneous model. Although our scattering experiment does
not allow to check this assumption in full extent, it is partially supported
by the experimental observation of waves propagating in two opposite
directions which were identified by the sign of the corresponding frequency
shift in the scattering spectrum. To estimate the total phase variation of ion
during one gyro-rotation we consider interaction of a single ion with a
large enough number of LH waves and take the limit of continuous spec-
trum. We assume that all LH waves have random phases, so that the mean
squared phase variations may be added to each other; the sum should be
taken over all waves satisfying the resonance condition (18). Thus we ob-
tain:

(ap?)=[dk{(ap} ) = 87— ”’LH dk'ElH( “’“’), (19)

covl
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where |E|i is spectral density of the squared LH wave amplitude (for the

sake of simplicity we assume that the LH wave frequency is not dependent
on k) and the Heaviside function, & , (which equals zero Tor tﬂé hegative
argument and unity for the positive argument) takes into account conditioit
(18) of resonance interaction; the full energy density in LH turbulence is
defined as:

W)= é [IEfa®s . (20)

It is evident that if an ion after interaction with many waves gets large
enough squared average phase variation during one rotation, then the effect
of this interaction will be the same as in the case of one wave with large
enough amplitude, namely stochastic behaviour and diffusion in the veloc-

ity space. When the squared averaged phase variation, <Agof> , is larger

than approximately 77/2 , then the ion after orbiting once in the magnetic

field "forgets" about the phase of previous interaction with the LH wave
and its stochastic behaviour can be described in terms of the diffusion
equation in the velocity space with the diffusion coefficient

D= <Av2l /2> . (a) il 27r> . From Eq.(19) it follows that for a fixed shape of ‘

the LH wave spectrum there exists a threshold value of LH wave energy
density, beyond which ions demonstrate stochastic behaviour in some finite
region of the velocity space. The evolution of the averaged ion distribution
function is then defined by the well known Fokker-Plank equation:

v,,t
?_’L_):LL(ULD(UL)i), 1)
a v, o, ov,
with the diffusion coefficient with accounting for (17), (19) is equal to :
D _@pj AU%_ 2e2w2 2(oLH 30 OLH 2
©L=51"2 433 kvl (Ul“ k ) @2)
1cl

Note that the diffusion coefficient should be taken equal to zero in the
region of large velocities, for which the value <A(pf> defined by (19) does

not exceed 72 /4.

The ultimate goal for the problem under investigation is to find a
steady-state spectrum of saturated LH turbulence for which steady-state
distribution function of ions (including beam ions) results in zero growth-
rate for initially unstable LH waves. The effect of phase breaking is also to
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be taken into account. However, this kind of theoretical treatment is be-
yond the scope of the present paper. In the following we will qualitatively
discuss the possible mechanisms of instability saturation, which reduce the
instability growth-rate to zero. There is experimental evidence which may
help to identify the type of the mechanism: measurements show that the
frequency of fully developed LH turbulence corresponds to the value calcu-
lated for the linearly unstable wave. A similar result is obtained for the
wave propagation direction. One may be sure at least, that noticeable
“wave diffusion” over the propagation direction with respect to the mag-
netic field is absent. Unfortunately, the same cannot be stated for diffusion
in the wavenumber space due to the fact that the scattering experiment
could only be operated for a fixed value of &, .

Instability saturation mechanism

We shall briefly discuss here two possible mechanisms of instability
saturation. One of them is the transport of LH wave energy from the region
where the instability is driven. As it has been pointed out before, the group
velocity for the propagation direction transverse to the magnetic field is
rather small; from (16) it follows that its typical value is about

10° cm/sec . The transition time of waves travelling through a region of

“homogeneous” plasma (about 1 cm) seems to be enough for the exponen-
tial increase of the initial noise with the instability growth-rate about

107sec™  The power level of turbulence is determined in this case by the
geometrical factor. This is a rather qualitative argument because it as-
sumes a process of wave amplification when the wave is travelling through
the instability region; such an approach is appropriate for the convective
type of instability. Strictly speaking, it is not true for the instability under
consideration because it is of the hydrodynamic type and the relation be-
tween time and spatial growth-rates is not trivial. The mechanism of devel-
opment of an absolute hydrodynamic instability requires a special ap-
proach for a weakly inhomogeneous plasma and will not be pursued fur-
ther here.

We would like to draw attention to another mechanism of the instabil-
ity saturation, which seems to be more relevant and is based on the devel-
oped above idea of stochastic ion behaviour in the isotropically distributed
transverse to the magnetic field LH turbulence with the random phases.
This mechanism has a threshold which is obviously dependent on the LH
turbulence distribution over wave numbers. It results in the instability satu-
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ration and puts the limit on the turbulent energy density. The initial expo-
nential growth of small-amplitude LH waves is present only in the linear
case when the "bunching" of beam ions provides independently phased
interaction with every unstable wave. With a sufficiently high turbulence
level every ion of the beam gets an additional phase shift due to the inter-
action with all LH waves satisfying the resonance condition (18). This
additional phase shift disturbs the phasing, which is necessary for the ex-
ponential growth of unstable waves. The upper limit when this is expected
to occur is the threshold of stochastic phase breaking for the beam ions.
The threshold may be estimated from Eq.(19) for the average squared
phase shift, if the spatial spectrum of LH turbulence is known. Since this is
not the case, one may use some reasonable assumptions. We assume that

(Ela), =Wun(ki)f (kv ), (23)
where W, is total LH turbulence energy density and for f (k l) we as-
sume smooth dependence within Ak, which is of the order of k, meas-
ured in the CTS experiment (this assumption is supported by linear analy-
sis). It should be noted that this &, together with the beam energy satisfies

the condition of resonance interaction (18) for all measured frequencies of
LH turbulence excited within the plasma density range investigated. Under
the assumption made in (23) phase shift (19) reaches the threshold value of

about 72 /2 already with a fairly low level of LH turbulent energy,

W, /nT, ~107° . This level does not contradict the measured scattering

signal power. Such a low level of saturated LH turbulence justifies the
approach, in which other nonlinear mechanisms of instability saturation are
not taken into consideration. The proposed mechanism is equivalent to the
existence of some nonlinear collisions disturbing phase coherence between
beam ions and LH waves, with frequency v,, (W,,) determined by the

total level of LH turbulence and by the shape of its spatial spectrum.

Conclusions .

Lower-hybrid turbulence detected in the experiments on collective
Thomson scattering of powerful gyrotron radiation at W7-AS is triggered
by launching of a rather weak diagnostic neutral beam (the beam energy
about 20 keV, beam current about 2 A) into the plasma transversely to the
magnetic field of the stellarator. The registered turbulence has the fre-
quency which follows the dispersion relation for LH waves propagating
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transverse to the magnetic field rather nicely and possesses a unique pecu-
liarity. Practically in back-scattering geometry without any spatial resolu-
tion in the direction of the major torus radius the registered scattered signal
has a very narrow bandwidth (2-3% of plasma turbulence frequency) and a
very narrow angular spectrum in the toroidal direction (less than the radia-
tion patterns of the emitting and receiving antennas, which are about 1-2
deg.). Having in mind that there is line integration of the scattered signal
practically throughout the whole plasma volume along the major radius,
the only possibility to explain this rather fine selectivity of plasma with
respect to the generated frequency is to assume that the turbulence is gen-
erated at some intrinsic plasma frequency (e.g. some definite number of the
ion cyclotron harmonic or the LH frequency or something else) in a very
narrow region along the major radius. In other cases the bandwidth will be
essentially wider due to natural inhomogeneity of plasma parameters
(characteristic scales along major radius are of the same order for the both
mentioned frequencies and are of the order of the integration length).

To provide this, an instability mechanism for LH waves, which takes
place in the presence of transverse ion beam under double resonance con-
dition, has been proposed. This rather strong instability of the hydrody-
namic type with the growth-rate proportional to the square root of the
beam density takes place in the regions where the LH frequency is rather
close to some integer number multiplied by the beam gyrofrequency. The
investigation of the dispersion relation in the homogeneous plasma ap-
proximation shows that the instability is rather easily realized in the ex-
perimentally observed frequency and wave number range with the reason-
able assumptions about the ion beam distribution function. But the insta-
bility exists in a noticeable range of propagation angles, close to transverse
to the magnetic field. The very narrow angular range experimentally ob-
served for excited LH turbulence can be qualitatively explained by propa-
gation effects in the nonuniform plasma of a stellarator. It has been pro-
posed that the instability saturates due to a modified effect of stochasticity,
which arises in the beam ion motion when the level of LH turbulence ex-
ceeds some threshold value, which is rather low under the discussed ex-
perimental conditions.

To confirm theoretical speculations developed here, it could be very
useful to perform local measurements of LH turbulence (e.g. in the 90
degree scattering geometry). If they are close to reality, some additional
fine structure should be revealed in the spatial and temporal distribution of
LH turbulence. In the case of fine spatial resolution it will be possible to
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determine with the good accuracy ratio @, / %, , which provides addi-

tional information on plasma ion composition as compared to routine
measurements of Z,; .

The work has been supported by the German Bundesministerium fur
Forschung und Technologie.
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THEORY OF THE DECAY PARAMETRIC INSTABILITY
EXCITED BY FREQUENCY MODULATED PUMP.

E.Z.Gusakov, B.O. Yakoviev
Ioffe Physico-Technical Institute, St.Petersburg, Russia

According to ") plasma inhomogeneity produces a stabilizing influence
on the parametric decay instability, leading to the mismatch of the
wavenumber decay condition. The plasma nonstationarity and the pump
frequency modulation appear to be a stabilizing factor as well because of
mismatch of the decay condition for frequencies @ . However
simultaneously acting these two factors can interfere leading, in theory, to
the singularity of the convective amplification coefficient, describing the
parametric interaction in the inhomogeneous plasma ®M*. Predicting the
possibility of decrease of the decay instability threshold this theory fails to
explain the detailed picture observed in the experiment ) .

The present paper is devoted to development of more elaborated theory
taking into account effects removing the singularity of the amplification
coefficient, such as nonlinearities of the wavenumber mismatch profile and
pump frequency modulation or the wave dispersion.

The decay instability excited in inhomogeneous plasma by frequency
modulated pump is described by coupled equations for slowly varying
amplitudes of parametrically excited waves

dzl(X,t) +v, al[(x,t) _ ;/Oa2(x’t)ei¢(x,t)
a &

() an(x,i) | (b
2& 2+, Z@C 2L = ;/;al(x, t)e_'ﬂx’t)

where y, is the maximal instability growth rate in the homogeneous
plasma, ¢ is the phase mismatch given by ¢ =x?/2¢"+a,(x - vot)z,
where the first term is related to the plasma inhomogeneity
L= 1d(1c0(x) — k(%) - x5 (%)) fax x=0—% ,while the second term describes
the plasma frequency modulation with period T and deviation
ow = —Z(IOVOZI' ; ko and ki », vo and v, are correspondingly projections of
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the wavenumbers and group velocities of the pump and daughter waves in

the inhomogeneity direction. After substitution
a, =c~1]exp{i(-—l)ja1(x—vjt)2} j=1.2 (2)
o= 1 w, o (vo - v)(vo - v2)
: 20° (v1 + v)(vl + v2) ° (v, + v)(vl + v2)
wi (3)
1 Vv (vo = v)(v; +vo)

%= 202 (v2 - v)(vl + vz) ~% (v2 - v)(v, + v2)
equations ( 1) take the following standard form

a(n.1) ty a(n.1)

= Yoaz(ﬂ,f)eiw(”)

a V' o
ﬁZ(q’t) ﬁ’2(77>t) * —iy(7) ( 4)
2 +u, on = yoal(n,t)e
2
in which x//(n)=2n?, n=x-vt, uy=v,-v, u,=v,—v and
~ 1 (v +v)(v2+v) |: 1 AAY }_l
= a, —— L2 is a
2 (vo - vz)(vl - vo) YE (vo - vz)(vl - Vo) new

characteristic size of the phase mismatch. Equations ( 4 )
were investigated in [1], where no instability, but the spatial amplification
of waves was found. According to [1] the amplification coefficient is given
by

272 2 -1
, _ mye £ 7o _ 1 WV,
*“‘””“’( Wi, )_CXP{Z(VO—VZ)(\J]—VO)[% 20 (vo—vz)(vl—vo)}

(5)
This coefficient does not depend on decay point velocity v and has a
singularity for modulation rate «, e This

- — .
20%(vy = vy )(vi — Vo)

singularity corresponds to the complete interference of the phase mismatch

terms in ¢(x,r) and infinite growth of the interaction region width,

~3
proportional to 77 The linear mechanism which can limit this growth
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and thus remove the singularity of the amplification coefficient is related to
the higher order terms in the phase mismatch which were neglected in
system ( 4 ). Taking them into account one readily obtain the phase
mismatch in the following form

¢(x.1) =

2 2 6L3 +a0(x I ) +,B(,(x - voz‘)3

where L= ‘d Ko(x ) - x4(x) - x5 (x)) /el ﬂ /descnbes a nonlinear

wavenumber mismatch due to plasma inhomogeneity and B, is related to
small frequency sweep nonlinearity. After phase substitution

aj=c7jexp{i(—-l)a(x vt) +i(-1)'B (x vt)} j=12  coupled

equations for slowly varying amplitudes could be transformed to the
2 3

77
standard form 4 in which now —=,
(4) w(m)=- zz D
1.1 L and v= ! is the decay point
I’ P (V12 - vz)(v2 - v) -2 1

(v, -v,) 1218,
velocity. In order to simplify the solution, we assumed here that as in the

backscattering decay vo=-v;. After making the Laplace transform in time
of equations ( 4 ) with p the Laplace variable and putting

3
a, = aexp i%—ﬁ(l—ijn we find
120 2\u, u,

2 : L 172
da |1 f_+,pL(L_L) el o (6)
da& 4| 2 U 2 U,

where &= 77/ L is a dimensionless variable and #? - o is supposed. The
expression for the maximal spatial amplification coefficient, obtained from
(6 ) for p=0, under assumption y,"L* /juu,| >> 1, is given by

488



F2(%) 703/2L% (Vl - ")l/2
N (3, 1 3)4(y =) ()

S =exp (7)

It is finite, unless the case v—v,, in which it still posses a singularity.
The physical reason for this singularity is suppression of convective losses
from the vicinity of the moving decay point.

Equation ( 6 ), unlike the standard system analyzed in ( 4 ), possess
unstable normal modes which exist in the case u;u,<0. Assuming, as in the
previous case, the pump power to be high enough, so that

7o' [luu,] >> 1, one can reduce the equation ( 6 ) to the form

2 272 | g2 ~ 772
d‘j—zi rollle _jputm 0L o (8)
a& wu, | 2 uu, uu,

valid in the vicinity of the “turning points” defined by

— Y
(11 'L’

=2 —ipl| —+ +2i |[————i&

WU b |

The localized solutions of the equation ( 6 ) are possible only for

(Vl + v)}é(vz - v)%z (n N /) ,77 (vlv7) (Vl + V) (V2 - V) ( 9)
v +V, Yo /, 1"

where n=0, 1 ... This solutions correspond to the unstable normal modes
with the growth rate given by p,. One can conclude that the mode is
unstable only for the decay point velocity satisfying condition -v;<v<v,.
The growth rate approaches zero for v—v,, because the wave convection
out from the decay region vanishes in this case. The threshold of this
instability is determined by the wave damping

(=) +) (i, L)

2 v, +v * v, -V
which could be found by adding the damping terms [',a; to the system ( 4 )
The domain of validity of the results obtained above is determined by the

p,n'=}’0

Vo>
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condition of the daughter wave amplitude slow variation on the scale of its
period or wave length. As it is obvious from ( 2 ) and ( 3 ), these
" conditions are most likely to be violated in the resonance case, when v—v,
and the phase of incident and amplified wave a, varies rapidly. To
describe the amplification of the incident wave a, , possessing the constant
frequency we should put a limitation a,,=0 on the phase in the substitution
( 3). In this case we suppose that all the pump phase variation is taken by
the high frequency wave a,. The modified substitution for a, looks as

follows
a, =a exp{— ia, m(x - vlt)g}

20,02 +
o9 vo(v1 + Vo) is relation which defines the

where v=-
20L0£2(v1 + Vo) + v,

dependence of the decay point velocity on frequency deviation. The spatial
amplification in this case is still described by ( 5 ). This amplification
coefficient has the singularity for v—>v,, when the convective losses are
suppressed. This effect takes place simultaneously for all frequencies,
which could be no longer true when the wave dispersion is taken into
account. The slow wave equation in this case takes the form

&) _, dalnl) g, ﬁzaz(?’ ) yian 9e" (o)

a o an
where D =id’w,/dk? . Solution of the new equations could be
represented in the integral
form
—i 2P2/ ~1- “l-o — pl ‘91’! Py x
a2(x>Q)=ZJ.e 2(p_pl) (p— 2) ep dp’
jc P—D
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~ F2(? 4., 2
Qu, £ v, ¢ (Q "”70)
= , d=——=0+i———=

where, o 2u,D D uD

and p,, - roots of the

. 2 v2 ,Q
ation -—~p+i—=0
equ p DP D

The amplification coefficient is easily obtained from this integral
representation in the form

7’7’0252

(v1 - v)‘/ (v2 - v)2 -4DQ

The singularity of the amplification coefficient is removed here for all

S =exp| -

frequencies but Q = (v - v2)2 /4D , for which the convective losses are

still suppressed. Instead of conclusion it is worth to underline that different
mechanisms discussed above reduce the domain of parameters for which
the amplification coefficient singularity exists, but fail to remove it
completely. Under this circumstances the transient phenomena and the
finite time of experiment could be of importance, determining the level of
parametric amplification in the system. This mechanism is analyzed in
detail in the another paper in this book.
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NONLINEAR DYNAMICS
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Abstract

The formation and evolution of a plasma in the interaction of laser
radiation with gold targets are studied by computer simulations using
MHD code (ESC-CASTOR). The nonlinear features of the interaction
including the absorption of laser radiation, heating of the plasma compo-
nents, and the deformation of the density profile under the action of the
ponderomotive force are discussed. The role of these nonlinear effects
together and in the influence of the density profile is discussed basing on
the numerically obtained two dimensional dynamical structures of the
hydrodynamic parameter (electron density np, ion density n;, electron
temperature 7,, ponderomotive force profile, and the space-time depend-
ences of the absorption efficiency and the ionization rates. The radiation
spectrum is analyzed and the regularities in the motion of the critical

density surface are clarified.

! Project supported by the National High-Technology Inertial Confinement
Fusion Committee, in China, NSFC, and PFBR.
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1 Equations

Two-dimensional cylinder geometry (r-z) is assumed. The laser
target is assumed to be a single element of atomic Z and mass number
M. There are the principal variables p (mass density), p@i(momentum),
T, (electron temperature), T; (ion temperature), T, (radiation tem-

perature), B (magnetic field), € (internal energy), and f (ionization
ratio). The additional variables are C,, {electron specific heat), C,;

d
(ion specific heat), p (pressure) and il

€
The principal equations solved are following [1][2][3].
The equation of mass conservation is

dp L
E+V-pu—0, (1)

The equation of momentum conservation is

S 4V oi - bt
3t + pi+Vp—-JxB =32 0 (2)
the electrical current
The equation of electron energy is

aT, » L
Cogl=-V-F-V-FL-S,-Po+E-J-K,  (3)

the ion energy equation

oT; -
Cu.‘—aT'=—V-Fe+K, (4)

and radiation energy equation (eg = aT?)

SE=-V-Fa+Ss, (5)

where the laser flux Fy, is in the z direction, Py is the radiation
rates from bound-bound(bb), K is the transfer rate of energy between
the electron and the ion, S, is the transfer rate of energy between the
electron and the radiation field, c is the speed of light. A fraction
1 — (n./ny)? of the line radiation is assumed to escape the plasma
for n, < n,;, where n, is a density chosen below the solid density
(typically n,; is about 15% of the solid density). For n, > n,; the line
radiation is assumed to be reabsorbed.
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The transfer rate of energy E - J between the magnetic field and
electrons is calculated from

9B  YxixB=-VxE , (6)
ot
where the electric field is
E = 3. J+E, , )
B = ey, - EﬂVT, + LixB (8)
en, e en,

In the cylinder symmetry geometry B = By, so that (20) reduces
to scalar equation.
The vector f = (fo, f1,**, fz) obeys the equation

af
ot
where the matrix A contains the ionization and recombination rates.

2 Simulation Model

The target plasma material is gold, atomic weight M = 196.9665,
atomic number A, = 79, solid density p, = 19300kg/m3. The ini-
tial conditions are follows: T.o = 1eV, Tjp = 1eV, T,o = 0.03eV;
uz0 = uyo = 0; Bp = 0; The initial average ionization number
Z = 1.019. The radius direction distribution of the initial density
por is homogeneous, the axis direction distribution is variables as a
exponential function

+@-v)yf=a-f , ()

pOz=apse$p( I ) (10)

where model parameters a,b and L are given. The MHD equations
are solved on Eulerian grid using the flux-corrected transport method,
the orthogonal(r,z) mesh is of dimensions 20(N,) x 80(N,).

A straight-line approximation is used such that the laser beam
travels ?a.rallel to the z axis. At t = 0, the laser light (I = 10! ~
5 x 1014W /em?, A, = 1.053um) incident on the target turns on. It
has a flux Ft = F*(r,z = z,t) and absorption occurs via inverse
bremsstrahlung at electron densities below the critical density

egme , 2wc

G (11)

nc—
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The classical absorption coefficient A written in the form

_ 2rme) 22 < 2> £2nA 12
= e0k3/2Te3/2 ,\i (1 —- 6)1/2 ( )

here ¢ is vacuum dielectric constant, { = n,/n,, InA is Coulomb’s
logarithm. The flux reaching the critical depth 2, at which n, = n,
is

F, = Fiexp(~ / " Adz) = B (1 - 4,) (13)

F, can be split into two parts. A.F, deposited at z, and a reflected
flux (1 — A.)F,. The flux reflected by the plasma is

Fo = Ff(1- A)(1 - Ao)? (14)

3 X-ray spectrum and transform efficiency

As laser light is absorbed by the target plasmas, the electron
temperature in the corona region rises gradually. Results in computer
simulation have shown that before the peak value of laser pulse, the
electron temperature rises throughout, at ¢t = 0.15ns, T, ~ 40eV,
at t = 0.5ns, T, ~ 100eV, and temperature in the corona region
reaches equivalent, the maximum temperature is about 1500eV. The
ion temperature in the corona rises very slowly, at ¢t = 0.15ns, it
reaches equivalent, the maximum temperature is about 100V .

The radiation temperature in the corona region is very low, be-
cause of radiation loss. The maximum radiation temperature reaches
100eV in critical density and overdense density region. The strong
laser absorption occurs near the critical density surface, the absorp-
tion efficiency is about 55%.

107} E[1/K) 0.5y Bz/Ba
0.4
0.3p
0.2
11 4 > y o1 " 0.8 12 16
10~ 40 @ 0 0. . B .
40 0 120
° T[10% °x]° tine)
Fig. 1 X-ray spectrum Fig. 2 Laser X-ray transform
efficiency as a function
of time
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X-ray are divided 30 group between 0 — 10.05 K eV, time-space in-
tegration X ray spectrum is obtained (Fig. 1), the spectrum value de-
creases as energy increases, excepting first and second group of lower
energy. It is the folding spectrum of bremsstrahlung and line spec-
trum. Its tail of the high energy decreases quickly. These results are
comparable with experimental and other computational results. Fig-
ure 2 shows the laser X-ray transform efficiency as a function of time,
At t = 0.05ns, transform efficiency n = Ai((; :;{l (Eln%l;grygy = 10%; at
t = 0.45ns, n = 43%; after this transform efficiency increases very
slowly and saturates; in the end 7 = 55%. This result is comparable
with the computational result of Turner, R. E et al. [4]. The rate
of emergy between the line radiation and the continuum radiation is
about 5. The rate decreases as time increases.

4 Motion Regularities of Critical Surface

Figure 3 a—d show the density contour as a function of time.

05 >
m:ﬁ--.:&pz:
N .‘—am
—————2". \ N T
o » ° ° - - . [) + —- —
= 75 " .. '\ PN
X e —- .
5 -~ "
E — - ~ '\ . —
88 || e~ .. /
\ /
A /
35 \ /
a b c \ 7 d
\ |- )
0 50 100 50 100 50 100 50 100
(10" m] {107 %m] {10~ 6m] r[10™%m]

Fig. 3 The density contour
a.t=0,b. t=0.255ns. c. t = 1.555ns. d. t = 2.355ns.

Figure 3a shows the density contour at t = 0. The x-axis denotes
the radial coordinate(r), the y-axis denotes the axial coordinate(z).
The initial density distribution is homogeneous in the radial direc-
tion, the density value increases with the axial coordinate (z), they
are 0.11n., 0.22n., 0.55n, 0.88n., n. and 1.32n, respectively, n. is
the critical density. Because absorbed laser energy in the focus cen-
tre is much more, the expansion is faster. Figure 3b has shown two-
dimensional characteristic of the density contour, the lower density,
the bigger difference of the distance in z direction between the centre
and the border of r—coordinate, the difference is 6.5um at n = 0.11n,,
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the differénce is 2um at n = n,. Because the motion picture of the
density contour are determined by competition between hydrody-
namic motion and ionization, the pictures closely related to the fluid
velocity u and the ionization rates < z >. At the time in laser peak,
the shape of the density contour (Fig.3c) is different from that of
early time, because the ionization at the centre is very strong, the
fluid velocity is very high. In the end , the centre in the density
contour of lower density is protuberant, the density contour of high
density is smoothing.  The critical density surface becomes steep
because of ponderomotive force. The results of computer simulation
show that the critical density surface maintain immovable basically
during early time, after ¢ = 0.5ns, it moves toward the direction -z
of the lower density, the maximum motion range is about 15um, the
motion velocity is 106 ~ 107c¢m/s. Fig.7 shows the critical density
surface of the electron density (n, = 10! /ecm3) as a function of time,
where solid line denotes r = 0, line of dashes denotes r = 50um.

Z[10~%m]

05 |

75

t[ns)

Fig. 4 Critical density surface as a function of time
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DESCRIPTION OF WAVE PROPAGATION
IN AN ANISOTROPIC DISPERSIVE MEDIUM
INCLUDING REFRACTION, DIFFRACTION,

AND WEAK ABSORPTION
A.G. Peeters

Max Planck Institut fiir Plasmaphysik
Euratom-IPP Association, Boltzmannstrafie 2 85748 Garching Germany

Abstract

In this paper the geometric optics approximation is extended. A
consistent set of ray equations for wave propagation in an anisotropic
dispersive medium with weak and localized absorption is derived.

Introduction

The research presented in this paper can have many applications.
It has been developed to describe the propagation of wave beams in
magnetized plasmas used for thermonuclear fusion research. Often
focused wave beams are used for either localized heating or to obtain
small scatter volumes. In these experiments not only refraction but
also diffraction and absorption can play a role.

In the literature several methods to include diffraction effects
in the description of wave propagation in a magnetized plasma are
given. A generalization of the complex eikonal method of S.Choudary
and L.B. Felsen [1,2] was developed by E. Mazzucato [3]. This
method will be investigated in detail in this paper.

In this paper an anisotropic medium in steady state is considered.
Consequently the real part of the wave frequeney is constant. Both
the absorption and diffraction are assumed weak, i.e. the length scale
over which the electric field amplitude changes is much larger than
the wave length.

The extension of geometric optics

The propagation of waves for which the wave length is small
compared to the length scale over which the medium changes can be
treated within geometric optics. The goal of this paper is to extend
this formalism to include diffraction and absorption. Therefore, first
the geometric optics approximation will be discussed.

In the geometric optics approximation the electric field is written
in the form :

E = Eg exp(ik,x — iwt), (1)
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where Eo determines the electric-field amplitude and polarization,
and k, is the (real) wave vector. These quantities are assumed to
vary only slightly over a wave length, i.e |0E,/0x|/|k,| <« 1, |0k, /0x|/
|k,| < 1. A solution of the form of Eq. (1) can be obtained by substi-
tuting this expression in the wave equation Vx(VxE)—(w?/c?)eE = 0,
where € is the dielectric tensor. The terms involving the gradients of
Eo and k, can be neglected, and an equation is obtained which has
the form A(k,w,x)-E = 0. Non trivial solutions for the electric field
exist when

D =detA =0, (2)

which is the dispersion relation of the wave. It depends only on the
wave vector and frequency and on the spacial coordinates through
the dependence on the dielectric tensor. The dispersion relation
states that the propagating wave at any position has the form of
a plane wave propagating in a homogeneous plasma with the local
plasma parameters. As the wave propagates through the (inhomoge-
neous) plasma its characteristics change such that it again satisfies
the local dispersion relation, i.e.

dD 6D 8D dk,

= -t ox ()

From this equation the ray equations

dx oD dk, 0D (4)
dr = 9k, dr ~  8x

which describe the wave propagation can be derived.

In the geometric optics approximation the wave beam is repre-
sented by a number of rays which are traced independently through
the plasma. When the beam is focused the rays propagate towards
another and can cross. In the point where the rays cross the beam
width is zero and, consequently, the electric field amplitude infinite.
This erroneous result can occur because the gradient of the electric
field amplitude is neglected. To describe the wave beam correctly
one should include effects caused by the electric field profile, which
is possible through the introduction of a complex wave vector in (1),
where the imaginairy part equals the inverse gradient length of the
electric field profile ol

1 0|Eg
TN (5)

Note that both the electric field profile of the wave beam and ab-
sorption are described by this imaginary part.
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The same derivation that gave the ray equations of geometric
optics can now be repeated. A dispersion relation is obtained which
depends on the electric field profile. From this dispersion relation
ray equations, which include diffraction effects, are obtained.

The dispersion relation

To be able to expand various quanitities in the same dimension-
less small parameter 4, the velocity of light ¢ and a frequency wg
close to the wave frequency will be used to make all length and time
scales dimensionless.

Three different length scales are discerned, the wave length A,
the width w of the beam, and the length scale L over which the
plasma parameters change. It is assumed that these length scales
can be ordened in the following way

L :w:X~4§2%2:61 1, (6)

The imaginairy part of the wave vector k; is of the order § com-
pared with the real part k,. Consistency with w ~ §~! demands
that the beam focusing is moderate. It turns out that the gradient
dk, /dx, which is related to the curvature of the phase front, must be
taken of the order 62 to satisfy this demand. The imaginairy part
of the wave vector k;, its gradient dk; /dx, and dk,/dx are allowed to
vary over the width of the beam, i.e. d"k;/dx"” = O(6"+1) with n > 0,
and d"k, /dx™ = O(6"+!) with n > 1.

In this paper the absorption is assumed to be weak, and localized
in a region in space with a size of the order of the beam width. This
ordering is relevant for the treatment of electron cyclotron waves
in thermonuclear plasmas. The imaginairy part of the wave vector
which is due to absorption satisfies the same ordering as the compo-
nent of k; that describes the electric field amplitude perpendicular
to the beam. Finally, the length scale over which the plasma pa-
rameters change, together with the weak absorption changing over
a length scale of the order §—! makes that the spatial derivative of
the dispersion function dw(k,x)/8x is of the order 2. Higher order
derivatives satisfy d"w(k,x)/8x" = O(6"*!) with n > 2, because the
absorption is assumed to vary over the length scale §=! rather than
the length scale L = O(672).

The dispersion relation is obtained through the substitution of
the ansatz (1) with complex wave vector in the wave equation. If
the gradients of the wave vector are negelected one derives at a
dispersion relation

w = w(k, + ik;, x). (7
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First it will be discussed to what order in the smallness parameter §
the dispersion relation (7) must be expanded to describe diffraction
effects. Here, a non absorbing plasma is considered. In lowest order
one obtains

w = w(kr,x), (8)

which is the usual dispersion relation used in the geometric optics
description. This dispersion relation, therefore, describes refraction
but no diffraction. In next order one obtains

w:w(k,,x)+ikr%l. 9)
The second term on the right hand side of this equation is a pure
imaginairy correction, whereas the first term is purely real. Conse-
quently, the correction does not influence the ray trajectories which
are completely determined by the first term. The correction term
imposes a restriction on the imaginairy part of the wave vector. Be-
cause the partial derivative in the second term is the group velocity,
the second term demands that the imaginairy part of the wave vector
is in any.point perpendicular to the direction of energy propagation.
In this erder refraction and the evolution of the electric field profile
are described, but the rays can still cross and, consequently, diffrac-
tion effects are not described. In second order one obtains

2
w:w(k,,x)+iki.?_‘i(1‘9f7’kﬁ_%kiki:3_6@k%rl;_,¢)

(10)
In this order a real correction of the order §% to the zeroth order
dispersion relation is obtained. and in this order diffraction effects
are properly described.

It is clear that all terms of the order 62 in the dispersion relation
can generate effects of the same order. Because a consistent ordering
of terms requires that both dk,/dx and dk;/dx are of the order 42,
gradients of the wave vector can not be neglected. It is assumed
that the dispersion relation including absorption and gradients of
the wave vector can be written in the general form [4]

. k
W = wO(k> X) + lFaﬁ(k7 x)gT:’ (11)

where w = wo(k, x) is the usual dispersion relation of the homoge-
neous medium with constant wave vector. The tensor F,s is assumed
to be real and is, like wp, of the order §°. Therefore, the second term
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on the right hand side of Eq. (11) is a correction of the order é% to
the usual dispersion relation.

The ray equations

To write the ray equations in a convenient form the following
functions are defined w; = Swo(ks,x)] = 0(F), wr = Rwo(k,,x)] =
O(1). The function w; is related to the wave absorption. The second
order real and imaginairy part of the dispersion relation are

2 r\Kr, i = dk;
w = wy (ky, X) %k,-k,' : Qgir(lach) —k - g—;- —F, (k%) : 'a% (12a)
0 =wi(k,,x)+ k- %::,x) + F,(k,,x) : %;]:: (125)

The ray equations can be derived from these expressions by demand-
ing that they are satisfied in any point, i.e. that the total derivative
towards the spatial coordinate is zero. If the direction of propagation
of the ray is defined through

dz,  Ow,
& " O (13)
then the total derivative of Egs. (12a-b) yields
dk, o Owy Ow, dkiy d%k; Ow; dk;
Lro _ _Fr gy L in g ’ T (14
& = " O5a TR Gk, doa T Jopdea T Ok, dzy 9
dk; o Ow; 6w, ?w, dk,, d%k,
&r = oy o Oky 40z _"’”"ak,,.,ak,.,,, dze """ dz,dze (146)

The Eqgs. (13-14) are the extension of the equations given in Ref. [4],
including a weak and localized absorption. The right hand side of
Eq. (13), and the first term on the right hand side of Eq. (14a), are
the terms of geometric optics. The direction of propagation of a ray
is equal to that of geometric optics. The diffraction effects appear
indirectly through a modification of the real part of the wave vector
which is driven by the electric field profile through k;, dk;/dx, and
d?k;/dx2. If the width of the beam decreases the gradient of the
electric field profile increases and the second and third terms on the
right hand side of Eq. (14a) become larger, causing more bending of
the rays away from each other. The rays will, therefore, never cross
and no caustics will be formed.

The equation (14b) determines the evolution of the imaginary
part of the wave vector such that equation (12b) is always satisfied.
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Neglecting the tensor F this equation states that the decrease in
the electric field amplitude in the direction of energy propagation
is given by the absorption of the medium. The term involving the
tensor F generates a change in the electric field amplitude that is
due to a focusing of the wave beam [4].

A word of caution regarding Egs. (13-14) is required. These
equations describe the evolution of the wave vector along a certain
path correctly, but it has not been shown that this path coincides
with the flow of wave energy.

The Gaussian beam

One important special case of wave beams used in the experiment
is the Gaussian beam of lowest order. If the Gaussian beam is defined
by the relations d"k;/dx™ = O(6?*) and d"k, /dx" = O(6*") with n > 2,
it can be shown [4] that for a non absorbing plasma a Gaussian beam
remains Gaussian as it propagates through the plasma. In this case
the beam can be described entirely with a few parameters (width and
radius of curvature of the phase front). A reduced set of equations
can be derived that gives the evolution of these parameters. Such a
set is discussed in Refs. [4-6].

In the case of weak and localized absorption, it can be shown by
differentiating the Eq. (14b) twice towards position that

d%k; bt Puwi _ e

or [ dxz] 823 0@ (15)
Therefore, after integrating over the length scale §=! in which ab-
sorption occurs the beam is no longer a Gaussian beam. The phys-
ical reason can easily be understood. The absorption is allowed to
vary over the width of the beam. Therefore, a localized absorption
in a part of the beam can easily change the electric field profile of
the wave beam. This result makes that no simple set of equations
involving a few parameters can be derived.
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INFLUENCE OF ELECTRON BUNCH
ENERGY AND DURATION ON
WAKE-FIELD DYNAMICS IN PLASMA

I. N. Onishchenko, G. V. Sotnikov, A. N. Storozhenko
NSC "Kharkov Institute of Physics & Technology,
Kharkov, Ukraine

Introduction

The method of acceleration with plasma wave, excited by an elec-
tron bunch or the train of bunches should be provided by the con-
dition of exceeding of wake-field over the electric field in a bunch.
There are several ways to satisfy this requirement: bunch profiling [1],
displacement of driving and accelerated bunches in space [2], specif-
ic succession of bunches or varied duration of bunches in collision
plasma [3], using space harmonics in periodic plasma waveguide [4],
nonlinear plasma wave [5-8].

The latter way is considered as a most perspective. In [5, 6] it
is shown that maximum intensity of the wake-field is realized due to
the plasma-wave nonlinearity for the bunch of density nyo equal to
the one half of plasma density no. The bunch profile is rectangular
and nonchanged and electrons are ultrarelativistic (8o = vpo/c = 1).
The accelerating field intensity for these conditions [6] E,. ~ L;(/,2
(Lo = wpLly,/] > 00, w, = 4dmnge?/m ~ plasma frequency, L|, -
bunch length). From the other side for the fixed bunch energy and
Bo # 1 wake-field is proportional (7,0 — 1)1/2 [5]. The latter result is
obtained at the approximation that the electric field inside bunch is
equal zero.

In the present work the nonlinear plasma wake excitation by dense
electron bunch (ny = no/2) is being investigated numerically. Sim-
ulation was carried out for varied finite energy v, and length Lyg of
the electron beam.
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The excitation of the stationary nonlinear plasma
wave by relativistic electron bunch

Let an electron bunch of velocity vyo = Bpoc and density nyg is
injected into cold collisionless plasma. Beam-plasma system is pro-
posed infinite and homogeneous in transverse direction. For this case
the excitation of the stationary nonlinear plasma wave is described
by the following set of the nonlinear equation:

a8 By € fl_f__ﬂ(ﬂ +nb(r))
dr ~ (U=FPR f=p dr ~ T\RB =BT m )7y
n, = no B ,
Bo— B

where ¢ = eE/mcw, — dimensionless value of the electric field, 7 =
wp(t—2z/vp0), B = v/c— dimensionless velocity of the plasma electrons,
n, — plasma density, ny(7) describes the profile of the electron bunch.

6.0
4.0
2.0
Lo
1 s eaa e sasdeataazaaal
0.0 5.0 10.0 15.0 20.0

Fig. 1. Fig. 2.

The set of nonlinear equations at 5, = 1 has been analyzed in [5, 6]
for various profiles of the bunch. For the rectangular form of the
bunch of the density ny = ng/2 the excited wake-field behind bunch
is proportional to squared root of bunch length, and electric field
inside bunch |¢| — 1. So the transformation ratio is proportional to
squared length of the bunch.

At first we investigate the dependence of the excited wake-field
value upon initial energy and length Lo of the bunch. The bunch
profile is supposed to describe by the expression:

_ n0/2’ 0 S T .<_. LbO
ny(T) = { 0, 7> Ly, 7<0. (2)
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Boundary conditions are taken in the form: §|,=o = 0, €lr=0 = 0.

In Fig.1 the dependence of wake-field amplitude maximum €4,
upon relativistic factor ;o for various dimensionless length Ly (1, 2,
3,4 for Ly = 5, 10, 15, 20) of the bunch is represented. Curves(dotted
lines) show a slight dependence of the field amplitudes on the bunch
energy. The dependence €,,,,(7s0) is rapidly saturated at the value
€sat determined by bunch length Lyo. The amplitude dependence on
bunch length for 440 = 100 is represented in Fig.2 (dotted line). It is
seen that this dependence is described by €,,4. ~ /Lo in accordance
with [6].

The excitation of nonstationary nonlinear plasma wake-
field

Now we take into consideration selfconsistent changing of the
bunch profile and velocity. For the investigation of the bunch dynam-
ics and wake-field excitation we use closed set of equations consisting
of the hydrodynamic motion and continuity equations and Maxwell
equation for the longitudinal electric field: :

on 0 0 0

# + 5;(71,1,’011) =0, E(nppp) + 5;("1’1)}7”?) = enPE7

0 0 0 0

%’3 + &("b'vb) =0, E(nbpb) + E(nbl’b”b) =emE, - (3)
%—f + 4me(npv, + mpvp) = 0,

where ny, n, are the variable beam and plasma densities, vy, Py p
are beam and plasma velocities and moment, correspondingly v, =

Pps/[m(1 + (Pp,p/me)?].
For numerical investigations of equations set (3) it is convenient
to introduce dimensionless variables:

Bpp = vpple, Vpp = Ppp/me, T =wpt,
(=wpzfc, €=eE[mecwy, vpp=n,p/no.

In this variables equations set (3) takes the following view:
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0 i} 0
Vp + C( vpBp) = 0, E;(Vppp) + -(:)z(l/pppﬂp) = evpe,

%V?b + O_C(Vbﬂb) =0, %(Vb/’b) + (%(prbﬁb) = eype, (4)

_3_5
or

This set has been solved by method FCT [9] with essentially nonlinear
algorithm to exclude nonphysical riple and numerical diffusion.

+ Vpﬂp + Vbﬂb = 0.
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Fig. 3. Fig. 4.
For simulation the grid was chosen with A( = 0,1 in space

(¢ =1...100) and time step A7 = 0,05 for time duration injection
To = wply. Boundary conditions were symmetrical, i.e. values of all
parameters calculated at the terminal point of considered region were
given to the boundary point outside of region: So = 51, SnN+1 = SN,
where § — any calculated parameter, 0 and N + 1 corresponds to left
and right boundary. It should be noted the slighter qualitative de-
pendence of the the results upon boundary conditions. Particularly
for the periodic boundary conditions the wake-field dependence on
b0 and Lyg is the same as for the symmetrical one’s.
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Obtained results are the followings. For small values s (Y505 Lb0)
rapid decay of the bunch occurs at the flight time of the initial bunch
length. During this time interval field amplitude reaches its max-
imum value. With relativistic factor 44 increasing (10<740<40)
flight length to decay occurring increases to several bunch lengths.
In Fig.3 the example of such bunch spatial dynamics is represent-
ed for 50 = 20 and various time moments. It is seen that initially
rectangular profile of the bunch begins to diffuse at the bunch front
(7 = 25.0), then it is being modulated 7 = 37.5) conserving approx-
imately its initial length. Later (7 = 50.0) bunch is devided into
several microbunches.

Longitudinal distribution of the wake-field for the same time mo-
ments is represented in Fig.4. Excited nonlinear wave is located be-
hind the bunch over the distance of plasma wave order.

For beginning with ;0 = 40 for bigger v50 the bunch is stable in
the calculated region and excited wake-field has regular character.

Simulation of the wake-field dependence on energy and length of
the the bunch were performed for 50 = 3 + 1000 and Ly = 5 =+ 20.
In Fig.1 (continious lines) the ey,x dependencies on 7,0 at various
Ly are represented. They are qualitatively coincided with stationary
for ”strict” bunch (dotted lines). For the values yp0 < Lpo wake-field
amplitude increases with 7, increasing, then reaches its saturation
value at 750 = 7Y and further 7,9 increasing doesn’t change. Differ-
ence with stationary model at y50 < Ly is explained by the breaking
of the stationary conditions in this region [7]. In Fig.2 the wake-
field maximum amplitude €,,,, dependence on the bunch length Ly
is depicted by continuous curve for the relativistic factor 450 = 100.
Represented dependence is coincident with the dependence obtained
for the ultrarelativistic case 3,, = 1 (dotted line) for the stationary
model and is described analytically by the expression &,,q; ~ /Lo [6]
for the Ly > 1.

Conclusion

In the frame of the one-dimensional model it is studied the process
of the stationary and nonstationary nonlinear plasma wave excitation
by an electron bunch in a cold collisionalless plasma and their using
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possibility for wake-field acceleration. The main accent is made on
the investigation of the influence of the bunch energy and its length
on the principal characteristics of the excited nonlinear plasma wave
and electron bunch. It is shown that at using bunch with density
ny = no/2 (no is initial plasma density) the basic characteristics of
the bunch, determining the wake-field amplitude and, corresponding-
ly the accelerating gradient, is the the bunch length. Qualitatively
the dependence of the maximum of the wake-field amplitude on the
bunch length is described by formula €,,4; ~ v/Lpo. The initial en-
ergy of the bunch determines mainly its stability. Stationary and
nonstationary models are coincided for 750> Lyo. At the lower energy
of the bunch vy < Ly results for two models differ, bunch is instable
and decays rapidly at the distance A < Lyp. Maximum field ampli-
tude is considerably less than for the case y,0>Lso. The dependence
of €maz ON Ypo shows that €,,,, is growing with bunch energy increas-
ing for 50 < Lpo, at ypo ~ Lpo it saturated and doesn’t change with
further vy increasing.
This work is partly supported by ISF Grant N U27200.
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EXPERIMENTAL LARGE PLASMA SET-UP FOR MODELING
SPACE PHENOMENA

G.Yu. Golubyatnikov, S.V. Egorov, B.G. Eremin, A.V. Kostrov,
M.V. Starodubtcev, A.V. Strikovsky, O.N. Tolkacheva,
A.V. Shaykin ’

Institute of Applied Physics RAS, N.Novgorod, Russia

Modern intense progress in investigation of the near and far
space has made laboratory modeling of some space phenomena most
important. Scientific results of such studies can help solve fundamental
problems of plasma physics and realize practical applications, such as:
active space experiments and satellite communications. Of great interest
are laboratory experiments on modeling acceleration of charged particles
with electrostatic oscillations. Recently the problem of significant influ-
ence of self-consistent nonlinear formations (of the caviton type) in the
lower-hybrid-resonance (LHR) frequency band on the processes of parti-
cle acceleration has been also given much attention. The newly arisen
interest to solar phenomena provides the possibility for laboratory mod-
eling of the processes running on the Sun itself, in the upper layers of the
photosphere, and in space down to the Earth surface.

. In order to solve these problems, IAP has developed and built a
large-scale experimental set-up called “KROT” that furnishes the possi-
bility to produce both isotropic and magnetized plasmas. The general
scheme of the set-up is shown in Figure 1. The vacuum chamber of the
set-up is 3 m in diameter and 10 m long. Dimensions of the solenoid
having the trap configuration and shown in Figure 1 are / ~ 3.5 m and
d~15m.

The process of modeling requires homogeneous calm plasma
with no external sources. That is why the experiments were performed in
the afterglow plasma. Since dimensions of the plasma are sufficiently
large, diffusion of it is rather slow and sufficient for studying many
physical problems.

This presentation describes results of studying experimentally
the process of inductance plasma production in the presence of the mag-
netic field and without it under pressures p ~ 10-4-10-3 Torr in a large
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volume. The problem of matching the self-generator with the discharge
was considered, as well as achievement of stable discharge parameters at
the maximal efficiency. Plasma parameters were studied in the afterglow

stage.

Fig. 1. Scheme of large-scale experimental set-up “KROT”. 1 - vacuum
~ pumps, 2 - 5 channel 8 mm interferometer, 3 - rf antenna, 4 - solenoid,
5 - system for moving double probes along the chamber, 6 - current loops,
7 - grid probes, 8 - system for moving double probes across the chamber,
9 - gas injector, 10 - rf-generators, 11 - generator of the pulse magnetic field

The isotropic plasma was produced by four RF generators o%er-
ating at the frequency /= 5 MHz. Duration of RF pulses was ~ 10~ s,
and their power, ~ 1 MW each. To each generator a second inductor ~
240 cm in diameter was connected via a 50 Q cable. To measure inductor
impedance and to control the degree of matching the RF generator with
the load, a scheme of a common reflectometer with the Rogovsky belt
was used. One of the main problems in producing inductance plasmas is
optimal matching of the generator with the load. The gas is ionized
mainly by a vortex electric field; however, at the inductor inputs there
arises a powerful quasi-potential field, which is extremely undesirable.
In this case the discharge is localized near the inputs. Hence, to reduce
potential fields and improve discharge parameters, an inductor covered
with a dielectric layer was used. To raise the current in the inductor, and,
correspondingly, the vortex field, an adjustment capacitor was connected
in series with the inductor. It was used to tune the serial contour to match
the optimal conditions for ionization of the neutral gas. The frequency of
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a serial contour before a breakdown must be lower than the frequency of
the self-generator, and its impedance must have the inductance character.
As the plasma appears and evolves, inductance of the inductor begins
decrease, and the resonance frequency of the contour draw near the fre-
quency of the self-generator. At this moment the maximum value of RF
current, which flows through plasma is achieved. As plasma density
grows further, reactance of the inductor acquires the capacity character
and is actually determined by the impedance of the adjustment capacitor.
Figure 2 shows the current and impedance of the inductor. As the result,
we obtained the system “self-generator—plasma” with self-tuning, which
makes it possible to achieve maximum plasma densities. Measurement
results showed that when a plasma with Ne~ 1012 cm-3, Te ~ 5 = 10 eV
is produced in the volume of 80 m3, it absorbs about 2500 kW of RF
power. Hence, efficiency of generator operation with the load was about
50%. The dependence of electron density in the plasma produced in the
operating volume of the chamber under pressure about 10-4 Torr on the
fed power is shown in Figure 3.
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The maximum plasma density grows linearly with power
growth:

P z————Ne(T“Ui) V , and —1-=i+i
t v I

Parameters of the isotropic plasma were diagnosed using double
probes moving along the chamber radius and allowing measurements of
relative plasma density distribution over the chamber volume, as well as
of electron temperature. The transverse distribution of electron density at
continuous flow (argon was used as the gas medium) at p ~ 2:10-4 Torr
is shown in Figure 4. Decay electron density and electron temperature
versus afterglow time obtained from double probe traces are shown in
Figure 5 and 6 respectively. Estimations show that in this case free colli-
sionless spreading of plasma is realized, since /;; > L, where /; is length
of the free run of ion-molecules, and L is characteristic chamber length.
Calculated life times 7, and 7}y coincided with the measured values and
were about 1.5 ms.

Of the greatest interest is the problem of producing and using
magnetoactive plasmas in large volumes, since such plasma makes it
possible to model specific ionospheric physical phenomena in the labo-
ratory. Currently our main research line here is investigation of interac-
tion and propagation of intense waves in the LH frequency range in
magnetoactive plasmas (O < ©(¢ << ofe << ®pe), Where oy is LH
frequency, w( is wave frequency, ®[je and wpe are cyclotron and plasma
frequency, respectively.
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glow time obtained from double
probe traces: (1) P ~ 10° Torr and
(2) P~10*Torr.
To produce a magnetic field of the trap configuration (trap ratio ~ 2,
pulse duration ~ 20 ms), a special solenoid 3.5 m long and 1.5 m in di-
ameter was manufactured. It was fed by a generator of the pulse mag-
netic field.

Figure 7 shows the path of relative electron density along the
radius at the center of the trap at different time moments. The time was
counted from the end of RF generator operation. It is seen that at the
magnetic field of about 400 G and pressure of the operating gas (argon)
about 6-10 -4 Torr the discharge was localized near the inductors. The
trap center is filled in the process of plasma diffusion across the mag-
netic field. In about 4-5 ms after the plasma source stops operating, den-
sity distribution along the chamber radius becomes sufficiently homoge-
neous. Figure 8 presents characteristic time dependencies of ion satura-
tion current to the double probe at different distances from the chamber
axis. The characteristic time of plasma decay, as seen from Figure 8, is
about 1 ms. Plasma density after f ~ 4 ms was about 5-1011 ¢m-3, and
the temperature of electrons was about 0.5-1 eV.
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Thus, the “Krot” set-up developed and built at IAP produces
magnetized plasmas in the volume about 8 m3 with parameters men-
tioned above. Such a great volume of plasmas provides the unique possi-
bility of studying physical phenomena in an “unboundary” plasma.

The work was performed with support of RFFI (grant 96 - 02 -
16471 - A), and with financial support of Russian Department of Science
on “Krot” set-up (registr. 01 - 18).
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PLASMA DYNAMICS IN VICINITY OF A STRONG
OBLIQUE LANGMUIR WAVE RESONANCE

V.1. Arkhipenko, V.N.Budnikov', E.Z.Gusakov', V.A.Pisarev,
L.V.Simonchik

Institute of molecular and atomic physics ASB, Minsk, Belarus
"loffe physical - technical institute RAS, St-Petersburg, Russia

In present work the dynamics of the partly ionized and magnetized
argon plasma inhomogeneous both in radial and axial direction is
investigated at incidence of the short (hundreds of nanoseconds) microwave
impulse, when the oscillatory energy of electron in the wave field is
significantly higher than ionization energy of working gas atoms. The
experiments were performed in a linear plasma device "Granite" [1] with
the following parameters: intensity of an external magnetic field H - 3500
Oe, the pressure of working gas - argon - p = 107 Torr, the longitudinal
and cross scale of plasma inhomogeneity - @ = 5 ¢cm and b ~ 0.4 cm
accordingly, electron concentration - n, < 10" cm™, electron temperature
-T.=1+2¢eV.

The microwave power P was launched to plasma sideways by

P, waveguide (Fig.1). An oblique
PIP Langmuir wave (OLW) mainly in
s|°r the form of the fundamental

Wawvequide
a=n_ Trivelpiece-Gould mode was
T 7/~ excited in plasma by influence of"a
/ _  electromagnetic = wave  with
H frequency f = w/(2r) = 2,84 GHz

i
|
¥ X essentially smaller than electron

— , cyclotron frequency, but higher
T than the ion plasma frequency. The
y Class  (obal
v Ps tu e v

‘ dispersion relation for this wave is
a point -~ 2 = [op’ (r, 2) / @ - 1] kIP%,

Fig.1 where k|| and k, are the
components of the wave vector

parallel and transverse to the magnetic field, w,’(7, z) = 4me’/m, -
electron plasma frequency, n, - critical concentration. The plasma with
density higher than the critical value (n.(#,z) > n,) is a plasma waveguide
for OLW with a week axial inhomogeneity. Propagating in direction of
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decreasing electron density to a point of a plasma resonance (focal point)
0= 07, z) the wave slows down and its electric field increases. In focal
point the linear transformation of OLW into “warm plasma wave” happens
and its field reaches the maxima values, assigned by relation [2]:

N k)
E0=(£) / :pl:zj k0+1k0dz'—";r —If:|+00,(1)

a
(3r bkg + 1
where P = xP is the part of 4
incident power P, which is E .Vim kycm
transfered by excitation of the 50 — ke

fundamental radial TG mode -
(according to [1], x # 0.2); Vea = 4qg _|
4 x 107 st - the collision

— 60

frequency of the electrons and ’ — 40
argon atoms in initial plasma, ry- 50 — B
electron Debye length in focal i —20
point, k, - is the component of "
wave vector k along the exterior 0 L L L B o
magnetic field direction. It is 3 -2 A 0 1
defined in neighbourhood of focal ~ Fig.2 z,cm
point at =0 from the equation'
Lz 20m+1) .
3rs(k 1.44 - " =0,
rd( + i ) " +1k")b+m
were 7 is the longitudinal dielectric plasma permeability:
2 2
2 (r; Z) V4 rz \4 @‘
77:1_w_+"]n__+__+”7n ﬂll:_eﬂ_ _ﬁ_e s
V=—
Ko

where f.(V) - is the electron distribution function on longitudinal velocities.
The damping of oblique electrostatic wave given by:

z v
Inby = - [ k"dz' = —(—ﬂ)koa - mcofe(co/ko).
w

—00
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The calculated dependencies of electric field amplitude for P = 20
mW (solid curve) and wave vector of OLW are shown on Fig. 2.

The increasing of wave electric field amplitude (in hundreds times
in comparison with field in exciting waveguide) occurs because of the
group velocity decreasing and propagation channel contraction. It is in the
neighbourhood of the focal point that the electron-plasma collision wave
absorption and the wave interaction with electrons by Landau damping
mechanism are occurred.

The direct measurements of electric field in focal point were not
performed, but nonlinear processes, which become apparent at incident
power about several milliwatts, are confirming the high value of electric
field. So at P > 10 mW the parametric decay instability / — I’ + s
develops in vicinity of focal point [3,4].

According to (1), one can evaluate the oscillatory electron energy
in OLW field:

P k3exp(—2ak Vea / @)
7T@n, 3r§bk3 +1 ’

For the k ~ 40 cm™ (it is usual value for OLW in focal point) the W.(eV) ~
3,2P(W). If P = 5 W the oscillatory energy is equal W.= 16 eV, that
already higher than ionization energy for argon atoms E; = 15,76 eV.

Because of longijtudinal decelerations, which happens in vicinity of
focal point, the phase velocity reaches the values w/k < 4 x 10° cm/s that is
close to electron thermal velocity in initial plasma vy, ~ 10° cm/s. When P
~ 20 W, the electron oscillatory velocity become equal to phase velocity.
At this conditions the resonance interaction with plasma electrons and
capture of electrons by wave can active occur. The energy of captured
electrons one can estimate as W' (eV) ~ 90 P** (W).

Parameters of microwave pump in experiment: impulse power P <
10 kW, impulse duration ¢ ~ 0,1+7 ps, impulse front duration #% ~ 40 ns,
repetition frequency - 300 Hz.

In this investigation we have used the following diagnostics: cavity
diagnostic allowing to measure the electron plasma density distribution;
optical diagnostics giving the information about the change of the intensity
of the integral plasma radiation in visible spectrum range; registration of
light radiation spectrum in the range of 400 - 500 nm; multigrid analyzer
of charged particles allowing to control the distribution function of the
electron component. The information about plasma wave processes was
taken from the spectral analysis of scattered microwave signals as well.

W. =
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At initial moment
(¢ < 150 ns) the longitudinal
distribution maximum of the
integral  plasma  light
P radiation is located in the
129 e 300 ns area of the critical
/o RN concentration (Fig. 3). At ¢
i , o > 150 ns there is the growth
S of the light radiation
2 50ns intensity in the region of
smaller concentration of
4+ initial plasma. The uniform
luminous channel is formed
at the impulse end. In a
0 T T " T T 1 Cross direction the
10 20 30 40 distribution of plasma light
. zZ,cm radiation have the length ~1
Fig.3 mm and then extends by 1,5
- 2 times.
There are low-frequency fluctuations (Fig.4) with frequency 10-
20 MHz in detected scattered microwave signal at the moment of
formation of the luminous channel (150
ns). Then to the impulse end their
frequency decreases to 1 MHz. The
similar oscillations are observed on the
impulses both of the light radiation and
charged particle analyzer current. The | ' I ' l '
low-frequency  fluctuations  after 0 1
detection are the result of beating of r; 9.4 t, mes
two waves: wave passed through )
plasma P, and wave reradiated to the waveguide tract from plasma P,
(Fig.1). At spectral analyzs of the signal from waveguide one can observe
in spectrum the blue satellite, i.e. the frequency of wave coming out from
plasma is higher than pump frequency. The appearance of this effects, as
we consider, connected to the modulation of parameters of plasma
waveguide at channel formation and with the properties of OLW
propagating in it. .
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At the start-up of impulse the multigrid analyzer registers a quasi-
Maxwell’s tail of the accelerated electrons with 7;, ~ 500 eV. The
dependencies of accelerated electron temperature T h On pump wave power
in various time moment from T,, eV
start of impulse are shown on
Fig.5. Until P ~ 0,5 W T,
increases as linear function of
P, then the growth rate falls.

The electron
concentration at short
impulses (< 400 ns) 10
practically don’t varied, when
the pump power changes up
to some hundreds watt o
(Fig.6). At the same time the ~ , _|___e____ "2l plasmatemperature
electron concentration has a
tendency to the permanent 7" I 1
increase during the impulse at 0 1E2 1E+0  1E+2 1E+4
duration about few Fig.5 P.W
microseconds at lower powers (~ 20 W) . The concentration increase
continues after the microwave impulse during the tens microseconds, and
then slow plasma decay is observed.

0.5 mes +
0.1 mes ] -

111

OHN O

continued

4 .. - P04
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. The ion lines are the
Ne, 10%m 3 most  intensive at the
6 — _ R beginning of impulse (¢ <
{J t;=400ns P=100W  * 100 ns) and the spectrum is
| @ 400ns, 1000w . practically consists of Ar"
® 7mes 20w N\ lines. The ion lines intensity
4 — f « *  fall at the impulse end and
J N\ become weaker than Ar
1 / *  atom lines. One can relate
4 this effect to the decreasing
o of energy of the accelerated
b osgee ™ electron at impulse end. The
initial plasma excitation of ions and atoms
0- pasremmees S is likely to happen from the
DU pasic state of argon at
gon atoms
0.1 1.0 10.0 100.0 after  collisions with
Fig.6 t, mes accelerated electrons.
The longitudinal
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spectral line intensity distribution for ion Ar* (454,5 nm (4s°P -4p°P")) in
various time moment from start of impulse is presented in Fig.7 (curve 1 -
t=70ns,2-80ns,3-100ns,4-110ns, 5 - 130 ns, 6 - 180 ns).
At ¢ < 110 ns, the maximum
1, a.u. of intensity is located in the
167 area of focus of initial
plasma, similar to the
integral light distribution
(Fig.3). However, in this
case distribution curves have
an obviously expressed
maximum and their forms
are similar to the theoretical
picture of electrical field
distribution of wave in the
area of focus (Fig.2).
Since ¢+ > 110 ns,
,  maximum of distribution
40 begins to displace, that is
Fi g 7 zZ,cm likely to relate with growth
. of electron concentration
and, as a consequence, with displacement of focus point. Knowing the
electron concentration distribution in initial plasma n., and time of
displacement of longitudinal intensity distribution maximum 7, it is
possible to estimate the ionization frequency in plasma: vip ~
In(n./n.,)/(1p) =~ 3x10° s Torr™.
The estimation of ionization frequency have been carried out also,
basing on change in time of intensity of a spectral line of ion component 1.
According to the plasma crown model I ~ n, and for ionization frequency
was received the following value: vi/p ~ 3,5x10° s™ Torr™, that is close to
value already above received from the analysis of focal point displacement.
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NONLINEAR INTERACTION S
OF KDV SOLITONS

G.M.Fraiman ! and D.N.Ivanychev
Institute of Applied Physics, Russian Academy of Sciences
N.Novgorod, Russia

1 Introduction

One of the most important questions which appears during the anal-
ysis of nonlinear nearly integrable systems describing by the partial
differential equations, is to develop the perturbation theory to investi-
gate the character of solitons interactions in such systems. At present
such methods for investigation of one solitary wave interaction are
developed well enough [1]. All of them are based on the “shortcut”
differential equations on the solitons parameters (those like solitons
mass centers or their velocities etc) obtained in one or another way.
The asymptotical methods of the perturbation theory are multivari-
ant but as a rule all of them are based on the assumption about the
solitons stability in the consideration of the weak perturbations of
them. Herewith, the variational principle which was developed by
Whitham [2] acquired the greatest popularity because of its simplici-
ty. The content of its method can be described in the following way.
To investigate the nonlinear system dynamics with weakly changing
parameters it is necessary to use the variational principle of the cor-
responding nonperturbed problem generalized to the case of the weak
perturbation:

§iS=§60q, (1)

where § = [* [Ldt, L is Lagrange function of the nonperturbed
problem, and @ is dissipative function which depends on the pa-
rameters of the nonperturbed problem. Having made the coefficients
standing in front of the corresponding independent variations equal,
we immediately obtain the required shortcut equations, which de-
scribe the weak evolution of previously standing parameters of non-
perturbed problem.

! e-mail:fraiman@appl.sci-nnov.ru
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The main problem of such an approach is the absence of strong
criteria of convergence and the consequent perturbation theory. As
far as single-soliton problems are considered, appropriateness of the
variational approach for nearly integrable systems was demonstrated
by comparing the shortcut equations with those obtained by the exact
perturbation theory (IST) in the first order. However, as it will be
shown in this paper, this method can fail already when applied the
problem of soliton pair interactions.

Constructively in this paper we will demonstrate it on the example
of soliton interactions within the frame of equations which are closed
to the KdV equation. It’s well known that equation

Ut + c Uy + uug + ﬂuza:z =0 (2)

describes a wide class of nonlinear wave processes. It generalizes the
usual wave equation,
2
Utt — C Ugy = 0, (3)

for unidirectional waves propagating to the right-hand side of the
numerical axis if we take into account the presence of weak media
nonlinearity and dispersion. It was shown in [3, 4] that the KdV
equation appears in some types of weakly nonlinear and dispersive
systems. If we take into account weak viscosity, we immediately
obtain the BKdV equation:

Ut + C Uz + UUg + Ugzr = PUzg. (4)

Processing the linear substitution of variables in (2) we obtain its
more preferable form:

U — 6UlUg + Uger = 0. (5)

The advantage of this form is in the simplicity of obtaining numerical
coefficients in the solution. The processes taking place in this simple
system are well studied [10, 7]. The evolution of the initial condition
looks like fragmentation into solitary waves moving to the right-hand
side of the numerical axis and oscillating tails moving to the left-hand
side. If initial condition wu(z,0) in the model of equation (5) satis-
fies the following condition: [*%° u(z,0)dz < 0 , then the oscillating
tails will add insufficient deposit to all motion integrals if the ratio
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of nonlinearity and dispersion is a big parameter of the problem [7].
If these requirements are satisfied, then we can consider our system
using the terms of solitons. Asymptotically, when we tend t to
t+oo , field distribution wu(z;t) is splitted into a sequence of infinite-
ly separated solitons with the shape of the single-soliton solution of
the KdV-equation with different values of velocities and amplitudes.
So we see that the field allows us to describe it using the terms of
quasiparticles. The similar approach was demonstrated, for example,
in article [1], where the approximation of closed velocities used and
the motion equations for soliton-particles are obtained. The authors
of this paper considered pair interactions of solitons with closed ve-
locities. It is well known (in the framework of the KdV equation)
that in the case of closed velocities, v; and vy , the maximums
of the interacting solitons are situated farther than a logarithmical
big distance on parameter vy — v; . In this case the wave packets

can be approximated as a sum of two pure single-soliton solutions of
KdV (5):

us, (z,t) = —2) € = -4k’ (6)
AT cosh? k(2 — €5(1)) - 7
In the obtained model the authors discovered that solitons repulse
and change their initial momentums during interaction. It appeared
that in such a model of interaction the asymptotical results are well
matched with the results of the exact solution. Namely, the relative
soliton shifts before and after interaction are equal to the same shifts
yielded by the exact theory in the main order of the perturbation
theory by the small parameter of the problem. The weak place of such
an approach is as follows: it takes into account only exponentially
weak interactions between solitons, so it required particular attention
during its application (more completely this question will be discussed
in the discussion of the main results ).
The reasons for writing this paper were the results of numeri-
cal simulations of soliton interaction in the framework of the BKdV
equation (7) with weak viscosity.

Ut — 6UUL + Upzy = Plze. (7)

We expected that even weak dissipation p < K12 (where k2 =
—k}, are lines of discrete spectrum of the Shrodinger’s equation
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Figure 1: Pair of KdV-solitons

Y" + [k? — u(z;t)]y = 0 ) could decrease relative velocity of solitons
if p ~ |k2 — k1| because of the increasing of gradients of solitons
velocitities in the interaction area. In this case a couple of solitons can
be born. We saw the predicted effect during numerical simulations:
K1 =05, kg =06, p = 0,05. In the same experiment but
with g = 0,001 the solitons didn’t couple and we saw two solitons
like in the model of KdV-equation. When making the dissipation
coefficient, p , greater than it was in the first case the coupling were
always taking place. The coupling solitons are always construct two-
hills nonsymmetrical field distribution with the big front hill like in
plot 1.

Such distribution moves and retains its shape. Of course it dissipates
in time with a small tail radiating ( |h| < 4%, ) but very slowly.
The characteristic cut of time T of dissipation is more greater than
characteristic time 7 of soliton coupling.

The attempt to describe this effect using the variational method
with application of the single-soliton approximation of exact two-
solitons solution leads us to the wrong result. The coupling in this
model is absent. Thus, we should consider the exact two-solitons
solution of (5) to develop a perturbation theory.

In paper [11] the authors developed a perturbation theory for
equation (10) based on the IST method and as a simple application
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they demonstrated it on a single KdV soliton
us(2;t) = —2k(t)% sech? k(t)(z — s(1)). (8)

As the result of this application, two differential equations were ob-
tained. In this paper the soliton parameters were chosen in the same
way:

) (3 - ) )
Us = (k2 coth ka(z — €3) — K1 tanh Ky (z — £;))2
(R S —. ©)
cosh? ky(z — &)  sinh?ky(z — &)/

where &2 = 4n%’2t ,and kg > Kk . As the result, the system of four
first-order differential equations was obtained. They describe time
evolution of parameters ;2 ( 4x%, mean soliton velocities) and
&1,2 (means solitons coordinates). After some transformations this
system can be transformed to the system of two differential equations,
which describes fast coupling of solitons.

2 The adiabatic perturbation theory for ex-
act tow-solitons solution of the equation
KdVv

2.1 IST method

In this section we using the method described in [11] are to develop
the perturbation theory for (9) for KdV equation (5) with the weak
perturbation term in the right-hand side of it:

us — 6uUy + Uggy = R[u]. (10)

The weakness of perturbation means that corresponding term is al-
ways much less than all other terms in the equation for all values
of ¢ and z . In the zero'order it is possible to ignore the effect of
the perturbation term so we have exact two solitons solution of (5).
Evolution of soliton parameters can be described by the following
equations: Ky = 0 and 51,2 = 41@%,2 . In the next order these
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equations will be written in a more exact form. And if the perturba-
tion is weak enough (the soliton velocities weakly change in the time,
which solitons move their widths), then this order will be enough to
describe coupling effects.

As is well known, equation (5) is the condition of compatibility
of auxiliary differential linear equations (11)-(12):

N . 92

Ly = X, L= ~ 522 + u(z,t) (11)
= Ay, A= 63 +6 0 +3 12

1/)t - ’ = -4 oz 9.3 ua Uy ( )

If it is, then the eigenvalues of Shrodinger’s operator don’t depend
on time t . Perturbated equation (10) in terms of operators L and
A is rewritten in this way:

Ly + (L, A] = eR[u). (13)

In the perturbated case we have the same Shrodinger’s equation
but now potential function wu(z;t) doesn’t satisfy the KdV-equation
so eigenvalues —~x2, now have the temporal dependence (remember
that t is only an external parameter in the Shrodinger’s equation
and not a time).

Let us consider the problem of evaluating the eigenvalues of ad-
joined Shrédinger’s operator L+ :

L = . (14)

Let us suppose that we know the solution of the problem (14): 1 .
Let us suppose also that (¢,%) # 0. And now let us multiply
equation (13) by % from the left side. Following the definition
of adjoined operator (Lv,%) = (¥,L*4) we obtain the following

expression:
- (¢,( f/f[t)w)' 15)

We can observe that if ¢ = 0 equation (15) gives us the result of
nonperturbated case %K%J = 0 . It is not very difficult to check that

operator L is self-adjoined. In this case we can choose functions
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¢ and ¢ as Yost’s functions of Shrédinger’s equation (11) with
A=k?: f(z,k;t) and g(z,k;t).

Let us remind some properties of Yost’s functions(for more detail
see [9, 15, 19]):

g(z,k;t) = cu(k)f(z, k;t) + c1zf(z, —k;t) (16)
f(z’k;t) = c21(k)g(z’_k;t)+622g(z,k;t)' (17)
Substituting Yost’s functions to (15) and setting A = -k, we

obtain the following;:

R + f(z,ik1,2;t) Rlus)g(z, iK1 2; 1) da
2"’1»2 fj:: f((l?, inl.Z; t)g(z’ inl,2; t) dz
Equations (18) are insufficient to describe the dynamics of the two-

solitonian system. We should find also the equations for &; .

Let us differentiate equation (11) with respect for ¢ . We obtain
Ly + Ly = A + Ap; . Substituting the value of L;3p from (13)
we obtain the following equation:

(L =N~ AY) = A — eR[us]y. (19)
Let us consider function ® = ¢, — Ay . It satisfies the following

linear nonhomogeneous differential equation:

(L - N)® = X\ — eR[u,]¢ (20)

K12 = (18)

The homogeneous equation corresponding to (20), (L — A\)& = 0,
looks like Shrodinger’s equation %2;% +(k? —u)® = 0 with unknown
potential u(z;t) . All we know about it now is u(z,?)|,_ 4o
0. In this case operator A has the following asymptotical value:

~

A = —43135 . Let us consider the solution of the nonhomo-
z—=00 z

geneous equation corresponding to Yost’s function g¢(z,k;t) , which
possess the following property: lim g(z,k;t) = e . Writing ¢
T——00

—

in the form h(t)g(z;k;t) and setting z — —oo we obtain
® = ¢ — Ay = (hy + 4ik3h)e 2. (21)

Let us suppose that h(t) has the form of h(0)e*’t . In this case ®
tends to zero if £ — —oo . If the perturbation coefficient tends to
zero then equation (20) gives us the solution: A\; =0 .
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On the other hand, setting z — +o0o and using Yost’s functions’
properties (16) we obtain the following form for function Phi :

d - h(t)[chte_ikz + (Cllt - Sikscll)eikz]. (22)

For the arbitrary values of z we can write the solution of non-
homogeneous equation in the form of linear combination of Yost’s
functions f(z,k;t) and g¢(z,k;t) :

@ = oz, k;1) f(z, k; 1) + B(z, ki t)g(z, k; 2). (23)

Varying arbitrary constants a and B we obtain the following dif-
ferential equations for them:

* = 2?1522_/ (A — eR[u,])lg(a", ks 1))* da’ (24)
b= 2?’5722_/ (At — eR[us]) f(', ks t)g(a’, k; t) dz’ (25)

Now let us use the boundary conditions (22) for function ® with
found coefficients @ and S .If z — +00 , then

P = aeik:z_‘ + ﬂ(clleikz + cl2e—ik:z:) —
= 2?@2,2 [e““c JE5 €% (A — € Rlus))g(g — e f) de+
+e~*Teyy [ (M — eR[u,]) fg da’.

Equating the coefficients before the same exponents from the last

equation and from (22) we obtain the differential equations for scat-
tering coefficients c¢;1(k;t) and cia(k;t) :

Ci1t — 8ik3011 = —5% -:°°°()\t -
—&R[us)) f(z, ki t)g(z, k;t) dz,  (26)
izt = i [_;w(/\t — eR[uy]) f(z,k;t) X
xg(z,k;t)dz. (27)
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Function f(z — k;t) has a singularity with k = ik;2 (for the
example see [15]). It will be clear when we write functions f and
g in the obvious form. Using equation (16) for g¢(z,k;t) we obtain

f((l?, —k;t) — g(:l?,k;t) _‘:::(llg’kt’)t)f(z’ k;t)- (28)

As we see, this fraction is of the % type. Solving it and tending &

to iK1 we find the following equations for ¢;; :

— y 3 _—
c11¢ — 8tk7cny 2n1 2012(m1 B / R[us)g(ik1,2) X

X %[g(k) - cll(i’clﬂ)f(k)]kﬂm,z dz, (29)

where the dot means differentiating by k for brevity.
If k=1ik1o then the Yost’s functions aren’t linear independent

9(z,1K1,2;t) = c11 f(@,1iK1,2; 1) (30)

We can find Yost’s functions of nonperturbated problem and giving
k = ik 2 we automatically obtain the value of c¢y1(ék1,2 . For the
last one we have differential equation (29) but c¢;; depends of &2
so we find the differential equations for them. Now we found a full
system of differential equations, which describes the dynamics of the
two-solitonian solution of the KdV equation in the media with weak
dissipation. Now we have to do some evaluations for the BKdV mod-
el.

Let us find Yost’s functions of the two-solitonian potential. We
use Crum’s method to find them. As you know, Yost’s functions
of Shrédinger’s equation with a trivial potential u(z;t) = 0 have
the following form: fo(z,k;t) = et go(z,k;t) = e~ . After
applying Crum’s transformation of the second order for them, we
obtain the linear independent functions satisfying the Shrodinger’s
equation with the two-solitonian potential (9):

{fZ(zak; t)} _
gz((L‘, k) t) B
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coshky(z — &) sinh K2(z — £2) 1
kisinh ky(z — &)  Kgcoshko(z — &)  Lik
{A}*mr;@w*ﬂﬂx-&) k}sinh kg(z — &)  —K?
e !
B coshky(z — fl) sinh ka(z — &2)
kisinhky(z — &)  Kacoshka(z — &)

(31)
If we find constantants A and B from the following conditions:

Af2 = eika: ) Bg?lz—v-—oo = e_ikz’ (32)

T—+00

then f and § are the Yost’s functions which we are interested in.
They can be written in the following form:

K2 = K1 _inyy sinh 2z,

Jikpt - 33
(2 im31) . : (33)
ooyimst) = - Mgma LA (34)
Y
. - KT _; h
f(w’r“g2;t) = K;22—,ﬁe"""'72€2cos—z]" (35)
Y
. - : h
foinmt) = Fohema A, (36)
¥ = Kkgcosh 2z coshzg — Ky sinh 2; sinh 25.

Then, following our method, which we already discussed, it is neces-
sary to evaluate coefficients ¢11(ik1) # c¢11(4K2) :

calim) = el = -, @)
C]1(‘il€2) — % = 2r2b2 (38)
Expression m is nothing but passing coefficient 7T'(k) for the
wave going with wave vector k through the two-solitonian potential,

us(z;t) . Formula for T'(k) for the nonreflective potentials is well
known:

1 (k+ir)(k+1Ky)...(k+ikN)
c12(k) (k= iKy)(k —iKg)...(k —ikN)
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In our case the value of ¢12(k) given with k =ik

dclz(k) Ky — K1 1
dk lgminy, K2+ 126K (40)
dclz(k) Ko—ky 1
—= 7 = _— 41
dk k=i, K2 + K1 2K (41)

We will skip very long evaluations of expressions
£ [g(k) — c11(ik1,2) J(E)lk=ix,, and just write the result:

2, € [t
& = 4ki+— 8 / Rlu,]ui (2, 8) {z1 +
2
1x % + #f 5 sinh 22 — 22R1K22 coth z3 cosh? 2y ¢ da,
2K Ky — 1 Ky — Ky
(42)
+
by = 41‘62 + 8 4/ Rlus]uz(z,t) {22+
1 K'g + Kl smh 229 — 22I€1 K22 tanh 2 sinh? 32} dz,
2k Ky — Ky
(43)

where functions wuj(z;t) and wug(z;t) are defined as following:

K1+ K

u(z,t) = -8k 2;;1 2f(a: iKk1;t)g(x,1k1;51) (44)
K2 + K

ug(z,t) = -8k 2’:2 f(a: iKg; 1)g(x,1k9;t) (45)

Transformed equations (18) in the new terms have the following form:

e = gz Rulu(d (46)
Ky = 822 /+ RlusJus(z, t) de. (47)

Together equations (46), (47), (42) and (43) are the full system
of differential equations which describes dynamic of two solitons in
dissipative medias. We will point out the properties of functions
U2 [19]
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1. Two-solitons solution wus(z;t) is the exact sum of field clots
ui(z;t) and wug(z;t) .

2. Asymptotically, with ¢ — foo , functions wu;2(z;t) have the
form of pure single-solitonian solutions of the KdV equation:

—2k2
w1 (2, 1))z = (48)
TlmEee cosh?(k1z — 4k3t F In §2tm)’
—2k32
ug(z, 1), = - (49
225 Dliotoo cosh2(n2w—4ngtiln%—2—+—122_zl (49)

3. Field clots u2(z;t) save wave momentums of each soliton:

+oo '
/ ’U,Lz(.’l?,t) dz = —4K,1,2. (50)

(o]

4. The soliton coordinates defined as the average value of z with
distribution functions wu; 2(z;t) have the following dependence

on time:
+o00
uy(z,t)dz 1
<zT1> = f_fooz 1(2,1) =4"%t__lnﬁzfﬁl X
S5 ui(z, t) d 261 K2 — Ky
x tanh [e2(k1, k2)(K2 — K1)t], (51)
ffo": zuz(z,t)dz 2 1 K2 + K1
<z,> = =4k3t + =—1In X
2 f;"o‘f ug(z,t)dz YT 2 K- Ky
x tanh [e2(k1, k2)(K2 — K1)t], (52)

where c¢z(k1,K2) is a certain function, which is symmetrical by
places exchanging of its arguments.

If we understand these coordinates as solitonian ones, then in this
system solitons are attracting during interaction (see fig. 2).

All of these properties can be generalized for the N-solitonian
case but field clots {uq,ug,...,un} now must be defined as follows:

N

uj = —8.4;‘-’ H Kt s f(z,ik;; t)g(z,ik;;t) , j=1...N,
s=1 Kj — ks
. (53)
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Figure 2: Solitons trajectories

where f and g now are Yost’s functions of the N-solitonian poten-
tial of Shrodinger’s equation. Using the terms of % —functions the
previous property can be rewritten as the following theorem

Theorem 1 The arbitrary nonreflective potential u(z;t) of Shro-
dinger’s equation ¥" + (—k% — u(z,t))y = 0, where t is exter-
nal parameter, can be represent in the following combination of v -
functions of the discrete spectrum:

N
u(z;t) = —4Zns|2/)s(x,t)]2, (34)
s=1

where N is number of discrete levels and —x? are discrete levels
in potential us(z;t) .

This property was pointed by Deift and Trubowitz [20]. Indeed, be-
cause the eigenfunctions of operator L are the full closed system of
functions, their squares are the full closed system of functions too.
So the arbitrary function, which satisfies some conditions [20] on the
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infinity can be written in the form of these functions series. This
function can be wu(z;t) too. Property 4 needs to be slightly rede-
fined. N solitonian coordinates < zj >, j = 1...N defined

in analogy with the property 4 ( k1 < K3 < ... < &N ) have the
following evolution:

Kj + Ks
Rj_K./s

N
1
<zj>=4kdt+ 3 Y In tanh [en(k;, ks)(k; — Ks)t],
s=1
s#3

j=1...N. (55)

Thus in terms of soliton mass centers the exact N-solitons prob-
lem in the framework of the KdV equation the soliton interaction is
constructed of pair solitons interactions. Previously this result was
known for asymptotical data about solitons coordinates’ shifts [10].

2.2 Whitham’s variational method

Let us find the Lagrangian function of the KdV equation (5). We
need consider not function wu(z;t) but potential function &(z;t)
which could be defined as the follows: wu(z,t) = A :’t . In new
definitions equation (5) has the following form:

It is clear that the Lagrangian function has to depend on the following

variables: ®, , ®; and ®,, . If it is right, then the minimal ac-
¢

tion principle 6 [[12° L(®,,®,,®,,)dzdt = 0 gives us the following
0

Euler’s equation:

d 0L d oL d* oL
" 408, 4 0%, T 20, (57)
Having compared equations (56) and (57) we can immediately write
the Lagrangian function in which we are interested in:
+oo 1 1

And now, to obtain the motion equations for solitons, we should
substitute the N-solitonian solution of the KdV equation u,(z;t) to
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the Lagrangian function, which we have found. In our case we should
substitute two-solitonian solution. After evaluation of all integrals
we obtain the following Lagrangian function of the two-solitonian
system:
8 5, 32 8 3, 32

L= 55:1351 - "5""»? + 5“352 - "5"9‘;’ =Ly + Lo, (59)
where L; and L, are Lagrangian functions of single-solitonian sys-
tems. We can see that in these generalized coordinates the solitons are
independent because there is no interaction term in the Lagrangian
function of two solitons. Varying L by soliton parameters we obtain:

1 t
§ / Ldt = / [8,@%(5‘1 — 4k3)ok, — % (gnf) 561+
0 0

: d (8
+8K%(§2 - 4K%)6Iﬁ72 - a (gﬁg) 662] dt = 0(60)
Having equated coefficients standing before the independent varia-
tions to zero we obtain the motion equations:

I.C1,2 = 0 (61)
51,2 = 45%’2. (62)

It was the result for nonperturbated system of two solitons. But
the small perturbation term standing in the right-hand side of equa-
tion (10) changes the form of obtained equations (61) and (62). If
the perturbation term can be written in the form of full variation
of certain function L;,; , then our problem could be solved exactly
using the previously discussed concept. But it is necessary to change
L to L=1L- Lip; everywhere.

In the majority of cases the perturbation term cannot be pre-
sented like variation of L;,; and we have to develop the sequential
approximations method to obtain the motion equations. If the right-
hand part of (10) is weaker than other terms in it, then in the zero
approximation we can consider the nonperturbed KdV equation. As
a solution we take of course the two-solitonian solution wu,(z;t) . In
the next approximation the solitonian parameters become weak func-
tions of time ¢ (we already discussed the meaning of weakness ). We
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cannot find the motion equation using the minimal action principle.
It doesn’t work for our equation (10). But it can be generalized to this
way: 6L = & Q ,where & Q isincomplete variation of dissipative
function @ :

§Q= / us]6<I>dm_e/ R[® ](gq’

09, 3<I> 09, >
—26ky + —6 —25
+ P 36 &L+ +— 3, &2

where potential ® can be evaluated directly after integrating u,(z;t)
The partial derivatives in the right-hand side of (63) can be evaluated
very simply:

(63)

0%, _ (=2)(x3 — K3)
Ok1  cosh? z;(k; tanh 21 — kg coth 23)2
2, .2
X [l Kyt ﬂ; sinh 2z, — % coth z; cosh? z; + zl] s (64)
2K — K Ky — K§
0%, _ (—2)("'2 - ”1)
Ok sinh? z3(k; tanh z; — k3 coth 2;)2
1k2+ & 2K1K .
X [5 "Z — m% sinh 2z, — ;%—l—ﬁ? tanh z sinh? 2, + z2] , (65)
0P, ‘
= - t 66
afl ul(x’ )’ ( )
0P,
= — t). 67
862 U2(z, ) ( )

And now, having written the generalized minimal action principle we
immediately obtain the final motion equations:

kl = —2 / Rus]ul(x t)dz
K1
+00
Ry = = / Rlus)us(z, t)dz, (68)
8/92_0o
. 9 £ +o00
& =  4ki+ ———4-/ Rlus]ui(z,t) {1+
8k] J-oo
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1k 2 + K 2 2K,1K,2
5 g % sinh 22 — m coth 23 cosh? 2 dz,
. [e.o]
b= bt [ Rluua(e,) (a+
I‘i:g - 00
1 2 2 2
‘Kz - ;snh2z2 - #taﬂhzl s1nh2 22} dz

(69)

which are fully analogous to those we obtained in the previous section.

Thus, we obtained the equivalent results using two methods for
the KdV solitons in dissipative media. It is obvious that the varia-
tional method yielded results quicker and easier. Karpman’s theory
way is rather difficult from the technical point of view and its diffi-
culty increases very strongly when the number of solitons increases.

3 Solitons coupling in the BKdV equation

In this section we will apply our common results to the case of BKdV-
equation (7). In this case perturbation term R[u,] standing in equa-
tions (42), (43), (46), (47) has the form pus;; . We will consider the
case of close soliton velocities: In %2t& > 1 .

First, let us consider the case of the exact 2-solitons solution ap-
proximation by the sum of sufficiently distanced exact KdV-solitons.

2K3 2k2
s(z,t) = — - - 70
us(2,1) cosh?ki(z — 1)  cosh? ky(z — s3) (70)
The lagrangian of this problem has the following form [1]:
2 2 _
L= gni’sl + gngs'z - %n‘;’ - %ng — 2567%eFls2—al, (71)

Here K = (Kk1+k2)/2 is constant of time and s = s;—s; is less than
zero all time. The exponential term corresponds to the potential en-
ergy of solitons interaction and it corresponds to their repulsing when
viscosity is absent. Having calculated the variation of the dissipative
function using formula (63) and applying the variational method we

538



obtain after some transformations:
8 _
ko = —puRTRs+ 64k (Rs)e~ 2"l (72)
§ =  B8Rks— 32uR(ks)2e 2RIl (73)

The stationary point of such problem is absent.

The situation can be saved if we consider the existence of nonsoli-
tonian tails between interacting solitons. If we consider the tail which
is radiated by the right-hand soliton in the form, —xtanhxs(z—§&;)
then the system transforms to the following one:

ks = ‘%“’7‘2"6 + 64k (Rs)e 2RIl (74)
2
§ = BRRg+ k. (75)

The last system possesses two stationary points of different type of
stability, which need to observe the coupling.

Now we consider the exact 2-soliton solution in the perturbation
theory. In the case of closed velocities the right-hand parts of the
motion equations can be simplified. Let us subtract equation (47)
from equation (46). We obtain

. I +o0 I +o00
ks = W/ (u2 — U1 )Usgr dz = --é,_{—i[_ (ugz - ufx) dz. (76)

—00 )

If the solitons are sufficiently distanced then we can talk about
independent solitons. Taking into account relation x; > k; we could
say that the integral standing in the right-hand side of equation (76)
is positive. During the interaction of solitons this integral can change
its sign if the eigenvalues —x2? and —k32 are close enough. This fact
can be explained in the following way. If k; =~ k3 and t~ 0 then
functions wuj2(z;t) have approximately the identical shape. The
area of sufficiently different behavior placed near the point of their
symmetry as you can see in plot 3, where k; = 0,3, &2 = 0,305,
t = 0. Function u; equal to zero in the certain point on the z -
axis (when ¢t = 0 it is point z = 0) and function wu; has no
such points at all. This fact follows from the oscillating theorem

of quantum mechanics because the eigenvalue —x% corresponds to
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Figure 3: Functions —u; 2 in the interaction area

the lowest discrete level and —x? corresponds to the next one. In

the area, which we mentioned before, the value of w?, is mainly
greater than u2, , so the integral in (76) can be negative sometimes.
Evaluating it, within our approximation of closed velocities we obtain

ks = gpfczng In i—’:. (77)

Equation (76) can be rewritten in the following way:
. 8 o _ '
Rg = —pR ksF(R, ), (78)

where function F were calculated by us and has the shape of a
bell. You can see in plot4( k3 = 0,3, 2 = 0,301 ). Here are some
properties of this function:

o If Il_‘{(fz—fl)l > 1,then F=-1.1I & —& =0, then
Fx~iln i—’; )

e The characteristic scale of function F is £~! and it does not

depend on ks . This fact was checked by us during a great

number of numerical simulations.
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Equating the right part of equation (78) to zero we obtain mo-
tionless point 6* : F(&,6*) =0 .

And now let us subtract equation (42) from equation (43) but
before this we should point out, that if solitons velocities are closed
we can say that the shapes of functions wu;3(z;t) are approximately
identical in the small neighborhood of point § =0 ( |6] € Rln ;25 ),
the value of expression in brackets is changing more sufficiently in this
neighborhood of § =0 . So this part will determine the dependence

of integral on ¢ : )
0 = 8Rks + pG(R6). (79)

The integral standing in the right-hand side of (79) is not calculated
analytically too. Function G is shown in Fig. 5. It has characteristic
scale k¢ in the framework of our assumptions about soliton veloci-
ties. Let us approximate the linear part of function G in the neigh-
borhood of point 6 = 0. If [6] « Aln%E then w; and uz have
practically the identical shape so we assume that u; = u; = u/2.
The dependence of the integral on § is defined by the expressions
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standing in brackets under the integral, so:

S 8u ( I )2 _,_
6 = 8kKs 15 \m R(R0). (80)
Having equated the right-hand part of the obtained equation to
zero we find 1/
_3 *
«_ [HRZ6
K" = ( B ) . (81)

Now we are evaluating the coordinates of motionless points . If we
linearize equations (78) and (80) in the neighborhood of this point
(k35,6*) we obtain the following system of linear differential equa-
tions:

d . _ 8 5 . (8F - .
S TR AT 5=6.)5’ (82)
d - . 8 k.

Eé = 24RRs — i-g/,tﬁzzé. (83)

Let us rename the derivative of F calculated in motionless points
61, via a1 . Itis clear that aja; <0 and |oy| = |a;| because
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function F has two zeros and has derivatives with different signs
there. Let us investigate stability of the motionless points. To make
it we will find the solution of our linear system in this form: e* .
After substitution of this exponent in system (82)-(83) we obtain the
following algebraic equation:

8 —4

64
Ay — 15 *2/\+—-;m Kyoq,2 = 0. (84)

5

For our estimations let us set x6* = 1 . After it we can find from
equation (81) that kf = (%) . The previous equation can be
rewritten as:

A2 43241383 ) + 52431 3q = 0. (85)

It has the following roots:

M = —1,6pM PRSP +1,6pM RS 3\/1 -l (%) CY

In our case of weak dissipation coefficient p is small, so param-
eter £ < 1. We have two motionless points: (;%5,5) LI >0,
then it is stable, and if §* < 0, then it is unstable.

The stable motionless point, of course, corresponds to solitons
coupling which we observed in experiment. The distance between
the hills of solitons is approximately equal to the characteristic scale
of one soliton multiplied by In i—k in the case of closed velocities.
After coupling this distance can change only due to dissipation of
the whole envelope. The rate of this change has the same order as
solitons couple dissipation and that rate is much less than that of
coupling. The process of coupling, as we can see from (86), is very
quick because p~1/3%=8/3 « pu~1g-2 .

It is necessary to add the following. We were comparing the
results of numerical calculations of the exact BKdV equation and its
model, which we have obtained and we found their good matching
(see Fig. 6). The coupling time in the both cases are approximately
equal to each other. The only difference is a small spatial shift of the
double soliton, which is caused by the influence of the weak tail in
the exact model.
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Figure 6: Results of numerical simulations of the BKdV equation (7):
exact solution(to the top), solution of the sortcut equations (68),
(69), (to the bottom). The initial condition in both cases is the exact
two-soliton solution of the KdV equation, u = 0.05, k; = 0.3,
k2 = 0.35
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4 Resume

It is necessary to add that we compared the results of numerical cal-
culations of the shortcut equations and the exact solution of BKdV.
They were found to be a perfect matching (see Fig. 6).

The analysis of such model of nonelastic processes in the sys-
tem with weak dispersion and nonlinearity has shown that taking
into account even weak viscosity completely changes the structure
of solutions. The coupling processes are sufficiently faster than the
dissipation of the whole solution. We are assured that the consid-
ered property is not specific one of our system. The soliton coor-
dinates we introduced in this paper are not coordinates of soliton
maximums, which we can observe in experiment but distanced to
constant < 1In2E from them. It can be found from property 4 of
functions ul,z If 6 1is fixed, then the distance between solitons
fixes too.
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FRACTAL COLLAPSE IN NORMAL DISPERSIVE MEDIA

A.G. Litvak, V.P. Slipenchuk, G.M. Fraiman

Institute of Applied Physics, Russian Academy of Sciences,
46 Ulyanov Street, Nizhny Novgorod, Russia

Recently a great attention of researchers has been given to the problem
of nonlinear interaction of intense ultra-short laser pulses with plasma and
plasma-like media. The longitudinal dimension of such a pulse is usually
significantly smaller than the interaction space, so one can assume that the
self-action process has the 3-D character. Besides, at this durations the
process is governed by the Kerr-type local nonlinearity. It is well known
(for detail see [1]..[3]), that in the co-moving with linear groups velocity
coordinate system for complex amplitude of wave packet, having averaged
one can get:

72 4
at?

The main specific feature of this problem that differs it from the prob-
lem of critical wave collapse, which was widely discussed in the 80ths, is
that the nonlinearity influences the processes in the transverse (A;\¥ in
Eq. (1)) and longitudinal (‘Vy) directions in a different way. Namely, in the
transverse direction the nonlinearity is a focusing, and in the longitudinal,
a defocusing one.

That is why beginning from [1] all the discussions connected with the
possibility to realize the singularity regime in Eq. (1) reduce actually to the
problem of competition of these two processes. In this paper we will ana-
lyze the recent results (first of all, those of [2] and [3]) and discuss possi-
ble scenarios for realization of singular behavior of solution (1).

The main outline of the discussion is as follows. First we will present
the results for self-similar solutions that will be necessary for further con-
sideration [2]. By that, we assume that realization of the singularity regime
requires transverse self-focusing, at least. Then the profile formed fast in
the transverse direction is close to the self-similar one but has a somewhat
over-critical character. Further the process of transverse compression may
go on only if the power in the transverse cross-section (at ¢ = const) tends
to Pc(5). As shown in [4], at purely transverse compression this power
decrease may go on only by means of “tunnel” leakage. However, within
the problem considered here the process of power décrease in the cross-

iY,+ A, ¥ +|¥P=0 ¢))

548



sectton with the minimum size goes on due to defocusing (energy flow)
towards 7. By that, near the maximum the field became smoother over ¢.

Further the splitting instability become evident, that is caused by spe-
cific degeneration of two-dimensional defocusing problem [5],[6] (due to
existence four-parametric manifold solution of self-similar channels). The
main characteristics of this instability (parameter range, growth rate , etc.)
will be discussed in paragraph 3 in the frame of variation approach. Con-
trary to [2],[3], this method allow us to find interested functions for all
scales, and not for long-wave region only. Having obtained the results of
paragraphs 2 and 3 we will then discuss possible scenarios for the self-
focusing process at all z. At least three variants prove to be possible in
principle: finite number of splitting and consequent blurring with no sin-
gularity formed [2], formation of a singularity after a finite number of
splitting [3], and fractal regime proper with formation of singularities after
an infinite number of splittings. However, having done analysis shows,
that first regime can be realized only for long enough waves with a not
large subcritical power, and the second one, evidently, does not exists ei-
ther. For sufficiently subcritical wave packets the regime of fractal col-
lapse occurs.

2. In this paragraph we will discuss the main properties of the mani-
fold of self-similar solutions for the problem of transverse self-focusing
(0/0r=0). From theory of 2-D self-focusing it is well-known that the main
process when coming closer to the singularity is the process of separating
a self-similar solution at the peculiarity point. This solution is an element
of the four parametric manifold with the following parameters:

a = (a,a,ﬁ7¢0) (2)
where a is width in the transverse direction, d =6a/0z is value re-
sponsible for the wave front curvitude, # = —da’ is parameter determin-

ing the excess of the power over P, and ¢, is phase at the beam axis.
Equations of this manifold can be obtained from Eq. (1) by means of
the following replacement:

¥ = ;—V (7,€)exp i(r + dat?)

7 ¢ dt €))
gl ot
a oa
Za4
l_ﬁ—l'—+ AgV +(|V|z—l+ﬂ§2)V =0
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By that, the self-similar manifold in Eq. (3) is corresponded by the
solutions of the type of inhomogeneous beams a in the (7,f) representation

of function a(t), B(t), pe(®) in [4]:

de, 1
dz  a?
d?a )
dzz = ﬂ

ap _ _ A4 o 4.
dz = - a 7€ Xp ’\/z— > A 1

Thus, parameter B corresponds to the degree of the excess of the
power over the critical value (B >0, P > P). Qualitative dependence P/P
from S is shown in Fig. 1.

P/P

/ 1 |

T B
Fig. 1.
According to Eq. (4), at p > | there happen strong radiation losses. At
B<<l

P(B)z Pcr +ﬁresz’Pcr =1 1'87,reff =138 (5)
It is clear from Eq. (4), particularly, that at z— z, (where z, is point

of peculiarity) that
B (2) ~ InIn —— ©)

Z, - 2

— 2072 N

a(z) = Inln(z, - 2)
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Correspondingly,

Qo(z )~ 7~ In ~cht,at z—zy (7— ) at >0 ®)

Z,-2
a(z) ~z, @p—> constat f<0, and z - 0.

3. When dynamics over ¢ is taken into account, splitting - instability
begins to become evident. It is significant that it is parameter degeneration
that determines this instability. Unlike [2] and [3] we will use the following
method to estimate basic characteristics of the instability. As it has been
mentioned in the Introduction, the fastest way is formation of a self-similar
profile in the transverse cross-section. Taking this into consideration we
will assume that the solution will have the following form:

Y =A@z, V( a(z, )P)exptﬁr +4 )
where
|4(z,0)> = P, (z,1) (10)
is power corresponding to the self-similar profile, and

Here V, is self-similar solution of (3) normalized to unity, and a(z,?) is
local width of the beam. For further analysis let us use variation method.
Having substituted Eq.(10) into expression for action of initial problem
and integrating over T, , one can get for shortcut Lagrangian the follow-
ing formula:

L= ;—(A,A* -x.c.)¥4) aa, ”Aaﬂw -14,1* (13)

It is important to note that dynamics A(z¢) corresponding to this La-
grangian agrees qualitatively with the results of modeling complete prob-
lem (1) . By that, the latter is essentially simpler and can be analyzed up to
the end.

Now we will pass over to the analysis of the splitting instability basing
our consideration on Eq. (13) for the homogeneous profile. To do this, let
us make a series of assumptions simplifying the matter further.
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Namely, we take into account well known aberrationless ap-
proach, where exact transverse profile is substituted by gaussian profile
with the same proportion between amplitude and width, i.e. in Eq.(10) we

apply:

%e"ﬁ (14)

By that we may lose some details in the structure of the transverse
mode; however, all the results stay qualitatively valid. Moreover, our in-
stability estimations, when compared to accurate ones, [2] and [3], prove
to agree well with the latter up to coefficients of the order of unity. At the
same time, this way, unlike the method described in {2] and [3], makes it
possible to analyze characteristics of the instability for the whole range of
perturbation wave lengths. Specifically, for beams with a small excess
over the critical value,

V, =

P=P,  =4n (15)

(remember that the value of the critical power is P, =11.84) the prob-

lem can be linearized in the vicinity of the distributions corresponding to
homogeneous beams:

A =(A0+§)exp(iaz—2) (16)
0
a=(a, +b) (17)
Searching for solution in the form of a plane wave,
Red, Im6, b ~exp(ihz/a +iQt/a,) (18)

one can obtain the following dispersion relation for dimensionless Q

and &:
2

Q
h2=—4;2—+2(94—92) 19)

Analysis of this relation shows that in the long-wave region (Q<<I) .
there are two unstable modes, the instability growth rate s of which corre-
spond to the results of [2,3]. Besides, at 2>>1, the instability is absent.
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The dependence of the instability growth rate on Q is shown in Fig. 2.
11

0.8;

0.6

0.4

0.24

00 02 04 06 08 1 12 14 16

Fig. 2.
Thus, the maximum of the growth rate corresponds to the region of Q~1
(Fig. 1). Similar results can be obtained also for the case of an arbitrary
excess over the critical value.
Qualitatively the instability mechanism is as follows. Let us consider
the field distribution at z=0 with width :

a(0,t)y~a, +dacos Qtf, Q<<1 (20)

It corresponds to a self-consistent wave beam with a slightly (and
smoothly) modulated boundary. Then, if 0- S (0,t)=f, - 1 is constant
along the whole beam, then in each cross-section the collapse process be-
gins. By that, in the regions where the width is narrower, this process will
run faster, so that the relative depth of width modulation will be growing.
As the result of phase modulation growing over ¢ the energy will flow over
the waveguide from one cross-section to another. It is significant that for
long-wave modulations it is width variation that is the determining process
for phase modulation. The latter, in its turn, leads to a growth of trans-
verse power over critical value in the regions with narrower widths, and to
its decrease in wider regions.

That is, the process in the narrower regions looks like additional fo-
cusing of the power and the compression effect becomes stronger. The
aforesaid can be conveniently represented by the following scheme:
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Here solid arrows correspond to the growth or fall of parameter
modulation in the ¢ direction, and the dashed ones, to the process in the z
direction. This scheme is convenient also because it makes it possible to
replay all stages of our consideration beginning from any element. Note,
that the presence of four links in chain (21) corresponds precisely to the
presence of four-parametric manifold of self-similar solutions (3). Note
-also, that instability phenomena does not depend on longitudinal dispersion
sign, and, formally, it is consequence of degeneration of self-similar solu-
tions only. The dispersion sign, it will be shown below, is significant only
for nonlinear regimes.

4. Basing on the general scenario of an elementary instability phe-
nomenon we will discuss here possible models of “long-term” evolution of
solutions of the collapse problem in media with normal dispersion. One
can single out the three following scenarios:

1. Finite number of splitting instabilities with further defocusing as the
transverse power at its maximum becomes less than P, [2]. A similar pic-
ture is really often realized in numerical experiments. However, we are of
the opinion that in numerical calculations a usual limitation here is addi-
tional grid dispersion that is a mandatory consequence of actually any
numerical algorithm. A formal drawback of this scenario is the presence of
the following sufficient criterion for impossibility of blurring of a suffi-
ciently intense field cluster:

mzinm,ax(‘:")z—I—LI-;,—l(z—l (22)
where
, e
H, =[arqv wp- S-)dxdydz (23)
F, = [V, ¥fdxdydr P, = [|¥dxdy 24)
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Nonequality (22) followed from (23) when using well known estima-
tion for nonlinear term (see [4]):

s VP2 dF
T 5 <[Iv,ep d?‘[—l——l——— (25)

2 P,

One can see, that if for all z H,< 0, than min maxP, >P_. This
t

z

means, that sufficiently nonlinear regime must exist (capture regime) for
all z, but this is in contradiction with first scenario. The next question is of
importance: is it possible that at all z (in the region where a solution exists)
H,< 0 7 We have not managed yet to find a rigid sufficient condition for
that possibility. However, we can give the following qualitative ideas to
benefit the above statement.

As is known (see, e.g. [2]) from Eq. (1) one can obtain the following
expression:

(26)

8H = d’ 2, where ,2 _ M
z Y 1P dr,at

Under the assumption that at each cross-section over f the transverse
profile is close to the self-similar one, and the phase profile, at z = 0, is
plane, the right-hand part of this correlation can be transformed in the
following way:

8HL~I (a-»° /ZPN)PL(ZJ)dt Q7
a‘(z,1)

Hence it is seen that the whole region of P(f) > P, corresponds to a
negative value of H,(z)--0, and the region of P < P, to a positive one.
Moreover, due to efficient “locking” of the field in the transverse direction
one can show that variation of H,, and, consequently, outflow of the field
can happen only through the boundaries (over ) of a 3-D resonator with a
sufficiently high Q-factor.

Therefore, one can expect that a sufficient condition for fractal col-
lapse, H,(0), is

H (0)],5 <0 (28)

that means, that subcritical region in t-direction must be large enough.
2. Another scenario runs as follows. Let there have been one splitting
(see paragraph 3). Can it end with monotonous collapse [3]? Evidently, the

answer is no. Really, when considering the instability we took into account
only long-wave (in the ¢ direction) effects. Formally it is associated with
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the fact that unlike in [3], when the #-directed diffraction is taken into ac-
count, stabilization of the instability manifests itself for sufficiently small
sizes (Fig. 2), i.e. there appear structures similar, in the f-direction, to the
solitons of the onedimensional nonlinear Schrodinger equation.

3. Further, in our opinion, only the fractal scenario of the collapse can
take place. Namely, in the -direction the field cluster affected by the defo-
cusing nonlinearity will be blurring until the next splitting begins.

At whole, it was shown, that the first regime can be realized for
long enough waves with a not large subcritical power only, and the second
one, evidently, does not exists either; and for sufficiently subcritical wave
packets the regime of fractal collapse occurs.

To conclude, we would like to note that the whole plot in the
framework of the complete 4-D model (1) can be hardly observed. There-
fore we hope that a numerical experiment can be more conveniently built
on simplified model based on Lagrangian (13) and reducing to the onedi-
mensional problem.

This work was supported Russian Foundation for Basic Research
grants 95-02-04997-a, 96-02-19482.
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PENETRATION OF RELATIVISTICALLY
STRONG ELECTROMAGNETIC
RADIATION INTO OVERDENSE

PLASMA

V.A. Mironov, A.B. Kim, and L.A. Abramyan

Institute of Applied Physics, Russian Academy of Sciences 46
Ulyanov Street, 603000 Nizhny Novgorod, Russia

Radiation-plasma interaction due to relativistic dependence of
the electron mass on its oscillations in the field within the non-
linear wave theory [1] became the object of interest long ago.
The progress made in creating powerful electromagnetic genera-
tors of various frequency ranges makes it possible to discuss pe-
culiarities of relativistically strong radiation-plasma interaction.
Now the quiver electron velocities of the light velocity order are
achieved by focus of compact multiterawatt laser systems radia-
tion [2]. To investigate dynamics of interaction of such radiation
with plasma numerically, the particle in-cell simulation method
is usually employed [2, 3]. However, the obtained information
often proves to be too detailed and the picture of interaction is
too complicated. So, to simulate the physical processes one has
to construct simple models describing the situation adequately.

Let us consider relativistically strong electromagnetic waves
reflected by the overdense plasma in one-dimensional case.

1. The analysis is based on hydrodynamic description of plas-
ma. Another simplifying assumption is connected with consid-
eration of circularly polarized wave-plasma interaction. In this
case generation of electromagnetic radiation harmonics is absent
and, in order to describe the dynamics of field penetration into
half-bounded plasma, one can use slow-varying (on the scale of
the field variation period) complex amplitude of the vector po-
tential. The initial set of equations in dimensionless variables
have the following form:
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0 0
5:"*'8_ °P l=0’ (1)
z(1+p2+A2)2
7] 0 1
o = 50— L+ + A, (2)
O Wl
Py 3
52 = a1 3)
2
2ia—A+Au+(1—ﬁ n )A=0. (4)

ot w? (1+p2+ Az)%

Here n is electron concentration normalized on its value when
the field is absent; p, p, A are momentum of electrons, potential
and vector potential of the electromagnetic field, respectively, in
the gauge divA = 0, normalized on moc and moc? /e, myg is elec-
tron mass of rest; w, is plasma frequency and w is field frequency.
Plasma is supposed to be cold. The relativistic peculiarity of the
problem is taken into account in Eq. (4). The wave refraction
index is determined both by variation of plasma concentration
and by variation of relativistic electron mass. In the set of equa-
tions (1)-(4) the following dimensionless variables for time and
coordinate were used: ¢t = wiet, 2 = zqw/c. Futher we will sup-
pose that plasma occupies the half-space (z > 0) with constant
density. In the case of a wave falling normally to the plasma
boundary (z = 0) it is easy to obtain the following boundary
condition:

A+iA, =21A0(t). (5)

It correlates the field in plasma with the field in the incident
wave, Ao(t). -

First we will consider the stationary regime of interaction of
relativistically strong electromagnetic radiation and half-bounded
plasma and then present the results of numerical investigations
of the dynamics of the field penetration into the medium.
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2. In the stationary case (% = 0) the initial set of equations
will have the following form:
3y WP
FERA L (6)
2 A 2
FA %"
022 w? (1 4 A?)?

o= (1+A%7—1. (8)

Here relationship (8) betwen the wave field (A) and the po-
tential () is written for field distribution localized near the in-
terface (z = 0), (A(z = o00) — 0,(z = o0) — 0). In this case
we have the analytical solution of the considered set of equations
(6)-(8) of the soliton type:

JA=0, (7)

1
2

1 Blel(1 41l (1 + ch2y/laol(z + 20)
(1 + leal)eh2y/feol (= + 20) + (1 = feo)

where ¢ = 1 — w?/w? is permittivity of unperturbed plasma.
Constant zo is determined by boundary condition (5). In the
linear regime (Ao — 0) the value zo tends to infinity and expres-
sion (9) describes the field distribution in the skin-layer (4 ~
exp(—\/ie_lz). Together with increasing of the incident wave in-
tensity the field distribution in plasma is modified (9). It is
important to note that the soliton amplitude is

Amaz = (4eol(1 + [eol))? , (10)

9)

i.e. the maximum value of the field in the medium is determined
by the density of the unperturbed plasma. It means that the
stationary regime is possible only at field amplitudes of the inci-
dent wave not exceeding some threshold value corresponding to
the soliton amplitude,

Aer = (Jeol(1 + leo]))? - (11)
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If the field in the incident wave exceeds the threshold value
(Ao > A.r), then the regime of relativistically strong radiation
and plasma interaction becomes dynamical.

3. Further the results of numerical solution of the initial set of
equations (1)-(4) under boundary conditions (5) at |eo] = 1 will
be presented. Calculations were carried out for the momentum
radiation of the form Ay = An/ch(t/r). The dependence of
transmissivity of the electromagnetic radiation into plasma on
the amplitude of the incident wave is demonstrated in Fig. 1.

CDT -

I LTI A N R e
Fig.1. The part of energy Fig.2. Temporal profiles of
which penetrates an overdense the incident pulse (solid line,

plasma at N/N, = 2 as a func- pulse with amplitude A; = 3.7
tion of the field amplitude of reflected pulse (dashed), and
the incident pulse the intensity of electric field

on the boundary of a plasma
at N/N, = 2(thinline)

One can observe the existence of the expressed threshold
of plasma penetration corresponding to the above-mentioned
estimation (11). Under the conditions considered before (for
w?[w? = 2) Ak, = /2. First "saturation” of the transient index
at Ap ~ 2 is accompanied by excitation of one soliton in the
region of the nonlinear skin-layer and by its motion into plasma.
The results for a certain amplitude (Ap = 3.7) are presented
in Fig. 2. The most representative is the reflected momentum
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structure (Fig. 2). It practically consists of four pulses. Each of
the decreasing amplitudes of the incident wave is accompanied
by soliton excitation. As a result, the field in plasma represents
a sequence of three solitons (Fig. 3) moving into the medium.
The solitons have the form decscribed by (9) but they correspond

400 —

UL

Fig. 3. Snapshot of a field structure inside the plasma region
for the pulse with amplitude A; = 3.7 falling from vacuum
z < 0 on a sharply edged overdense plasma at N/N, = 2

to the lower frequency. It is connected with the fact that in the
process of soliton excitation the effective boundary reflecting the
radiation moves into plasma. As a result, both the spectrum of
the reflected momentum and the spectrum of the soliton turn
out to be red-shifted with respect to the spectrum of radiation.

To conclude, within the considered approximation the dy-
namics of interaction of relativistically strong electromagnetic
radiation and overdense plasma is qualitatively the same as in
the case of other media with nonlinear response inertia [4]. Elec-
tromagnetic radiation penetrates the overdense plasma due to
excitation of solitons close to the interface medium boundary.
By the way, the refraction index proves to be noticeably less:
than in the linear case.
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2,5-DIMENSIONAL NUMERICAL SIMULATION OF
PROPAGATION OF THE FINITE SEQUENCE OF
RELATIVISTIC ELECTRON BUNCHES (REB) IN
UNDERDENSE AND OVERDENSE PLASMAS*

Ya.B. Fainberg, V.I. Karas’,
V.D. Levchenkot and Yu.S. Sigov't

Kharkov Institute of Physics and Technology, NSC, Kharkov, Ukraine
+M.V. Keldysh Institute of Applied Mathematics, Moscow, Russia

Introduction

Charged particle acceleration by means of charge density waves both
in plasmas and in noncompensated charge particle beams is the major
trend in collective acceleration methods [1, 2, 3]. The charge density
variable part can be made very high (up to n.); consequently, the
accelerating field can reach values on the order of 107 — 10°V/cm.
Chen et al. [4] suggested a modification of Fainberg’s acceleration
method [1] consisting of the use of wave trains. Katsouleas [5] con-
sidered this problem for different electron bunch profiles with aim of
transformation coefficient increasing.

Nonlinear model experiments on acceleration by means of wake
fields emphasized the importance of the 2D and 3D effects [6, 7]. In
approximation of immobile ions [8, 9] a channel of uncompensated
positive charge is formed when the plasma electrons are ejected in
response to the incoming REB.

As it is shown in presented paper on relative phenomena, the
ion dynamics should be obligatory taken into account for it plays
the decisive role in a real formation of such “ion channel” being the
significant factor of transverse bunches’ focusing.

*This work was performed with partial support from the Russian Foundation
for Fundamental Research Grant No 94-02-06688 and the International Scientific
Foundation Grant No U27200.
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Computer simulation

The wake field excitation was studied using 2D3V axially symmet-
ric electromagnetic code COMPASS [10]. Previously, this code was
used to simulate an induction accelerator [11], modulated REB [12]
and a single relativistic electron bunch or a sequence of such bunch-
es in plasma [13]. Note that, as in experiments 7], the bunch initial
transversal Ry and longitudinal Ly dimensions were smaller than ¢/w,
at the REB density n, = %ne (ne is plasma density). The computer
simulation [13] showed the transversal dimension of a bunch, propa-
gating in plasma, to vary over a wide range.

run id Varl | Var2 | Var3d | Var4 Varb

bunch np 2. 2. | 4.86- | 4.86- 2..
density | e¢m™3 | 100 | 1010 | 101 | 101 10*
plasma Ne 4. 4. 19.72. | 8.75: 1..

density | em™3 | 10 | 10! | 10© | 10 10!
plasma Wp 1.13- | 3.57- | 1.76- | 5.27- 5.76-
frequency ¢! 1010 | 1010 | 1010 | 1010 1010
skin- | ¢/wy 2.66 | 0.84 | 1.71 | 0.57 0.52

depth cm
particles N 6.28- | 6.28. | 1.53- | 1.53- 6.28-
per bunch 10° | 10° | 10 | 10%° 10°
bunch | Zo X Rg 0.4x0.5 0.4 x 0.1
sizes cm

Table 1. Parameters of the runs.

This caused substantial changes in its density (more then order
of magnitude) as well as a change in the excited wake field. It is
also shown that the amplitudes of longitudinal and transversal fields
increase upon additional bunch injection. However these amplitudes
are not proportional to the number of injected bunches (as it should
be in case of “rigid” bunches). For future experimental researches
in the domain of intense microwave (wake) field excitation in plas-
mas and for use of these fields for charged particle acceleration it is
expected to employ a new electron accelerator being constructed at
KhIPT. Its parameters are as follows: energy W = 20MeV; num-
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Fig. 1: Dependence of the ion density n; upon the radial coordinate r (z = 10.cm):
a-Varil, b-Var4

ber of electrons per bunch N ~ 10!%; number of bunches from 10 to
20; bunch repetition rate is 2797.16 M H z. The electron bunches will
be injected into plasma of the following sizes: the length L = 1m
and the radius R = 10cm (plasma density will be variable within
ne = 101°—10¢m~3) with a minimum density longitudinal gradient.
In our numerical simulation we shall keep in mind these parameters.

The REB dynamics is described by Vlasov relativistic equations
(the Belyaev—Budker equations) for the distribution function f,(7,p)
of each plasma specie @ = e,7,b and by the Maxwell equation set
for self-consistent electric £ and magnetic B fields. The initial and
boundary conditions and numerical scheme are the same to [14] ones.

Five runs were considered to study the dependence of the ecxited
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Fig. 2: Ion density n; (a) and electron density n. (b) via longitudinal coordinate
z (Varl, r = 0.5¢m, twp = 180)

fields: upon the number N of bunches injected into plasma; on the
density ratio of bunch and plasma; on the bunch repetition rate; on
the ratio of the bunch size Ry and skin—depth c/w,. The parameters
of these runs are listed in the table 1.

The weight of model particles was assumed to be a function of
their radial position. The plasma was assumed to have smaller num-
bers of particles in the less disturbed region distant from the axis.
The total number of model particles was about 106. Note that all the
calculations were carried out using a PC/Pentium—66 computer and
a high-speed particle-in—cell technique.
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Computational results

The computer simulation showed the transversal dimension of the
bunch, propagating in plasma, to vary over a wide range at the con-
ditions Ry < ¢/w, and Ly < ¢/wp. Contrary to common considera-
tion (with Lo > ¢/w, > Rg or Ro > ¢/wp, > Lg), we considered the
conditions Lo ~ R < ¢/w, or Ly ~ Ry ~ c/w,, in relation to the
experimental situation [15]. In these cases significant nonlinearities
in both plasma and beam behavior have been observed. As we shall
see subsequently in our simulation the ion motion plays significant
role in the REB propagation in the plasmas. Formation of the ion
channel in time is shown in Fig. 1-2.

The dependence of the ion density n; upon the radial coordinate
r for sequential time moments is presented in Fig. 1. One can see
that ions form the plasma channel due to their transversal motion
in self-consistent fields. The channel parameters are determined by
density ratio of bunch and plasma, and by size ratio of bunch radial
size Ry and skin—depth ¢/w, (Fig. 1 a, b).

As it shown in figures, the channel’s effective size and depth mono-
tonically increase in time as well as along the z—direction. By com-
parision in Fig. 2 b is given the electron density depending on z. It
is easy to see its significant oscillations caused by the longitudional
wave.

The formed ion channel considerable effects the REBs’ transporta-
tion due to their additional focusing in regions of incresed ion density.

Conclusions

The amplitudes of the longitudinal electric field component and the
radial one increase with injection of each of consequent additional
bunches. But, these amplitudes are not proportional to the number
of injected bunches as it should be in the case of “rigid” bunches. The
shape of bunches is not close to Bennet equilibrium case. However, as
it is shown in the presented full-scale computer experiments, the REB
expansion is appreciably retarded by the formation of the plasma
channel with the ion radial motion.

The planned consideration of the three-dimensional nonlinear
bunch-plasma behavior should be useful for better understanding
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of fundamental physics of the plasma wake—field acceleration and fo-
cusing.
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COLLISIONLESS SHOCK WAVES IN
DUSTY PLASMAS

S.I.Popel (a), M.Y.Yu (b), V.N.Tsytovich (c)
(a) Institute for Dynamics of Geospheres, Moscow, Russia
(b) Theoretical Physics, Ruhr University Bochum, Germany
(c) General Physics Institute, Moscow, Russia

Shock waves often arise in nature because of a balance between
wave breaking nonlinear and wave damping dissipative forces [1].
Collisional or collisionless shock waves can appear in ion acoustic
wave propagation because of friction between the particles or wave—
particle interaction [2,3]. Tt has recently been found [4-7] that linear
ion-acoustic waves in a dusty plasma can be damped because of an
anomalous dissipation originating from the dust charging process.
The latter involves microscopic electrons and ions currents flowing
into the micron sized variable-charge dust grains because of the po-
tential difference between the grain surface and the adjacent plasma.
It is thus of interest to investigate if this dissipation can also give rise
to shock waves. Here, we show analytically that weak, grain—charging
driven ion acoustic shock waves can indeed occur for a limited range
of the propagation speed.

The average radius a of the dust grains in a typical dusty plasma
is much smaller than the electron Debye length Ap, the spatial scale
of the perturbations, and the distance between the plasma parti-
cles. The grains are negatively and heavily charged (with an average
charge g4(z) = —Z4e of —10%e or more). As they are also massive
(m;Z4 € mgy, where m; 4 are the ion and dust masses), the dust can
be considered as stationary and their density ny constant in the ion
acoustic time scale [6]. Furthermore, in the absence of perturbations
the quasineutrality condition n;o = neo + Zgong, Where n; . are the
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ion and electron densities and the subscript 0 denotes unperturbed
quantities, holds.

Under the assumption of equilibrium electrons and kinetic ions,
according to the orbit-limited probe model, we have the following
expressions for the electron and ion currents flowing into the dust
grain [4]

8T. eqd)
~ —1a® 1/2 =14
I, Ta’e (7; ) N, €Xp (aT ) (1)

T '0.2
I = \/;asz,-en,v [2 exp (—Z}Z-)

+ 2"—(“1;_;_%6.%) f(\/_vT)] (2)

where m, is the electron mass, T; and vr; are the temperature, and
thermal speed of the species j (= i,e€), v;e, is the ion fluid velocity,
and erf(z) is the error function. Here, the complete formula for I; is
used in order to account for the slow ions, which should be included
for consistency. This is related to the fact that the cold ion limit T; =
0 used for the ion acoustic waves cannot be applied in considering the
charging processes. The ions and electrons entering the dust grain
recombine into neutral atoms, which then re-enter the plasma and
re-ionize, thus preserving the number of ions and electrons.

The average charge of the stationary dusts is governed by the
equation [4-7]

and

ath = Ie(qd) + Ii(qd)v (3)

for charge conservation.

We consider a quasi-stationary structure moving with a speed V
in the z direction, satisfying vr; € V <« vr.. Thus, all parameters
depend only on é = z — Vt. We shall also assume v; > vr;, which
imposes a lower limit on the magnitude of the electrostatic potential
¢ of the nonlinear waves. From the ion conservation equations, one
obtains
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n; = Mn (M? - 2(,0)—1/2 y Ui =c(M - M2 -2p), (4)

where we have used the normalization ep/T, — ¢, V/¢, = M, and
£/Ap — €. Here, ¢, = (T./m;)"/? is the ion acoustic speed.
From the Poisson equation we can obtain

bz M1+ Zsd
dip = exp(p) + (1+ Z) Zgod — ﬁl, (5)
where d = ng/n.o and zo = Zze?/aT,. The normalized charge
perturbation §z = —edqy/aT, is governed by

, A 2
62 == ——m———o |1/ = —2
debz=j = —pm—s= [\/Wexp( 7’)

14292 V2(z + 62)T.
+ ( 727 + T, ) erf('y)]

- \/g_ﬁ. (1 + zo%) exp (¢ — 62), (6)

where A = a[(1 + Zyd)/4\p)(Ti/T.)M?, v = [M — (M? - 2¢)'/?]x
(T./2T;)*?, and we have used (1)—~(3). Note that j is the normalized
perturbed total current density. Clearly, all solutions must satisfy
< M?/2.

Equations (5) and (6) can be numerically integrated provided that
the existence conditions for shock solutions are known. For the latter
to exist, there must be two distinct asymptotic values for ¢ (say
at § — +o0), and the derivatives of the perturbed quantities must
vanish there. In this limit, we obtain from (5) and (6)

zy [M(14Z4d) ] )
bz= =-2+ —ex R =0. 7
The set of equations (7) have two different solutions ¢ = 0 and
¢ = 4 only if

14 Z40d )( 2G )'1
2 2
M >M0_(1+ 200 006) (roa) 8)
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where G = (14 2,T./T;)/[1+(20+1)T./T;]. We note that M, satisfies
1 < MZ < 1+ Z4d. As an example, for the typical parameters Z;d =
2, T./T; = 10, a/A\p = 0.01, and M = 1.7, one finds z, = 1.23 and
¢4 =~ 0.935. Thus, the inequality (8) is necessary for the existence of
two asymptotic solutions, namely ¢ = 0 and ¢ = ¢4 (say at £ - 400
and —oo, respectively).

A solution bridging these two asymptotic ones can be obtained
by making the Ansatz that the second derivative in (5) is negligible.
In this case we obtain from (5) and (6)

20 [(1+ Zgpd)M
Zajd [(M2 o) eXP(w)] ; (9)

which can be integrated. The zeros of the denominator on the right
hand side of (9) correspond to j = 0, or the asymptotic values of
@(&). Within the range 0 < ¢ < ¢4 the function j is negative (see
Fig. 1).

A solution for ¢ can now be obtained. An analysis of (9) (with
taking into account that j < 0 for 0 < ¢ < ¢,) shows that such a
solution existing for all ¢: —oo0 < € < oo takes place only if

M? <1+ Zyd. (10)

dot = %dq,éz =

This solution corresponds to positive value of 624 = 62(p4). In
fact, for the parameters in our example we obtain 6z, =~ 0.31. The
solution of (9) in the case (10) is a decreasing function with ¢ —
pa > 0 for £ > —o0, and ¢ — 0 for ¢ — +o00. In Fig. 2 the profile
of the potential (§) satisfying (9) is shown. A similar profile for
the normalized charge perturbation 6z can be deduced from (6) by
recalling that j is always negative in the region of interest.

In the analysis we have neglected the second derivative d? in (5),
equivalent to assuming quasineutrality in the wave dynamics. For
waves with amplitude ¢4 near or exceeding unity, this Ansatz is valid
if the the width of the shock front A¢ greatly exceeds unity. For the
shock wave in Fig. 2, we have A ~ 100 > 1, so that the Ansatz is
well justified.

Thus, shock solutions are possible for Mach numbers satisfying
both (8) and the condition (10). The shock amplitude ¢, is an
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Figure 1: The dependence of j on ¢ for Z;d = 2, T./T; = 10,
a/Ap = 0.01, and M = 1.7. The solutions of the equation j = 0 are
p=0and ¢ = @, =~ 0.935.

increasing function of M. The maximum value of the amplitude
corresponds to M? = 14 Z4d, and is given by ¢4|max ~ (14 Z4od)/2.
The shock solutions are inherent in the collisionless situation where
one can neglect electron—electron, electron-ion, and ion-ion collisions
and has to take into account only charging collisions of electrons and
ions with the dust particles. This situation can occur because the
charging frequency v, = wa(l + 2z + Ti/T.)/ V2rvr; (where w,; is
the ion plasma frequency) is much larger than the ion-ion collision
frequency and also exceed the electron collision frequencies [4]. Thus
the shock waves in the plasma containing the dust grains with variable
charges can be treated as collisionless. The character of dissipation
in these waves significantly differs them from the usual collisionless
shock waves (in impurity-free plasmas) [2].

This work is partially supported by the Russian Foundation for
Fundamental Research (grant no. 96-02-16456-a) and by the Sonder-
forschungsbereich 191 Niedertemperatur Plasmen.
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Figure 2: The (&) profile for the nonlinear wave structure. The
parameters are the same as those of Fig. 1.
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110 GHz AND 140 GHz GYROTRONS
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G.G. Dem'sov‘? V.A. Flyagin, A.Sh. Fix, V.I Ilyin, V.N. Ilyin,
A.P. Keyer, V.A. Khmara, D.V. Khmara, A.N. Kostyna,
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Abstract

The new design of the gyrotron, which was intended for operation in
long-pulse and (in future) CW regime needed for electron cyclotron plasma
heating (ECH) have been completed by GYCOM (Toriy SRPC Moscow,
IAP N.Novgorod, KIAE Moscow) in the end of 1993. Since that time a
series of gyrotrons based on the original design and its modifications, has
been built to provide ECH in W7-AS stellarator, ASDEX Upgrade
tokamak (both IPP, Germany) and D III-D tokamak (GA, USA). A set of
convincing results was obtained during the gyrotron testing and operation.
An output power approaching to 1 MW was achieved in 140 GHz
frequency range with pulse duration of 1.2 s and in 110 GHz frequency
range with pulse duration of 2 s. In 3 s pulse 140 GHz gyrotron produced
output power in excess of 0.5 MW.

Introduction

In the end of 1993 GYCOM Ltd. has completed development of the
new design for gyrotron which could operate in long-pulse or even CW
regime in above 100 GHz frequency range. At the same time first 140
GHz gyrotron of new design was successfully tested [1]. It produced 535
kW output power in 3 s pulse.

New design of gyrotron base oneself upon the main subassemblies,
which are developed for CW operation with the thermal stabilization time
less than 2 s. Gyrotron scheme is presented in Fig. 1. The only unit, which
limits advance of gyrotron from long-pulse operation to CW regime, is
now an output window built on the basis of pyrolitic boron nitride (BN)
disk. The energy, which this window is capable to pass through, is about
2MJ.
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Fig .1. Gyrotron overall scheme.
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One can distinguish the principal peculiarities, which are habitual for
all the gyrotrons of new design.

For the cavity made of dispersion-strengthen copper the high-
effective cooling system is used, which provides cavity inner surface
to have the temperature not exceeding 250 °C under heat loading up
to 5 kW/cm’.

For the electron gun, which produce electron beam of so-called
boundary type with relatively low velocity spread, metal-porous
cathode is wused. Cathode emitting performances while
manufacturing of each one are carefully checked by original
methods.

Built-in quasi-optical converter, which transforms cavity operation
mode to Gaussian beam, shapes the radiation with flattened power
distribution over the window surface. This kind of wave beam
pattern allows in assigned frequency range to pass through BN
single disc window the radiation with power up to 1 MW and pulse
duration within 1 s to 3 s. ’
Collector is equipped with a sweep coil supplied by saw-tooth
current to move an electron beam along the specially shaped
collector wall. It gave the possibility to extend sufficiently surface
scanned with electron beam and to provide the heat loading not to
exceed 1 kW/cm® under megawatt level electron beam deposition.
High accuracy of gyrotron assembly on a whole is foreseen with the
design of each gyrotron unit, and technological processes applied for
gyrotron manufacturing give the possibility to maintain the
conditions, which are needed for reliable and long-lived gyrotron
operation.

Slight modifications of the original design and optimization of
operation regime for higher output power made it possible to create
gyrotrons with about 1 MW power level in 110 GHz and 140 GHz
frequency ranges [2,3]. Both gyrotrons demonstrated near 40% efficiency,
and last one is intended for operation in the complicated (for gyrotron
collector) ambient magnetic conditions under lateral magnetic field up to 6
Gs exposure. The most important information about GYCOM gyrotrons is
summarized in the Table 1.

6*
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Table 1

GYCOM gyrotrons of 110 GHz and 140 GHz frequency ranges.

Gyrotron type HERCULES ZODIAC CENTAUR
(called as first gyrotron
in series)
Frequency, GHz 140 140 110
Total radiated power, >0.5 0.65-1.0 1.0
MW
TEMy, mode power 0.85 0.85 ~ 0.9
fraction in the total
radiation
Pulse duration, s 3 1-2 2
Cav1ty mode TEzz 6 TE22 6 TE]9 5
Efficiency, % > 30 230 > 35
Beam voltage, kV 75 75 80
Beam current, A 30 35 40
Users installation W7-AS | ASDEX Upgrade| DIII-D
IPP IPP GA
Germany Germany USA
Manufacturing period 1993-95 1995-96 1995
Design
Cavity

The advanced non-linear theory of the electron beam interaction with
RF field of the cavity mode is used to compute the cavity and RF radiation
parameters.

Choice of optimal cavity mode for (0.5-1) MW gyrotrons is determined
by admissible RF ohmic losses in the cavity wall, mode selection and mode
competition conditions for single-mode operation and beam voltage
depression.

Considering all these conditions the TE;, s operating mode was chosen
for 140 GHz gyrotron.

Fig.2 demonstrates so-called "tuning curves" for ZODIAC type
gyrotron, i.e., dependencies of the efficiency, output power and RF ohmic
losses on the magnetic field in the cavity. Two sets of the curves are
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presented. The first set corresponds to 5.2 kV space charge depression in
the electron beam potential. The second one is valid, when the space
charge is compensated by ions of residual gas.

The calculations were done taking into account velocity spread v, in
the electron beam. The ohmic losses in cavity walls are given for the cavity
center where they are maximal. The cavity maximal ohmic losses are not
exceeding 2.4 kW/cm® at output power of 1 MW and efficiency of about
40%.

In accordance with calculations of the electron gun the velocity spread
8v, in the electron beam is expected to be near 0.20-0.3

120 — U8 2KV TE22.6 140GHz
¢ Uo=73kV g=1.4 |=35A

080 —

0.40 —

Fig.2. Calculated output power, efficiency and RF ohmic losses vs.
Magnetic field (with and without space charge depression) for 140 GHz
gyrotron.

The c\avity mode of 110 GHz gyrotron is TE,ss For the optimized
cavity profile of CENTAUR gyrotron the results of calculations of the
output power P,,, efficiency 1 and thermal load of the cavity ponm as the
functions of the beam current I are presented in Fig.3. Calculations show
possibility to attain IMW output at the beam current below 40 A with
maximum ohmic load of 2.25 kW/cm’.
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Due to a high-effective cooling system with porous structure the inner
cavity surface can withstand the ohmic losses of 2.5 kW/cm® with its
calculated temperature level not more than 250°C. The cooling system
consumes 40 /min water flow, 4 bar of input pressure. The thin cavity
wall envelope is made of dispersion-strengthened copper.

Electron gun and cathode technology
For the megawatt power level gyrotrons the gun with operating current

of (30-40) A and decent velocity spread is required. The electrical field at
working emitting surface ~6 kV/mm is typical for gyrotron gun. Optimal
value of pitch factor should be (1.3-1.4) taking into account the conflicting
factors of beam space stability and achieving as high as possible beam-
wave interaction efficiency in the cavity. Pointed properties are similar for
HERCULES, ZODIAC and CENTAUR types gyrotron guns and, hence,
they are equipped with the same type of cathode. Main distinctions of gun
design are determined by difference in cavity operating modes, frequency
ranges and, consequently, the cavity beam radii.

At the design stage the numerical calculations with trajectory analysis
was carried out. In both gyrotron frequency ranges the diode-type
magnetron-injection gun has been chosen. Calculation results show the
rather high beam quality with 8v;~20% even at the maximal current. This
fact allows in principle to achieve the beam-wave interaction efficiency
near 40%.

Azimuthal homogeneity of electron beam is an important factor of tube
proper operation. The electron beam is produced by metal-porous cathode
with its temperature of about 1050°C. The width of emitting belt is 5 mm,
average diameter is 83 mm, the current density is (3-4)A/cm’ at operation
regime. To achieve rather uniform distribution of the emitting current,
special attention has been paid to the cathode technology.

Before mounting into tube the quality control of cathode unit is carried
out by checking of temperature and current emission azimuthal
homogeneity in original installation. Investigations are performed in
current density saturation mode at near operation temperature in pulse
regime.

Current measurements are made by means of current-collection
microprobe, inserted into special anode. Scanning of probe is executed by
anode or cathode rotation. Space resolution is about 1 mm?.

Typical azimuthal distribution of current density are plotted in Fig.4.
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Fig.4. Cathode current density distribution ( T=1040°C )-

After exhaustive search it was determined that gyrotron cathode based
on so-called "plasma" metal-porous emitter has current density
inhomogeneity level below £10% of its average value.

The homogeneity of secondary emission from emitting surface is
checked too. Using the scanning microscopy method the secondary
emission mapping of cathode surface was got with azimuthal resolution
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~1° and space one along the axis of about(0.05-0.1)mm. Typical examples
of secondary emission mappings of cathode surface at different stages of
activation are presented in Fig.5. It is necessary to note that the secondary
emission mapping of cathode surface has a good correlation with its
current density azimuthal distribution.

Fig.5. The secondary emission current homogeneity
at different stages of activation process.

To find out the reasons of observed inhomogeneities the checkup
method of cathode temperature field azimuthal homogeneity was
developed. This method is used together with emitter chemical composition
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analysis, carrying out with well-known Auger spectroscopy and X-ray
spectral analysis methods.

The main point of new method is visualization of distribution of
emitting surface brightness in range of A=(0.7-1.0)um by use of PC-
controlled videosystem. Designed special equipment allows to checkup the
temperature in (400-1200)°C range with space resolution of 0.2 mm and
temperature resolution of 0.7°C. Typical example of cathode temperature
field is presented in [4]. Developed method demonstrated that the cathode
based on "plasma" metal-porous emitter has inhomogeneity level of
temperature field of about (3-4)°C.

Developed checkup methods integrated into technology allows to make
reliable cathodes with mentioned above parameters.

Mode converter

The mode converter is an important part of gyrotron internal
electrodynamic system. It allows to separate the RF radiation from the
worked-out electron beam, transform a cavity mode to a paraxial linear-
polarized wave beam, minimize harmful action of possible reflections of
RF power to a gyrotron.

The build-in quasi-optical (QO) converter, which consists of an
irradiator and 3 beam- forming mirrors, has a diffraction losses due to
finite reflectors dimension and the window aperture. Owing to negligible
absorption inside the tube the output wave beam consists of paraxial wave
beam and stray radiation which is, as a matter of fact, converter
diffraction losses.

The advanced computer codes were used for optimization of the
converter to increase the Gaussian mode content in paraxial wave beam,
decrease the diffraction losses, provide optimal RF distribution over the
output window.

According to the calculation and experimental results for ZODIAC and
CENTAUR gyrotrons the TEMy, mode contents in paraxial wave beam is
at least 90% and the relative stray radiation power is (7-10)%. Thus, the
Gaussian mode content in the output RF radiation is about 85%.

Both calculated and measured by infrared camera RF field patterns are
shown in Fig.6,7 for gyrotron of ZODIAC type. One can see a good
agreement between the measurements and calculations.
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b)
Fig.6. Calculated field amplitude distributions at the distance
(3) Z=0 mm and (b) Z=1000 mm from the gyrotron window.
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Fig.7. Measured distribution of microwave power at the distance
Z=1070 mm from the gyrotron window for Zodiac 2 gyrotron.
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Qutput window
For output windows the pyrolytic boron nitride single disc brazed into

a metal cylinder with water cooling along its edges is used. ~The physical
parameters of BN materials are (1) tan § ~ (0.9-1)%10? ; € ~ (4.4-4.7) for
frequency range of 110 GHz and (2) tan 8 ~ (1.1-1.4)%10% ; & ~ (4.4-4.7)
for frequency range of 140 GHz depending on a specimen quality. Since
the thermal relaxation constant of window is several tens of seconds, its
thermal regime is characterized mainly by absorbing energy accumulation
with weak effect of heat conductivity. This defines a special requirement
for as uniform as possible RF energy distribution over the window, still
having in mind .

To reach combination of maximal output power level and pulse
duration one had to follow two ways:

- the first one was increasing of the window diameter from 80 mm to
(123-145) mm for ICAR (HERCULES type tube), ZODIAC and
CENTAUR gyrotrons. ‘

-the second one was improving the RF power distribution over the
window by means of using nonquadratic last inside mirror in gyrotrons of
ZODIAC and CENTAUR types.

As remark, the quadratic last internal mirror was used in gyrotron of
HERCULES type.

Output power and pulse duration limits were defined during the
gyrotron test with special developed videosystem taking into account the
RF absorption properties of the BN disk and its admissible temperature of
700°C [4]. The start temperature of the oxidation process for pyrolytic BN
is 1200°C. Experimental dependencies of maximal temperature of BN
window surface versus pulse energy at various pulse power and pulse
duration are given in Fig.8 showing that the maximal temperature did not
exceed 700°C at specified regimes of 140 GHz tube.

The maximal energy passing through the window is estimated as 1.5
M]J for 140 GHz gyrotrons and 2 MJ for 110 GHz ones.

Collector

The collectors withstanding the (1.5-2)MW electron beam deposition
are necessary to provide the proper operation of megawatt level gyrotrons.
The base design cylindrical shape collector with average inner
diameter~250mm and overall length ~1000mm, equipped with special coil
for sweeping an electron beam along the axis, has been designed. Both its
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inner surface and own magnetic field distribution are optimized to reduce
thermal load and make it as homogenious as possible. Collector is water
cooled, its exchange thermal coefficient is about 10W/(cm’*K). Varying
the type of collector coil, its current parameters and some subassemblies of
the base design, the multimegawatt collectors, operated in different
frequency ranges and ambient magnetic conditions, can be created.

The calculated data are indirectly verified by the collectors reliable
operation.

The gyrotrons of HERCULES type are operated in simple ambient
magnetic conditions with lateral stray field up to 3*10™T. These tubes are
equipped with base design collector, which scaned length is of 800 mm.
Maximal local steady temperature of inner surface reaches 250°C at
1.5MW electron beam deposited at 3Hz sweeping frequency. Average heat
load is less than 0.5 kW/cm®. Due to some temperature reserve these
gyrotrons reliably operate even if the breakdown of cavity oscillation is
occures.

ZODIAC gyrotrons, operated in more complicated ambient magnetic
conditions, equipped with the collector, withstanding the exposure of
lateral stray magnetic field up to 6*10“T at 1.5 MW electron beam
deposition. The simplest way to provide proper operation in this case was
reducing of scaned length to make reserve zone for deflected electron beam
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and creation of sharper slope of collector magnetic field. Due to increased
up to 7Hz sweeping frequency and fitted distribution of collector coil
magnetic field, the scaned length was shortened to 520mm without
noticeable temperature level increasing in the simple ambient magnetic
conditions case. If the lateral stray magnetic field up to 6%10™T is present,
the maximal scaned length reaches 800 mm, but maximal local steady
temperature of inner surface is not exceed 290°C. Average heat load is
slightly over a level of 0.5 kW/cm®.

In CENTAUR gyrotron the electron beam can be practically twice as
powerful, as mentioned above. But the ambient magnetic conditions are
simple. This gyrotron was equipped with base design collector,
withstanding the deposition of 2 MW electron beam, due to fitting the
collector coil magnetic field distribution and beam sweeping frequency to
make the temperature field smoother. At sweeping frequency of SHz and
scaned length of 800 mm, the average heat load reaches the 0.7kW/cm’
level. But the maximal local steady temperature of inner surface does not
exceed 260°C.

If the oscillation breakdown occures in HERCULES cavity, the 3MW
electron beam will come to collector, and its inner surface temperature will
exceed the reliable operation level of 300°C and more. To avoid
overheating of collector, the interlock system have to switch off the beam
voltage within 50 ms.

Tests results

Testing procedure
Gyrotron testing is carried out aiming to attain its reliable operation

with specified pulse duration, output power, efficiency, frequency range
and output radiation mode. To reach the operation reliability exceeding
90% with pulse duration up to 3s gyrotron conditioning is needed. During
the gyrotron testing its beam voltage and current, main magnet and
cathode coil currents are optimized for highest efficiency at necessary
power level. Structural scheme in Fig.9 shows the set of equipment units
involved in a gyrotron testing and conditioning procedure.
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Fig.9. Structural scheme of gyrotron test equipment.

During long-pulse testing gyrotron RF power usually is transmitted to a
brick load, which is capable to absorb large energy, and can not be
measured directly. Output power measurement in this case is performed by
the “window calorimetry”. The output power is calculated from the
calorimetricaly measured power absorbed by the window through the
window losses coefficient. To find out this coefficient, which value is
typically within 3% to 5%, a set of simultaneous output power and
window absorbed power measurements has preliminary to be carried out.
Usually these calibrating measurements are performed at pulse duration of
100 ms, when the energy absorbed in a window is sufficient for
measurement accuracy and the energy absorbed in a dummy load is not so
large that cooling water starts to boil.

The reliability of gyrotron RF power data obtained by "window
calorimetry" at pulse duration up to 3s have been proved by direct
measurement of certain small power fraction separated from output
radiation by corrugated mirror. It was checked by RF detector signal
stability too.

The testing equipment must be supplied with a set of interlocks to,
prevent gyrotron's damage while running. For instance, if a breakdown
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inside a gyrotron have occurred, the interlock tripping should limit the
energy deposition inside the gyrotron at the level not more than 10 J.
Another interlock should protect a window from overheating. Recently
developed videosystem is used now for a window temperature
monitoring[4] to set the level of interlock tripping.

Window absorbed power and hence its temperature depends not only on
an output power but on a reflected one too. Reflected power is often the
reason for gyrotron arcing or oscillations breakdown. That is why any
significant reflections should be avoided. Power reflection can be caused
by imperfection of either load or wave transmission line or matching
mirrors. The effect of reflected power on gyrotron of HERCULES type
behavior was observed during initial transmission line matching at IPP.
When mirrors with incorrect surface shape were used, it caused large
fraction of stray radiation inside the mirror box. This radiation, being not
carefully absorbed, was reflected and thus prevent stable gyrotron
operation. Exactly the off-designed increasing of window absorbed power
during gyrotron operation was considered as the first sign of output power
reflection.

Before installing a gyrotron into a magnet’s bore it is necessary to align
the centers of the top and the bottom fitting flanges, which are intended to
fix gyrotron radial position, with the axis of the magnetic field. This
alignment is performed with the special tool equipped with two Hall
probes to measure the azimuthal symmetry of a magnetic field distribution
inside the bore. The permissible misalignment of the magnetic axis and the
centers of both fitting flanges is of 0.1 mm.

Gyrotron performances

Despite the fact that the considered gyrotrons are of three modifications
due to their different frequency range, output power level and pulse
duration their performances, when some operating regime needs to be
changed, are very similar.

Fig.10 shows measured output power and efficiency as a function of a
beam current for CENTAUR gyrotron. With the beam current increasing
an output power rose up to about 1 MW at efficiency approaching 40%.

592



o /-"

08 '/
E o6 o
S
E- 04 &
- ./ /_ Bk

02 +—¢

0

16 20 24 28 32 36

| beam, A

Fig.10..Output power and efficiency of CENTAUR gyrotron
vs. beam current.

1000
900

6)52.
%0 e

700 “ag]
.

o eﬂ '\ o

0 , ¥

RF power, kW

1
¢60KV;2832A m65kV:29.50A
100 ATOKV:2421A o 70kV:30.68A
0 I | ]
85 85,5 86 86,5 87

Imain, A

Fig.11. Output power of ZODIAC gyrotron vs. main magnet
current at different beam voltages and currents.

593



In Fig.11 an output power of ZODIAC gyrotron is plotted against the
main magnet current. To drive the gyrotron from the nominal regime to the
optional one it was enough to increase the beam current from ~24 A to
~ 30 A and adjust a main magnet current value at the same beam voltage
of 70kV.

To confirm the gyrotron ability to run in the power modulated regime
the power measurement was carried out at the beam voltage reducing from
70 kV to 55 kV and fixed all the other settings for both the nominal and
the optional regimes. It is seen from the plot in Fig.12 that output power
dropped much faster with voltage lowering than in the case in Fig.11,
when the magnet current was adjusted to its optimal value.
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Fig.12. Output power of ZODIAC gyrotron in nominal and optional
regimes dropping with beam voltage reducing.

Some unwanted effects

Usage in gyrotrons of high- voltage large-current electron beams,
catching with a strong magnetic field can lead under certain conditions to
excitation of some secondary oscillations or to particular discharge arising.
These conditions either could appear during gyrotron manufacturing due to
slight fluctuations in its technology, or may be initialized later on with
some external reasons during gyrotron running. The misalignment of
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gyrotron and magnetic field axes as well as sufficient power reflection
from the wave transmission line should mainly be considered in the last
case.

Parasitic oscillation was met for the first time during testing of the
HERCULES type gyrotron as a kind of pickup on several monitored and
control signals. The frequency range of this oscillation with its harmonics
is typically 20 MHz to 150 MHz. The radiated power is negligible if
compared with gyrotron output one but it is well enough to be the serious
obstacle for testing equipment operation. The nature of this oscillation is
not completely studied. Obviously it occurs due to electrons with the high
starting pitch angle trapping between the cathode and the magnetic mirror.
. For HERCULES gyrotron it was possible to damp this oscillation after
hard conditioning but then the oscillation burst out again. With the special
kind external capacitive filter shunted the HV insulator on a gyrotron’s
body the radiated power was reduced at least on 20 dB. It puts to an idea
that HV power supply and its connecting cables probably take part in this
oscillation excitation too. In any case the EMI problem should be solved
by both gyrotron and testing equipment debugging.

During the testing of few gyrotrons it was met a new phenomenon,
which for a long enough time could not be satisfactory accounted.
Outwardly it looked like usual breakdown inside a gyrotron but without
any throw of vac-ion current. It occurred at pulse duration about 30 ms
and defied conditioning. Under the careful examination of beam voltage
and current behavior it became clear that this breakdown is not a real
arcing. This type of breakdown (so-called “soft breakdown”) has a
significant discharge voltage (20% to 100% of rated beam voltage) and
discharge current, which is 2 to 3 times more than beam current. Current
and voltage fluctuations forestalling the crowbar are presented in Fig.13.
This fluctuations are determined not only by a nature of “soft breakdown”
but by large dynamic output impedance of HV power supply too. The
current initial fast increasing results in cathode voltage reduction and,
thus, damping of discharge. Therefore, cathode voltage starts to grow
again. Sometimes several cycles of that kind were observed before
crowbar protected the tube.

An interesting result was obtained under interior gyrotron pressure
changing within 107 to 10° torr by getter heating. The pulse duration,
when “soft breakdown™ occurred, depended inversely on the pressure.
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The hypothesis was proposed that outlined "soft breakdown" take place
in the space below the cathode. In this region electrical and magnetic fields
combining forms a trap for electrons, which could be born for instance
with Penning discharge. Electron accumulation in the trap should result in
a breakdown. Somehow the ceramic insulator being bombarding with
electrons and ions should take part in this phenomenon too.
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Fig.13. Voltage and current fluctuations under a "soft breakdown".

The easiest way to destroy this trap in the already existing gyrotron
was mounting of the magnetic shield in cathode region to disturb the
magnetic field distribution. Fig.14 shows calculated electrical equipotential
and magnetic strength lines as well as electron trajectories before (a) and
after (b) iron shield installing. (Numerical simulation was made by
A Kuftin and V.Lygin).

Exactly the iron shield usage have allowed to get over considered
breakdowns without gyrotron design changing.
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Fig.14. Electron trajectories (solid lines) without (a) and with (b)
iron shield installed below the cathode. Dashed curves-

Main parameters

During the tests of gyrotrons of HERCULES, ZODIAC and
CENTAUR types a set of convincing results on their operation parameters
have been achieved.

HERCULES was the first one in series of 140 GHz gyrotrons
producing RF power in excess of 0.5 MW with pulse duration up to 3s.
HERCULES itself generated in 3s pulse output power of 535 kW with
efficiency about 40%. The Gaussian beam contents in the HERCULES
gyrotron output radiation was of 82%. The output radiation quality have
later on been improved in next gyrotrons of HERCULES type and its
following modifications. Gaussian beam fraction is now within 85% to
88%.

ZODIAC type 140 GHz gyrotrons had to radiate higher power but in
shorter pulses. The power of 620 kW with efficiency of 39% was attained
in nominal regime at pulse duration up to 2.5s. In optional regime power
was increased to 960 kW and efficiency reached 44%. Maximal pulse
duration was of 1.2s.

For CENTAUR type 110 GHz gyrotron power level of about 1 MW
was available at longer pulses due to lower window losses in its frequency
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range. Power of 926 kW was obtained at specified pulse duration of 2s
with efficiency of 38%.

All the parameters listed above were obtained for the gyrotrons
delivered within the contracts to IPP(Germany) and GA(USA).Contract
specifications limit maximal beam voltage with 75 kV or 80 kV. All the
mentioned gyrotrons were tested under beam voltage less than 75 kV.

A special test of the HERCULES type gyrotron was carried out to
check the limit power passing possibility of a BN single disk window.
Owing to imperfect wave beam structure of tested gyrotron it was rather
small spot on the window with high power density. In this test window
temperature was limited with setting of a window light interlock to the
usual constant level. Pulse duration at different output power was
increasing up to interlock tripping. But this tripping took place at a
different maximal window temperature due to heterogeneity of power
distribution over the window and involving of a heat spread process at
large pulse duration. Nevertheless pulse duration of 5s at power of 250
kW and that of 9.3s at 140 kW were achieved.

Conclusion

Developed gyrotrons in 110GHz and 140GHz frequency ranges are
generate the output power of about 1 MW level at (2-3)s pulse duration
with ~40% efficiency. The gyrotrons are used at W7-AS, Asdex-Upgrade
(Garching, Germany) and D III-D (San-Diego, USA) installations.
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ACHIEVEMENT OF STABLE OPERATION OF POWERFUL
GYROTRONS FOR FUSION

V.E.Zapevalov

Institute of Applied Physics, Russian Academy of Sciences,
46 Ulyanov Street, 603600 Nizhny Novgorod, Russia

Abstracts. The paper reviews some problems of physical electronic of
high power gyrotron and possible solution, results of calculation and
experimental study of gyrotrons for fusion operating in a wide frequency
range and at the 1 MW power level. Effects of beam potential depression
in gyrotrons, effects of mode interaction (competition and cooperation)
and methods of mode selection including multibeam and complex cavity
systems are presented. The dependence of gyrotron parameters on the
beam current and magnetic field is analyzed. The experimental results are
compared with the calculated data.

Introduction. Gyrotrons of the mm wavelength band are used for ECR
heating and active plasma diagnostics and recently they have been used
also in technological application. For electron-cyclotron heating and
current control in existing and planned plasma set-ups gyrotrons with CW
power up to 1 MW and frequency from 25 up to 170 GHz are required.
The possibility to make such gyrotrons is proved by calculations and
experiments [1,2]. It is very important to provide stable operation of such
gyrotrons.
At present the main problems of powerful gyrotrons in the terms
of their stable operation are as follows:
e development of electron guns that form stable helical electron beams
with power up to 3 MW at minimal velocity spread;
e transportation of these electron beams up to the operating region
without disturbance;
e selection of a high-efficiency operating mode in oversized resonators.

Electron beams. Designing and optimization of gyrotrons require

the reliable information on the parameters of the active medium: helical
electron beams (HEB), and also on the factors and processes affecting
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these parameters. In the field of electron optics the main efforts go along

the following lines:

o development of the theory for formation and transportation of helical
electron beams (HEBs) of high intensity, including the study of
instabilities and methods of their suppression [3, 4];

o experimental investigation of HEB properties in the scale-down regimes
[3, 5).

Achievement of 1MW output power of gyrotron with the
operating voltage U =80 kV and the efficiency ~ 35 % requires a beam
with a current %40 A and a pitch-factor g %125 (g =v, ¥, , v, ,v, -
oscillatory and longitudinal velocity in operating space). Thus, a
magnetron-injection gun (MIG) should provide formation of a beam with
such parameters. When selecting the optimum configuration of electrodes
the value of velocity spread v, was not allowed to exceed 30 %. The
specified restrictions were accepted with account for specific guns for
gyrotrons with different operating modes. Very important for the beam
stability is the influence of electrons catched in adiabatic trap between the
cathode and magnetic mirror.

For experiments the method of a retarding field [6] was usually
applied. The measurements were carried out for a gun in the scale-down
regime on an automated installation [3,5], both at presence of influence
electrons catched in the adiabatic trap between the cathode and magnetic
mirror, and at excepting such electrons. The received dependencies, 6v |
and ¢, , are compared with results of numerical simulation and good
correlation for the optimized gun usually is observed.

Effects of beam potential depression in gyrotrons Other
important factors is HEB potential depression in the gyrotron cavity
caused by the eigen space charge of the beam [7,8]. This factor exerts a
considerable influence in superpowerful gyrotrons when intense HEB and
space-developed operating modes of oversized open cavities are used. The
peculiarities of the effect of potential depression for HEB are studied
theoretically in a number of papers. The calculated models of different
complexity show that the effect of depression on HEB parameters is
stronger than in the case of straight electron beams. However, the



conclusions of the theory have not been verified experimentally and even
the procedure of such verification has not been proposed.
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The main effects of beam potential depression in gyrotrons are:
1. Limiting current and power of gyrotrons. The power of gyrotrons can be
written as

Qohm

Qohm + Qd ’
where I and U are current and accelerating voltage, 7, and 7. are
transverse efficiency and efficiency of transformation of the built-in
converter, ¢, is relation of transverse energy of electrons to the complete
one (t, =g*/(1+ &), and Q; and Q,um are diffraction and ohmical Q-
factor. Limiting current [7,8] and power, limited by the potential
depression are:
]m=0.4-U3’2 k/((+g*)* - In(R,/R,)), )

Pow=1-U-t -7, )
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P, =04-U" 5, k- QQ = )R R), )

where k is factor dependent on velocity spread (£(0)=1)
)=t, (1-1)** .

We shall note, that at typical values of the pitch-factor and velocity spread
the value of k£ equals 0.5-0.7 and the maximum power is 1.5-2 time lower.
Achievement of the power level of 1 MW in modern gyrotron using
spatially advanced modes (Rb/Rc~ 0.5) for reduction of ohmic losses
instead of whispering gallery modes (Rb/Rc~1) used earlier requires the
accelerating voltage 80 kV and higher.
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Fig. 2. Dependence of the maximum achievable gyrotron power on an
accelerating voltage (Qonm/(Qonm + Q4)=0.95, t,=0.75, n,=0.6, n.=0.83,
k=1 (zero velocity spread)).



2. Reduction of a starting current displacement of the zone of self-
excitation. The second effect is reduction of a starting current at self-
excitation of oscillations in the gyrotron and displacement of the zone of
self-excitation towards lower magnetic fields that is caused by decrease of
effective potential and increase of drift time.

3. Displacement tuning curve (dependencies of efficiency and power on
the magnetic field) towards lower magnetic fields, that is also caused by
reduction of effective potential and increase of drift time. The optimum
drift angle, thus, at the presence of potential depression corresponds to
lower magnetic fields and achievable efficiency can change.

4. Ion compensation (power change and reduction of frequency). In long
pulse and CW gyrotrons during the time of the order of 100 ms there is
practically complete compensation of the space charge of a beam by
positive ions and corresponds to the absence of potential depression.[9].
Thus, the optimum magnetic field of tuning curves at the presence of
potential depression B; corresponds short-pulse regime ( T,<<100 ms),
and at the absence of potential depression B, -CW regime (7, >>100 ms).
Meanings of a magnetic field smaller B, result in restriction of duration of
a pulse. At pulse duration 7,,~100 ms the constant magnetic field cannot
be established on optimum meaning and in these regimes achievable
efficiency is usually less than in short pulse or long pulse, that corresponds
to the well known empirical facts. We shall note that in process ion
compensation occurs not only power change, but also reduction of
frequency of generation (electronic tuning).

5. Mode interaction. The effects of potential depression and ion
compensation can essentially affect processes of mode interaction, which
depend on parameters of the electron beam, detuning of a magnetic field,
and it requires their correct account at numerical modeling of processes of
mode interaction.

6. Coaxial cavities. The analogous calculation performed for the case of
coaxial cavities have shown that the depression effect in them is essentially
weak.

From the above considerations it is evident, that there has ripened the
necessity to develop a technique for experimental determination of
potential depression influence on HEB parameters and realization of
experiments and their comparison to settlement data.
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The first opportunity for indirect experimental estimation of the
influence of potential depression consists in measurement of the drift of
gyrotron frequency during a pulse. Such measurements were repeatedly
carried out on different gyrotrons. As an example in Fig. 4 measurements
of frequency of the 140GHz/0.5 MW/3s gyrotron [10] carried out by
Th.Geist at IPP (Garching) in May 1996 are shown.
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Fig. 3. Tuning curves for typical gyrotron at the presence
and absence of potential depression

Those experiments showed essential influence of effects of voltage
depression on parameters of HEB and necessity of essential development
of the theory and technique of experiments both. On the basis of the
received results possible directions for further theoretical and experimental
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researches of the voltage depression problem, in particular influences of
effects of beam potential depression on function of distribution electron on
transverse and longitudinal velocities are planned
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Fig. 4. Frequency measurements on a 140GHz/0.5 MW/3s gyrotron.

The problem of providing of stable single-mode generation

The problem of providing of stable single-mode generation in an
oversized resonator at sufficiently high efficiency and a near-1MW level of
output power becomes more complicated at high working frequencies. An
essential circumstance here is that this problem has to be solved within a
number of limitations. The basic one is the limitation of density of ohmic
losses in resonator walls - energy load is limited by possibilities of the
cooling system, which are, as a rule, not higher than 2-3 kW/cm®.
Stability of operation is analyzed theoretically for more and more accurate
models with consideration of two-mode and three-mode interaction.
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Besides stability of stationary regimes, nonstationary processes of mode |
interaction are studied, including those under variation of the electron
beam parameters.

The problem of mode interaction was investigated for the simplest
model in [11], and it was shown that for the usual case (the same field
distribution and Q-factors, not very high beam current and so on) as a rule
we have in gyrotron a single-mode stable operating regime. But even for a
slightly complicated model we can observe a lot of possibilities. For
example, for the model of two mode interaction with the equal parameters
(dimensionless currents 1;Q;=1,0,=IQ) except frequency detuning [12]
possible situation are shown in Fig. 5 (F, and F, are dimensionless
amplitudes of modes). Fig. 5a shows the effect of force excitation of the
second mode when dimensionless current /Q=1.1 (for optimal efficiency
regime /0=0.03). Figures.5b-to Se. corresponds the evolution of the
system when dimensionless current JQ exeeded values 0.7, 0.85, 1.25,
3.13, 4.16 in the following order: 5b, Sc, 5d, Sc (in general), Se.

B B

R

d) “e)

Fig.5. Evolution of the system when dimensionless current /Q grows.

For a more complicated model of mode interaction (selfconsistent
system with nonfixed structure of RF field, real property of electron beam,
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etc.) we have got a very serious problem even near the optimal current [2].
Parameters of RF radiation from the cavity have been computed basing on
the advanced non-linear theory of interaction of the electron beam with RF
field of the cavity mode. The calculations were done taking into account
velocity spreads dv, in the electron beam. The thermal load is given for the
cavity center where it is maximal. From investigations of the electron gun
the velocity spread, v, in the electron beam is expected to be near 0.3.
Calculations show the possibility to attain 1 MW output at the beam
current below 40 A with an acceptable thermal load in the cavity. Special
theoretical investigation has confirmed the stability of operation of the
TEzs7 (TEs s ) mode at its high-efficiency regimes, but if we exceed
optimal current we face a very serious problem.
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Fig.6a. Longitudinal cross-section of CCMC, and longitudinal distribution
of the electric field for operating mode pair

The mode converter is a part of the internal electrodynamic system
of the tube including the cavity as well. The converter separates the RF
radiation from the worked-out electron beam, transforms a complicated
cavity mode to an easier transportable wave beam and allows to minimize
harmful action of possible reflections of RF power to the gyrotron.
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Stability of the operating mode to undesirable mode conversion has to be
achieved by optimization of the cavity output up-tapering waveguide
connecting. Calculation has shown that in the optimized up-tapering
waveguide connecting the cavity with the mode converter a parasitic RF
power transformation of the TE3 7 (TE;, s ) mode to other is below 1%.

There are different ways to increase mode selection in order to
provide a stable single-mode regime such as quasioptical gyrotrons,
coaxial cavity [13], coupled cavity with mode conversion (CCMCO) [14-
16], etc. Figure 6a shows the typical coupled cavity with mode conversion
(CCMC) for the gyrotron and Fig. 6b.- presents the typical dependencies
of basic CCMC parameters on a relative frequency mismatch of partial
cavities. Increasing of the Q-factors correspond to the electrodynamics
selection, and preferences in the RF field amplitude of input cavity for
operating couple modes as compared to the neighbor one corresponds to
electron selection by prebunching of an electron beam. Using this system
we can make the starting current of the operating mode 3-10 times lower
and achieve nonlinear suppression of the undesirable mode.
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Fig.6b. Q-factors, ratios of resonance field amplitudes in CCMC regions 1
andz, relative amplitude of the radiation field at the lower mode out of
CCMC plotted versus a relative frequency mismatch of partial cavities.
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The possibility to use spatially-developed electrodynamic
structures with large volume of the active medium in gyrotrons creates
conditions for the further increase of the frequency and the output power
but poses a number of serious problem. One of the most difficult ones is
the problem of mode selection and especially mode selection on transverse
indices. The operation at the cyclotron frequency harmonics appears to be
most critical, since the modes synchronous with the beam at all lower
harmonics, the starting currents of which are usually lower, become also
competing.

One of the promising methods of selection is application of
helical electron beams (HEB) additional to the main one , i.e. realization
of multibeam gyrotrons [17,18]. According to the parameters (mainly the
oscillatory and drift velocities in space of interaction) the supplementary
electron beams may be either radiating or may perform the function of the
electron absorber.

) The basic results of the theory of multibeam gyrotron are reduced
to the following [19].

The introduction of supplementary radiating HEB weekly
connected with the parasitic mode field essentially increases the resource
of stability of generation at the operating mode, even if the currents of
supplementary beams constitute a small part of the main beam, which has
the greatest cross-section for ensuring the maximum gyrotron output
power and, correspondingly, strongly depends on the parasitic mode
fields. In practically important cases, as a rule, onec manages to choose
the parameters of multi-beam systems in such a way that the efficiency of
the multi-beam gyrotrons is at the level of the best one-beam gyrotron.
The space separation of partial beams makes the influence of the space
charge on the velocity spread weaker. Therefore, the total current in a
multi-beam system may essentially exceed the current of one-beam
gyrotrons without worsening the beam quality.

Absorbing electron beams should have the parameters which can
ensure the maximum cyclotron absorption of the parasitic mode, when the
interaction with the operating mode field is minimum. A smooth
(nonoscillating) beam introduced into the node of the operating mode is
the ideal absorber. The electron Q-factor (quality) characterizing the
losses due to introduction of the absorbing beam is proportional to its
resistance to the direct current, therefore it is preferable to use absorbing
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beams with small energy of electrons. Note, however, that as the energy
decreases, detuning of electron cyclotron frequencies with respect to the
gyrofrequency of the radiated beams increases and the band of the
cyclotron radiation becomes narrower. Absorbing beams are of special
interest for the gyrotrons operating at the second harmonic of
gyrofrequency. In this case nonoscillating beam does not interact with the
operating mode field.

The two-beam system is the simplest one for practical realization
[20]. There are several alternatives of the design of two-beam magnetron-
injector guns (MIG) and the conditions which they should satisfy are
analyzed.

The results of the trajectory analysis for a two-beam EOS
optimized numerically in operating regimes are given. The main beam in
the region of the gun is laminar and the supplementary one is a regularly-
intersecting one. The results of measuring the parameters of beams in the
modeling regime by the retarding field method agree satisfactorily with
calculations.

In the experiments with two-beam gyrotrons, the single-beam
gyromonotron operating at the second harmonic of gyrofrequency
(wavelength 12 mm, accelerating voltage 60 kV, mode TEq; ) [21] is
taken as the basic one.

a) The active supplementary beam is formed in the optimized
two-beam system described above. The choice of the operating mode, the
wavelength and the numbers of the gyrofrequency harmonic defines the
electron beams radii in the operating space Ryi) =13 mm, Ry =5.6 mm.
The design of the two-beam gun provides separate heating of the emitter,
which allows practically the independent control of the currents of both
beams. The potential to the first anode was feel from the variable high-
voltage divider. The potential of the second anode was set equal to the
cavity potential.

If only one (the main) beam was used the gyrotron output
power did not exceed 0,5 MW and was limited mainly by the
competition of the TE,;; mode (the fundamental harmonic of
gyrofrequency). Two-mode generation at the TE;, and the TE4;; modes
is observed, as will as at the pair of the TE3;; and TE,;; modes. When
the current of the supplementary beam was great enough, the operating
mode was stable, and the parasitic generation was absent [21]. Figure 7
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shows results of measurements of the output power, and efficiency
depending on the electron beam current for the short pulse experimental
model of gyrotron. The maximum efficiently of 40% was registered at
the current of the main beam 6.2 A, the current of the main beam 24 A
and the output power 0.87 MW (current 13A and 44A, efficiency
25%). Thus it is obvious that the effect of the supplementary beam is

stabilizing.
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Fig.7. Results of measurements of the output power, and

efficiency of gyrotron depending on the beam current.
The absorbing supplementary beam was formed with the aid of a simple

modification of the existing cathode without optimizing the electron optic
system. The maximum output power of 0.6 MW achieved experimentally
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at the total current in the operating space of a two-beam gyrotron 70A
(Us~47kV) and efficiency 18%. Elimination of the supplementary emitter
decreases the maximum output power down 360kW. In this case
limitation of the output power was the result of the instabilities caused by
mode competition [22].

Conclusion. The possibility to make a stable I MW power level gyrotron
for fusion is proved by calculations, numerical modeling and series of
experiments. Supplementary beams can provide the possibility to increase
mode stability of gyrotron oscillation. Calculation results and
experimental data are in good correlation. Successfully tested short-pulse
gyrotrons are a reliable basis for elaboration of an industrial tube
operating in the full-scale regime.
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EXPERIMENTAL RESULTS OF 1.5 MW COAXIAL
CAVITY GYROTRONS IN THE FREQUENCY RANGE
115-170 GHZ
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Institute of Applied Physics, RAS, Nizhny Novgorod, 603600, Russia

1.5 MW gyrotron oscillators with coaxial cavities designed for operation in
the TEy 16 and TE;, ;; modes at 140 and 165 GHz are under development and test
at FZK in collaboraton with IAP. A maximum output power of 1.17 MW has
been measured at 140 GHz in the design mode with an efficiency of 27.2 %
(pulse duration 0.15 to 0.5 ms). Single mode operation has been found over a
wide range of operating parameters. The experimental values agree well with the
results of multimode calculations. The design operating point with 1.5 MW
output power and 35 % efficiency is not accessible in this tube with axial output,
probably because of enhanced mode competition due to window reflection.
Frequency step tuning has been performed successfully. With a constant
magnetic compression, 20 modes have been excited in single mode operation in
the frequency range between 115.6 and 164.2 GHz. In particular, an output
power of 0.9 MW has been measured in the TE,s;, mode at 123.0 GHz and
1.16 MW in the TE;;,;3 mode at 158.9 GHz. The selection of the operating
frequency and mode of the 165 GHz version are based on limitations imposed by
the maximum magnetic field of the existing superconducting magnet and the use
of the inverse magnetron injection gun of the 140 GHz, TEy3 ;s coaxial gyrotron.
In particular, a maximum output power of 1.17 MW with an efficiency of 26.7 %
has been measured in the design mode TEj;; ;7. A maximum efficiency of 28.2 %
has been observed at an output power of 0.9 MW. Modes with high window
reflection are important competitors. Single mode oscillation was also achieved °
in the TE;,; mode at 167.1 GHz, in the TE;; ;; mode at 169.5 GHz and in the
TE;, 1, mode at 171.8 GHz with an output power of 1.02 MW, 0.63 MW and
0.35 MW, respectively. The power and efficiency decrease towards higher
frequencies is due to the maximum achievable magnetic field of 6.6 T.
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1. Introduction

Conventional cylindrical-cavity gyrotrons are limited in output power
and operating frequency (=1 MW at 170 GHz) due to ohmic wall
loading, mode competition, and limiting beam current [1]. The problem
of ohmic wall loading can be reduced by increasing the cavity diameter
and using volume modes. The increased cavity diameter and the high
operating frequency require operation in high-order modes, where the
mode spectrum is dense and mode competition could prevent the gyrotron
from stable single-mode operation. Furthermore, the use of volume
modes, which do not load significantly the cavity walls, leads to lower
limiting currents and reduced total efficiency because of the increased
voltage depression. These limiting factors can be considerably reduced by
the use of coaxial resonators [1,2], which, by tapering the inner
conductor, offer the possibility of selective influence on the diffractive
quality factor of different modes, allowing operation in high-order
volume modes with reduced mode competition problems. In addition, the
presence of the inner conductor practically eliminates the restrictions of
voltage depression and limiting current. Gyrotrons with coaxial cavities
have the potential to generate, in cw operation, rf output powers in excess
of 1 MW at frequencies above 140 GHz. In general, two methods are
available in a coaxial-cavity configuration for an effective control of the
total Q factor, and hence of the starting current, of different modes: (a)
the use of a longitudinally corrugated tapered inner conductor [2,3], and
(b) the use of a resistive inner conductor [1,4]. The first method seems
preferable for high-power operation and it has been followed in the
development of coaxial gyrotrons for fusion applications at FZK and IAP.

A 1.5 MW gyrotron oscillator with coaxial cavities designed for
operation in the TE,g ;6 and TE3; ;7 modes at 140 and 165 GHz is under
development in a collaboration between the FZK and the IAP Nizhny
Novgorod [3,5]. The development has been planned to be performed in
two steps. The first step, in which the gyrotron has an axial waveguide
output with 100 mm diameter, has already been realized and experiments
have been performed with pulse length < 0.5 ms due to the limited heat
load capability of the collector, which is part of the output waveguide.

In a second step a tube design relevant for cw operation with a radial
rf output will be investigated. Especially because of the present power
limit of rf vacuum windows the mm-wave power will be split into two
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beams and coupled out radially through two windows. In addition, a
single-stage depressed collector will be used in order to enhance the total
efficiency and to reduce the power loading at the collector surface.

In the following the design consideration and the components of the
1.5 MW, 140 GHz and 165 GHz coaxial cavity gyrotrons including the
quasi optical (q.0.) output systems for the tubes with radial dual rf - beam
output, are described. Operating experience and results of rf measure-
ments obtained with the axial tubes are presented and compared with the
results of numerical simulations.

2. 140 GHz, TE,3 ;6 coaxial cavity gyrotron with axial output

A schematic layout of the gyrotron with the axial waveguide output is
shown in Fig. 1. The main design parameters are summarized in Tab. 1.

1. output window
2. collector, & = 100mm

3. electron beam

4. non-linear output taper

5. cavity with inner rod
TE 5,16 (140 GHz2)

6. beam tunnel

7. electron gun (IMIG)
with inner rod
(50A, 90kV)

8. ion getter pump

9. sc-magnet
By <68T
Diore = 275mm

Fig.1:  Schematic layout of the coaxial cavity gyrotron with axial rf-output.
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Tab. 1:  Design parameters of the 140 GHz-TE,g ;¢ coaxial gyrotron.

frequency f/GHz 140
rf output power P,/ MW 1.5
cathode voltage U,/ kV 90
beam current I/ A 50
velocity ratio o 1.35
cavity radius R,/ mm 29.81
beam radius R,/ mm 10.0
voltage depression AU, /kV 1.6
limiting current I, /A ~ 400
peak wall loading (ideal copper) pg/kWem™ 0.63

The low realistic wall loading which is about twice the ideal value,
pa(real) ~ 2 po(ideal) is very attractive for technical realization. The peak
ohmic losses at the inner rod are calculated to be about 10% of the cavity
wall losses and are not considered to be a technical problem. The main
features of the gyrotron components are described in the following.

2.1 The superconducting magnet and the electron gun

For the operation of the coaxial gyrotron an existing superconducting
(sc) magnet with a maximum magnetic field of 6.6 T and a warm bore
hole having a diameter of 275 mm is used. In addition to the solenoidal
coils the magnet has a set of dipole coils which permits a radial shift of
the electron beam in the region of the cavity. With the help of these coils
the alignment of the beam with respect to the inner rod can be verified
and redone if necessary in the fully installed tube.

The 4.5 MW electron gun is of the diode type having a central rod
surrounded by the cathode ring (inverse magnetron injection gun, IMIG)
[6]. The inner rod is electrically isolated but is held close to ground
potential. It is supported and cooled from the gun side. The part of the rod
within the cavity can be radially adjusted under fully assembled
conditions between two shots. At the desngn beam current I, =50 A the
emitter current density is j, =2.8 Alem?. The design operating voltage is
U, = 90 kV. The emitter consists of LaB, and has an average radius of
56 mm. The properties of the electron beam, such as the velocity ratio o
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and the velocity spread 8., have been measured by the method of
retarding fields. The average value of o was found to be in reasonable
agreement with numerical results. The measured velocity spread
OB s = 9% is relatively high but sufficient for reliable operation at the
design parameters. For generation of the magnetic field in the gun region
two coils (ES1 and ES2) are available, which allow a variation of the
direction of the magnetic field lines relative to the emitter surface.
Depending on the ratio of the coil currents the velocity ratio a changes at
the design conditions from 1.15 (Ig5;=0) up to about 1.4 (Igs; = 0).

2.2 Cavity and output taper

The co-rotating TE 5 ;s mode with an eigenvalue ) =87.35 was
chosen as the working mode for operation at 140 GHz. When selecting
this mode it was considered that for the dual beam q.0. output a two-step
mode conversion scheme, TE 54 14 to TE, 74, to TEM;,, which generates
two narrowly-directed (60° at the launcher) output wave beams is
foreseen. In order to allow a simple transformation of the cavity mode
into the intermedite TE;s, whispering gallery mode (WGM) the two
modes have to be degenerate [7].

For the resonator (Fig. 2) a cavity with a cylindrical outer wall and a
radially tapered and corrugated inner rod is used. The cavity has a length
of 20 mm and the inner rod has a negative taper (radius decreases towards
the collector, dR,,4/dz < 0) of 1°. For a negatively tapered inner rod, a
positive/negative slope in the eigenvalue curve y(C) of any mode will
increase/decrease its diffractive quality factor [2,8]. C =R_,/R;yq is the
ratio of the cavity radius R, to the radius of the inner rod R,,4. The
longitudinal impedance corrugation on the inner rod is introduced in
order to avoid an increase of the quality factor of some competing modes.
The corrugation consists of small longitudinal slots which imply no mode
conversion because the period s is small compared to A/2, the free-space
half-wavelength. In particular, 72 slots with a depth d = 0.5 mm and a
width 1 = 0.4 mm are taken. The influence of the corrugation on the
eigenvalue is shown in Fig. 3. The normalized surface impedance w of
the corrugated wall given by [2]: w= (I/s) tan(2nd/A) has a value >2
within the resonator.

Appropriate tapering of the rod together with the impedance
corrugation results in a significantly decreased diffractive quality factor
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Fig.2: Geometry of the TE,;, coaxial cavity with tapered and
longitudinally corrugated inner rod.
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Fig. 3: Influence of longitudinal corrugations of the inner rod on the mode
eigenvalue. The C-range within the cavity is indicated.

of any mode which is influenced by the rod. The range of C in the cavity
is: 3.66 <C <3.82. It is chosen such that the working mode is only
slightly influenced by the inner rod. Then its Q-factor remains high while
the diffractive Q factors of all other modes with higher radial index are
reduced and consequently the starting currents are increased. Modes with
lower radial index couple significantly less to the electron beam and
therefore also have a high starting current. The mode spectrum of the
product Q e (relative coupling coefficient) is given in Fig. 4. Only the
azimuthal neighbours TE ,; 14 and TE ;g ;4, Which have almost the same
caustic radius as the operating mode and which therefore are only slightly
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modes are given with filled and hatched columns, respectively.

influenced by the inner conductor, remain as serious competitors. Their Q
factor is almost the same as that of the operating mode and thus mode
competition through the phase-amplitude interaction can occur. Self-
consistent codes, which compute the electron beam - rf wave interaction,
predicted an output power of 1.5 MW at 139.97 GHz in the TE 4 ;, mode
at a beam current of 42 A with an overall efficiency of 40%. The peak
ohmic losses (ideal copper at room temperature) are calculated to be
0.63 kW/cm? on the outer wall of the resonator and 0.07 kW/cm?2 on the
inner conductor wall.

A nonlinear output taper (Fig. 1) having low mode conversion adapts
the diameter of the cavity to the diameter of the electron beam collector.
Mainly because of voltage depression the inner rod ends above the
nonlinear part of the output taper about 250 mm above the cavity.

2

2.3 Collector and output window

The investigated coaxial gyrotron has an axial waveguide output with

a fused silica window of 100 mm diameter and a thickness of 4.61 mm

corresponding to 7Ag/2 of the TEyq ;¢ mode at 140 GHz. The window is

transparent for the design mode. However, there is power reflection of
620



about 15% at the frequencies of the nearest competitors, the TE,;;6 and
TEz,16s modes. The collector is part of the output waveguide with a
diameter of 100 mm. At the design parameters the estimated electron beam
power density at the collector surface is as high as 50 kW/cm? thus limiting
the maximum allowable pulse length to about 0.5 ms.

The gyrotron version with lateral dual beam output will have a single-
stage depressed collector with an inner diameter of 300 mm allowing a
maximum pulse length of several 10 ms. Two fused silica output windows
transparent for the Gaussian mode at 140 and 165 GHz will be used
(d = 6.045 mm).

2.4 Experiments in the design mode at 140 GHz

The measurements have been performed in short pulse operation. Most
data have been taken with a pulse length of 0.15 ms. The repetition rate
was 1 to 2 Hz. However, with lower repetition rate single pulses have been
performed up to 0.5 ms. The available HV-power supply delivered a
maximum voltage of about U, ~ 86 kV at a beam current I, = 50 A. The
shape of the high voltage pulse was characterized by an overshooting of
about 4%. The rf power has been measured as an average over typically 30
pulses with a ballistic calorimeter. With a contiguous filter bank consisting
of ten 2 GHz channels a down converted signal of the generated rf has been
observed simultaneously in the different frequency channels giving
information about single or multi-mode oscillation in the cavity. The time
dependence of the frequency during a pulse was measured with a time
frequency analyzer. For investigation of the mode purity, measurements of
the near and far-field pattern of the rf power radiated from the open output
waveguide have been performed using an infrared (IR) camera [9]. The far- -
field pattern has been measured using the following setup. A nonlinear
uptaper was connected behind the output window to increase the diameter
from 100 mm to 140 mm in order to optimize the Brillouin angle of the
mode. A quartz glass plate, longitudinally mounted on the axis of the
output waveguide, Was used to produce a standing wave pattern of the
rotating cavity mode and a teflon lens with 165 mm focal length focused
the radiation at a dielectric target plate, which was observed by the IR
camera.

Before assembling the gyrotron tube all parts were aligned
mechanically. However, it turned out that a realignment of the inner rod
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with respect to the hollow electron beam became necessary under
operating conditions in the fully installed tube. For doing this, the dipole
coils in the sc magnet, which enable one to shift the electron beam
radially in the cavity region, are very useful. Using this method, the
position of the electron beam relative to the inner rod was measured
giving the necessary information about the mechanical shift. The result of
the alignment of the inner rod relative to the beam is shown in Fig. 5. The
deviation from concentricity is less than 0.1 mm.

An unstable behaviour of the electron beam has been observed at a
velocity ratio above o ~ 1.2. When the gyrotron was operated in modes
with frequencies having high window reflections the beam stability limit
was shifted towards even lower a values. The occurence of beam
instabilities is thought to be related to electrons reflected at the magnetic
mirror. The mechanism of the reduction of the stability due to reflected rf
power flowing towards the gun is not yet clear.

The design working mode TE,g ;6 was found to oscillate stably over a
wide parameter range. This prooves the suppression of possible
competing modes by the tapered and corrugated inner rod. A maximum
rf-output power of 1.17 MW with an output efficiency 1, =27.2 % has

12 T

I — —
l electron beam - Inner.radius I | Inner rod: R=8.128 mm I
or 1

y / mm

12 .10 8 6 -4 -2 0 2 4 6 8 10 12
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Fig. 5:  Position of the electron beam relative to the inner rod at the entrance

of the cavity.
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been measured in the TEjs;¢ mode in single mode operation at
U,=86kV, [;=50A and B, =5.63T. According to numerical
calculations the corresponding transverse efficiency n, is around 57 %
since the velocity ratio is only 1.0 having a numerically calculated spread
8B .ms = 8 %. The measured frequency of 139.96 GHz is very close to the
calculated value. The internal losses in the cavity, the output taper and the
window are estimated to be about 5.5%.

Figure 6 shows as an example the measured and the numerically
calculated rf-output power versus the beam voltage for a magnetic field
of B,,,=5.62T and a beam current between 50 A and 52 A. The
calculations have been performed with a multi-mode code [10] using the
geometry of the cavity and the operating parameters without any fitting.
For the velocity spread 83, ms = 6% has been taken. As expected from the
numerical calculations the azimuthal neighbours TE,g ¢ at 142.02 GHz
and TE,; ¢ at 137.86 GHz, which are the remaining competitors, are
limiting the stability region of the working mode in the U, - B,
parameter space. The experimentally observed regions with single and
multi-mode oscillation are indicated at the top of Fig.6. At a given
magnetic field the TE,q,s mode oscillates at a voltage below and the

DY) — _ TEod | a6 ™6 TEar6
<—>] -
E TEz916t TE2816  #7) A
< 1500 A
E TE 18,16
2 P
< 1000 e | TE
g TE3946 ,//(. 1/ ;'
L 4 7/
F / /“'-/ /
0 +—=+——=] /

50 60 70 80 90
beam voltage (kV)

Fig. 6: RF output power versus beam voltage. I, = 50-52 A, B,, =5.62 T.
Experimental results are given as points, with oscillating modes
indicated at top. Solid lines are stable single mode operation points
from multi mode calculations performed with experimental
parameters and 8f ;s = 6%.
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TE,; ¢ above the oscillating range of the TE,g,, mode. Single mode
oscillation of the TE,g,, mode is found within several kV of U,. The
regions of oscillations of the three measuréd modes agree well w1th the
numerical predictions. Only the experimental transition region is wider than
expected. According to calculations the rf power should rise up with its
maximum at U, =87 kV while the measured values reach a maximum
around 84 kV and above ~ 86 kV the TE,,; ;4 mode is oscillating. In the
region between U, = 84 to 86 kV there is a small amount of the TE,; |4
mode present simultaneously with the TEy ;, mode. This gives an
explanation for the reduced efficiency and output power in that region.
However, this multimoding is not predicted by the numerical calculations.
One reason for the discrepancy is thought to be caused by window
reflections, which support the competing TE,, ;s mode. Another reason for
the loss of single mode stability at higher voltages is the overshooting of the
accelerating voltage. At the peak of the voltage the competing mode starts
oscillations, and after the voltage dropped again these oscillations may
remain. The influence of the window reflections on the gyrotron operation
is mainly a problem of tubes with an axial rf-output. This effect is expected
to be of no importance in the tube with radial output, as has already been
proven experimentally with conventional hollow-waveguide cavity
gyrotrons.

2.5 Frequency step tuning

The possibility of frequency step tuning has been proven over a wide
frequency range from 115.6 GHz to 164.2 GHz. Frequency step tuning
was performed by changing the magnetic field with constant magnetic
compression corresponding to a beam radius R,=10.0 mm. The beam
radius was not optimized for maximum output power at the different modes
except for the TE,s 6 mode. Under that condition single mode operation has
been achieved in 20 different modes as indicated in Fig. 7. Output powers
around 1 MW and output efficiencies above 25% have been achieved near
frequencies where the window reflection is minimal (122 GHz, 140 GHz
and 158 GHz).

Fig. 8 shows the maximum output power P,, measured in the different
modes together with the output and transverse efficiencies, Nox and 1 , the
rf-power reflection coefficient R of the window, the caustic radius R
and the velocity ratio a. In modes with high reflection coefficient R the

output power P, and the corresponding efficiencies N« and 1, have a
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a minimum. For these modes the gun could not be operated at the desired
voltage because of beam instabilities, probably due to leakage of reflected
and converted rf power towards the gun. This resulted also in reduced o
values. Some influence on P,y is also due to the constant beam radius
which has not been adjusted for optimum beam-rf interaction in the
different modes. It is therefore expected that in a radial version with an
appropriate broadband q.o0. output coupling system any of the possible
oscillating modes shown in Fig.7 will have an output power and
efficiency similar to modes at frequencies without window reflections. In
some modes the transverse efficiency is as high as about 60%. Using a
single-stage depressed collector a total efficiency around 50% is expected
even with the relatively low a.. At frequencies above the design value the
maximum achievable o is reduced below the design value due to the need
of higher magnetic field and the fact that the gun is of diode type.
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3. 165 GHz, TE;3, 17 coaxial gyrotron with axial output

3.1 Selection of the operating mode and cavity design

There are two main limitations in the design of the coaxial gyrotron
under description. The first is the use of the sc magnet existing at FZK,
which can reach a maximum field of around 6.6 T, and the second is the
use of the IMIG of the 140 GHz-TE,3 ;¢ coaxial gyrotron. Due to the first
limitation and the requirement of an operating frequency in the range of
165 to 170 GHz, the acceleration voltage has to be reduced close to
75 kV, in order to increase the cyclotron frequency through a reduced
relativistic mass factor y. The reduction of the voltage from 90 to 75 kV
and the increase of the cavity magnetic field from 5.54 to 6.5 T result in a
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considerably reduced value of the velocity ratio a.. The only available
way to increase the value of o is the increase of the magnetic
compression through the reduction of the gun magnetic field. This means
a smaller electron beam radius in the cavity, which in turn is limited by
the diameter of the non-removable part of the inner conductor (16 mm),
which is fixed to the IMIG and ends up just before the cavity.

Assuming a minimum acceptable beam radius in the resonator of
9mm, only modes of the azimuthal families m=30 (beam radius
R,=9.12mm) and m=31 (R,=9.41 mm) were found to result in
reasonable values of a, 1.40 and 1.10 respectively, according to EGUN
simulations. In view of the next version of the tube with a lateral output,
the modes with azimuthal index m = 30 are excluded because non of them
is degenerate with a WGM TE,,,, in which the cavity mode should be
transformed before the dual-beam output launcher [7]. From the modes of
the azimuthal family m=31 only the TE; ;; mode (x=94.62) is
degenerate with a WGM mode, the TEg; , mode () = 94.69). Therefore
the TE;, ;; mode was selected as the operating mode of the 165 GHz
coaxial gyrotron [8].

A coaxial resonator has been designed, according to the design
principles presented in [2] and [8], to oscillate in the TE 3, ;; mode at
165 GHz. The cut-off section of 22 mm length is tapered by 3.0° and it is
connected to the 22 mm long cylindrical midsection with parabolic
roundings of 4 mm for reduced mode conversion. Power transmission
towards the gun is practically zero and the mode purity of the downtaper
is 99.3%. The linear part of the uptaper is 30 mm long with an angle of
1.5°. A non-linear uptaper was designed and optimized to increase rapidly
the diameter to 100 mm in a distance of 330 mm from the middle of the
resonator with negligible mode conversion (output mode purity 99.8%).
The radius of the cylindrical part of the resonator is 27.38 mm = 15 A,
where A is the free-space wavelength. The inner conductor has a radius of
7.32 mm at the middle of the cylindrical part of the resonator, and it is
downtapered by 1° towards the output. The wall of this conductor is
longitudinally corrugated with 72 rectangular slots of 0.35 mm width and
0.38 mm depth, a value which is close to 0.21 A ensuring effective mode
discrimination and reduced problems from possible mode competition
from second cyclotron harmonic interaction. The normalized impedance
w varies in the cylindrical part of the resonator from 2.03 to 2.14, and
along the total resonator from 1.93 to 2.31. The negative slope of the
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mode eigenvalue curve along the cylindrical part results in a slight
decrease of the diffractive QO of the mode by 8% from the Q value in an
equivalent regular cylindrical resonator with length 22 mm.

The cold-cavity resonant frequency and diffractive Q of the TE;; |,
mode are f = 164.976 GHz and Q = 3010. The relatively high Q value is a
result of the increased cavity length (=~ 12 A), which is necessary to
compensate the moderate accelerating voltage (= 75 kV) and the low
electron velocity ratio o (~ 1.0). The equivalent Gaussian length L, of the
cold-cavity field profile is 24.5 mm, which corresponds to a normalized

interaction length p=mnoap L, /A close to 16. The frequency

separation between the operating mode TEj ,; and its azimuthal
neighbours TE 3 ;; and TE 3, ;; is 2.268 GHz and 2.283 GHz, while their
diffractive Q is 2685 and 3254, respectively. Assuming an rf power of
1.5 MW in the cavity, the peak loading of the outer wall is found to be
1.15kW/cm?2, and at the inner conductor it is limited to 0.17 kW/cm?
(ideal copper at room temperature).

3.2 Experimental results and comparison with numerical simulations

The 165 GHz-TEj; ;; mode coaxial gyrotron has been tested in pulsed
operation with 0.15 ms pulse length and 1 Hz repetition rate. However, in
single pulses the gyrotron has been operated up to 0.5 ms.

The design operating point with an output power of 1.36 MW and
36.7 % efficiency was not accessible because of beam instabilities at high
velocity ratio a (high cathode voltage) due to high velocity spread. The
beam was often observed unstable and the operation of the tube was
difficult towards the high-power region. With the increase of the beam
radius in the cavity (lower compression, lower beam o) the beam was
more stable and vice versa. This is an additional indication for
development of beam instabilities due to reflected electrons at high beam
o in the magnetic mirror before the cavity. In order to operate stably the
tube at higher voltage and current the second gun-coil ES2 was energized
instead of the ES1, resulting in lower beam o and velocity spread. The
experimentally achieved maximum output power versus the cathode
voltage is presented in Fig. 9. The cavity magnetic field is 6.63 T and the
beam radius is 9.63 mm. The beam o is 0.5 at U, = 45 kV cathode voltage
and increases to 0.92 at U,=92KkV, according to the adiabatic
dependence. The beam current starts at 41 A at 45 kV and reaches 52 A at
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Fig. 9:  Output power of different modes versus cathode voltage. B,.=6.63T,
Ry=9.63 mm, 6B, =3.5 % and o = 0.84 at U, = 77 kV and I, =
40A. Open/crossed circles show single/multi mode operation.

92 kV. At U,= 84 kV cathode voltage and I, = 50 A current the beam o
is equal to 0.84 and the rms velocity spread is 3.5%, according to EGUN
computations. The beam was stable up to 52 A. Experimentally only two
frequencies were measured in single-mode operation: 168.52 GHz
(TE;; 17, mode) and 164.99 GHz (TE;; ;; mode). In an extended cathode
voltage range (70 to 77 kV) multimoding of these two frequencies and the
TE;; 17 mode at 167.27 GHz was observed. The agreement between the
numerical and experimental results of the operating TEj; ;; mode is
excellent. Experimentally the mode was found to oscillate up to 86 kV
cathode voltage and 51 A current with 1.17 MW output power and 26.7%
efficiency. Assuming 7% internal losses (ohmic losses in cavity and
output waveguide, window absorption) and 1.7 kV voltage depression, an
electronic efficiency of 29.2% is computed. The beam o is 0.86 and the
transverse electronic efficiency is 68.6%. This operating point is 2.5 kV
inside the hard excitation region, which starts close to 83.5 kV cathode
voltage. Numerically the TE;; ;; mode was found to oscillate stably up to
86.7 kV with 1.19 MW output power and 27.1% total efficiency. It was
not possible in the experiment to increase U, to more than 86 kV because
of high-voltage power supply limitations. In general, the operation of the
tube with the ES2 gun-coil energized was very smooth and easy, because
of the low beam o and the absence of beam instabilities.
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The tube was also operated at higher frequencies by controlling the
magnetic field and the cathode voltage. The maximum power achieved is
given in Table 2. Megawatt level output power (1.02 MW) was measured
at a frequency of 167.14 GHz frequency with 26.8% efficiency in the
TE;;; mode. The far field pattern of the 165 GHz-TEs; ;4 coaxial
gyrotron output is shown in Fig. 10 where 62 minima and maxima are
easily recognized.

Tab.2: Frequency tunability of the 165 GHz coaxial gyrotron.

mode TE,,, TE;,17 TE;;,17 TE;3,4 TE;3417
frequency / GHz 164.98 167.14 169.46 171.80
magnetic field / T 6.63 6.62 6.62 6.62
beam radius / mm 9.63 9.70 9.75 9.82
cathode voltage / kV 86 76 70 57
beam current / A 51 50 50 46
output power / MW 1.17 1.02 0.63 0.35
total efficiency / % 26.7 26.8 18.0 13.3

100 |-

y/mm
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Fig. 10: Measured far-field pattern of the 165 GHz-TE;, ;, coaxial gyrotron
output with stopped rotation.630



4. Gyrotron with radial dual-beam rf-output and single-stage
depressed collector

A gyrotron relevant for cw-operation with a radial dual rf-beam output
and a depressed collector (Fig. 11) is under construction. Components as
output windows, double-beam launcher and single-stage depressed
collector are already available. The mirrors and the mirror box are under
fabrication.

rf-eam €g—deN—g - 5 T S

1. depressed
5 collector (SDC)
2. insulator
3. output windows
6 4. mirrors
7 5. launcher with
dual cut
6. rippled wal!
8 mode converter
1. cavity with
9 tapered and
corrugated
inner rod
8. electron gun

with inner rod
(IMIG)

9. sc-magnet
(Bmax<6.57)

|

S e
E et bl Sk
-

- -

e —
1]

2=

o

l."‘_';.‘l ‘

r-beam

Fig. 11: Schematic layout of the coaxial cavity gyrotron with dual rf-beam
output.
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For operation with two rf output windows a q.0. mode converter system
based on a two-step mode conversion scheme, TE28 16 ©0 TE 4, to
TEM,,, which generates two narrowly-directed (60° at the launcher)
output wave beams has been designed [7] as shown in Tab. 3. High
conversion efficiency is expected (94 %). If one employs, as in
conventional hollow waveguide cavity gyrotrons, a q.0. mode converter for
the operating volume mode of the cavity, the dimensions of the mirror
system are excessively large for a dual beam output since the azimuthal
angle of divergence ¢ of the radiation in geometric optical approximation is
quite large, €.g. @ =2 arccos(m/ym,) = 142.6° for the TEyq 1 mode. For a
high-order WGM of the type TE, , the azimuthal angle of divergence ¢ of
the radiation is sufficiently small, e.g. @ = 2 arccos(m/ymp) = 59.1° for the
TE, mode, since the representing rays from its caustic are located closer
to the waveguide wall. Thus a double-cut q.0. launcher can generate two
diametrically opposed narrowly-directed output wave beams. However, it
should be pointed out that the two step mode conversion works properly
only for the design mode and cannot be used if the possibility of frequency
tuning is considered.

The conversion of the cavity mode to the degenerate WGM is achieved
by introduction of longitudinal corrugations in the output taper (1.5°)
consisting of Am = 104 slots according to the formula:

R, =R.o(2)+pcos(am¢)
where R, ((z) is the mean radius of the output waveguide wall, p =
0.05 mm is the amplitude of corrugations and Am = 104.

The quasi-optical (q.0.) converter will use an improved dimple double-
beam launcher with Am; =2 and Am, =6 perturbations for longitudinal
and azimuthal bunching of the two mm-wave beams [7].

Tab. 3: Two-step mode conversion sequence for coaxial gyrotron.

volume mode | whispering gallery mode wave beam
degenerate modes g.0. dual-beam output through
longitudinal Am = 104, waveguide mode two rf output windows
converter
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Dev‘elopment' and applications of
submillimeter wave gyrotrons

T.Idehara, T.Tatsukawa, 1.Ogawa, Y.Shimizu, N.Nishida and
K.Yoshida
Faculty of Engineering, Fukui University, Fukui 910, Japan

Development and applications of high frequency,
medium power gyrotrons in Fukui University
(Gyrotron FU series) are described. The latest
gyrotron in the series, Gyrotron FU IV has achieved a
frequency tunability up to 847 GHz. The
previous gyrotron, Gyrotron FU III achieved third
harmonic operations in single mode, amplitude

modulation and frequency step switching. The
early gyrotron, Gyrotron FU II has demonstrated
mode competition and mode cooperation. The

former is not convenient for high frequency, harmonic
gyrotrons and should be removed. Gyrotron FU II
has been applied to plasma scattering measurement of
Compact Helical System (CHS) at National Institute
for Fusion Science (NIFS). Gyrotron FU I, FU
E and FU IV are being used for ESR experiment as
millimeter to submillimeter wave sources.

1. Introduction

The development of gyrotrons are proceeding in two directions.
One is the development of high power, millimeter wave gyrotrons as
the power sources for electron cyclotron heating of the plasma, for
electron cyclotron current drive of tokamaks and for ceramic
sintering. At the present, 120-170 GHz, 1 MW, pulsive
gyrotrons are delivered for plasma heating and current drive'” and 30
GHz, 15 kW, cw gyrotron for ceramic sintering.*’

The other is the development of high frequency, medium power
gyrotrons®’ as millimeter to submillimeter wave sources for plasma
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scattering measurement,’®’ ESR experiment'” and so on.  Such
gyrotrons operate at the fundamentals, the second harmonics of
electron cyclotron resonance and even at the third harmonics under
high magnetic field whose intensity is over 10 T. They have
many advantages which other conventional sources do not possess,
for example, frequency tunability and moderately high power output.
Gyrotrons developed in Fukui University are ones of the latter, that is,
high frequency, medium power gyrotrons covering a wide frequency
range in millimeter to submillimeter wavelength. We call a series
of these gyrotrons ‘Gyrotron FU series’. The latest gyrotron of the
series, Gyrotron FU IV* has achieved a frequency tunability from
160 GHz to 847 GHz by many single mode operations at the
fundamentals and the second harmonics of electron cyclotron
frequency. The gyrotron is being used for a high frequency ESR
experiment as a radiation source.

The previous gyrotron, Gyrotron FU III'* has also achieved a
frequency tunability up to 636 GHz by operations at the
fundamentals, at the second harmonics and even at the third
harmonics. The gyrotron demonstrated an amplitude modulation
and a frequency step switching of its output, which are useful for its
applications to the infrared spectroscopy as a radiation source.

The early gyrotron Gyrotron FU II" is the first submillimeter wave
gyrotron in the series, whose maximum frequency is 402 GHz. It
is being used for a plasma scattering measurement of Compact
Herical System (CHS) in National Institute for Fusion Science
(NIFS) at Nagoya. Around 100 watt output power at 352 GHz
is transmitted by circular waveguide system, converted into a quasi-
Gaussian mode and injected into CHS plasma. A scattered signal
is analyzed using a homodyne detection system. The
measurement confirmed an excitation of low frequency drift wave
during NBI or ICRF heating. Such informations are important
for achievement of the best plasma confinement.

The first gyrotron, Gyrotron FU I is frequency-tunable from 70 GHz
to 200 GHz and is being used as a radiation source for ESR
experiment.

At the present, we have constructed a new gyrotron Gyrotron FU
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IVA®, using a 17T superconducting magnet. The cavity has a
nonlinear up-taper region and smooth connection parts in the
beginnings of the cutoff down-taper and the output up-taper, to
minimize the mode conversion from the main cavity mode to its
competing modes. The gyrotron has just begun to operate.
It will achieve the breakthrough of the wall of 1 THz in near future.
In this monograph, we will summarize the development of Gyrotron
FU series and their applications to plasma scattering measurement
and ESR experiment.

2. Development of Gyrotron FU series

2.1 Designs and constructions of high frequency, harmonic
gyrotrons

Gyrotron FU series is including 7 gyrotrons. Each gyrotron

consists of a sealed-off gyrotron tube and a superconducting magnet

except Gyrotron FU III, which has a demountable tube. Table 1

summarizes the present status of gyrotrons included in the series.

Table 1  Present status of Gyrotron FU series

Gyrotron FU I 70-200 GHz Radiation source for ESR experiment

Gyrotron FU E 90-300 GHz Radiation source for ESR experiment

Gyrotron FUIA | 38-215'GHz Radiation source for plasma scattering
measurement of WT-3

Gyrotron FU II 70-400 GHz Radiation source for plasma scattering
measurement of CHS

Gyrotron FUIII | 100-640 GHz | 3rd harmonic operations in single modes,
Amplitude and frequency modulations

Gyrotron FUIV | 160-850 GHz | cw stable operations of gyrotron
Radiation source for ESR experiment

Gyrotron FU IVA | 300-1,324 Higher frequency operations at 3rd
GHz harmonics, High purity mode operations

(a) Gyrotron FU IV®
The design was carried out by computer simulations. We
selected narrow cavities to get a good mode separation and then to
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operate the gyrotron in many single modes at the fundamentals,
second harmonics and even at the third harmonics. Such a
situation is important for our high frequency, harmonic gyrotrons.
For example, the diameter of the latest gyrotron, Gyrotron FU IV, is
only 3.23 mm, as shown in Fig. 1.

; T T
- § 2 i_
' : 1

e 4.0 mm 145 mm 118mm

Fig. 1 The shape of a cylindrical cavity installed in Gyrotron FU IV.
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Fig. 2 Computer simulation results for beam currents /, to sustain 100
W output power for many cavity modes as functions of magnetic
field intensity Bo. A parameter N shows harmonic number.

In Fig. 2, beam currents to sustain 100 W output powers are plotted
for many cavity modes as functions of the magnetic field intensity Bo.
A parameter N (=f/f., f and f. are a operation frequency and an
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electron cyclotron frequency) shows harmonic number. 17T
superconducting magnet is used for Gyrotron FU IV. As seen in
the figure, there are many candidates for single mode operations at
fundamentals (N=1), second harmonics (N=2) and even third
harmonics (N=3) in the field intensity region from 14.5 T to 17 T.
If we adjust field intensity B, at its optimum value, we can operate
second harmonics hatched in Fig. 2, suppressing the noede
competitions with any fundamentals of higher output power. ~ We
can expect the maximum frequency at second harmonic is around
850 GHz by single mode operation of TE4g,; cavity mode. The
other gyrotrons in Gyrotron FU series are designed along the same
line as Gyrotron FU IV.

(b) Gyrotron FU IVA®
A schematical drawing of a new gyrotron, Gyrotron FU IVA is
shown in Fig. 3. The gyrotron
consists of a 17 T supercenducting
magnet and a sealed-off tube. A
triode magnetron injection type gun
operates in the magnetic field leaking
from a superconducting magnet.
The mirror ratio, that is the ratio of
the main field intensity at the cavity | a2 | -
region to the intensity at the cathode '
of electron gun, is about 45. A
computer simulation result shows that
we can control the ratio @ (=v_ /v,

v, and v, are the perpendicular and
the parallel velocity components) only
by adjusting the anode voltage V; in
the wide field intensity range from 5 T
to 17 T. A cavity whose diameter
and length are only 3 mm and around
7 mm is installed in the gyrotron. Fig. 3 A schematical drawing
Fig. 4 shows the shape of the cavity. of Gyrotron FUIV A.

It has a nonlinear up-taper in the output region and smooth
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connection parts in the beginnings of cutoff down-taper and up-taper
at the output to minimize a mode conversion from the main cavity
mode to its competing modes.  The cavity has also a small iris at
the output end to increase a quality factor and then to decrease a
starting current for each cavity mode. The design of this cavity
was carried out precisely by D.Wagner from University of Stuttgart
and M.Thumm from Forschungszentrum Karlsruhe.

T —- T T
2.5+ i
1
P
g2 .
E
Nt
—
ICutoff down taper Resonant cavity Nonlinear up-taper
1.5+ -
L . I
0 10 20
z (mm)

Fig. 4 The shape of a cavity installed in Gyrotron FU IVA.

Fig. 5 shows, a computer simulation results for mode conversion
from the main cavity mode TEs; to its competing modes TE;s ;,
TE;7: and so on, which occurs in the nonlinear up-taper region.
A part of the main mode is converted to TE,s,; and TE,;; modes in
the middle of the up-taper region, but almost all power returns back
to the main mode at the end of up-taper. A calculation results
show 99.3 percent of total power can penetrate the up-taper region
as the main mode.

Fig. 6 shows a computer simulation results for equi-oscillation-
efficiency-lines of third harmonic operations (N=3) of TE, 0, and
TE, ., modes together with fundamental operation (N=1) of TEo,1,1
mode. The vertical and horizontal axes are an injection point of
beam electron in the cavity and field intensity B,, respectively.
Hatched region are the injection region of electrons in the present
device. Single mode operations at third harmonics (N=3) are
possible only by adjusting field intensities B, at the optimum
conditions. The frequencies of TEy 0, and TEs;; modes are 1022
and 1034 GHz. Therefore, we expect this gyrotron will achieve

639



the breakthrough of 1 THz.
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Fig. 5 Computer simulation result for mode conversions from the main

cavity mode TEy, to its competing modes TE; s, TE, 7, and so on
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which occur in the nonlinear up-taper region.
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Fig. 6 Computer simulation result for equi-oscillation-efficuency-lines
of third harmonic operations of TE,o; and TEy;; modes
together with fundamental operation of TE,; ; mode.
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2.2 Experimental results of high frequency, harmonic gyrotrons
(Gyrotron FU series)

As shown in Table 1, gyrotrons included in Gyrotron FU series are
frequency step-tunable sources which cover a wide wavelength range
from millimeter to submillimeter.  The output powers are not so
high, that is, from several hundred watt to several ten kilowatt at the
fundamental operations and from several ten watt to several kilowatt
at the second harmonic operations. = The main results which
Gyrotron FU series has achieved up to the present are summarized as
follows.

(a) Frequency tunability from 38 GHz to 850 GHz"'°

6 gyrotrons in the series except Gyrotron FU IVA have achieved
frequency step-tunabilities in the ranges shown in Table 1.  Fig. 7
shows a typical result of frequency measurement for Gyrotron FU IV
using a Fabry-Perot interferometer.  There are many instances for
single mode operations at fundamentals (Fig. 7(a)) and at second
harmonics (Fig. 7(b)).  Each interferometer pattern corresponds to
field intensity B, indicated by an arrow. Measured
wavelengths, corresponding frequencies and cavity modes are
denoted in the figure. The highest frequency observed up to the
present is 847 GHz by single mode operation of TE4g; cavity mode
at the second harmonic (N=2).

Table 2 is a list of all observed frequencies, together with
corresponding field intensities, cavity modes and a number of output
powers measured by a water load. Frequency step-tunability is
achieved from 160 to 850 GHz by both fundamental and second
harmonic operations. = Output powers are several hundred watts at
the fundamentals and several ten watts at the second harmonics.
Similar frequency tunability is achieved by each gyrotron in the series,
as shown in Table 1.  The Gyrotron FU series covers wide
frequency range from 38 GHz to 850 GHz.

8 — 1500 641



TE
(a) 0 6 7mm " (b) TEGN "
443GHZ —> Teen
838GHz
o TEqgy
0 758mm 0.369mm
396GHz 812GHz —=
TEn 11
0790mm
380GHz — —_
0412mm
1 7236Hz
0870mm A Hz
r e [AAAAIAAAAN
e g’ 0427mm-—~
e 703GHz
0893mmm _ § Egst
o . iz
: : TEz61
3 5 <— 0520mm
g H M 577GHz
e ; TEi5
£ P “— 0560mm
i : 0 536GHz
: s TE73
; Vi= ~40kV g—g.glamm Vig=-40kV
.- i . -
00 10 20 T 75.3,7‘ 1::02-051« 00 10 20 30 96Hz  1,=02-05A
! st d
Distance d (mm) 237GHz Distance (mm)

Fig. 7 A typical result of frequency measurement for Gyrotron FU IV using a

Fabry-Perot interferometer.

Interferometer patterns for (a) the

fundamentals and (b) the second harmonics are shown in the figure.

Table 2 List of all frequencies observed for Gyrotron FU IV , together with
corresponding field intensities, cavity modes and a number of output
powers measured by a water load.

Bo f=fc | f=2fe P TE B f=7e f=2f< P TE
[ey) (Gilz) (GHz) W) m a M (GHz) | (GHz) w) m o
623 159 12 11.85 309 5 2
6.55 336 33 1242 316 9 1
6.73 346 1 4 1244 647 6 s
731 . 376 4 3 12.74 337 107 33
738 190 51 1340 346 1 4
764 199 403 22 1349 703 5 6
813 208 02 13.55 356 55 6 2
834 443 3 4 13.68 714 37
852 221 6 1 13.90 718 -SL 1 8
3.77 455 9 2 13.96 729 8 5
927 486 [ 1425 3N 107 4 3
934 489 73 1463 378 1 1
93S 237 456 3 2 14.79 390 2 4
958 253 t 3 1497 396 0 4
9.86 255 71 1557 802 3 8
9.97 521 1 2 15.62 414 53
1014 529 35 1571 812 2 19
10.20 536 16 15.80 417 8 2
10.76 278 253 4 2 16.30 838 6 7
11.00 281 81 1632 847 4 8
11.05 517 26 16.52 431 3 4
1115 293 23 16 67 443 15
1138 301 03
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(b) Higher harmonic (N =3) operations'”*®

Higher harmonic (N = 3) operations enable us to save magnetic field
intensity and develop high frequency gyrotrons.  Therefore, those
are necessary for the development of high frequency, medium power
gyrotrons as submillimeter wave sources. ~ Gyrotron FU I, FU II
and FU III have achjved third (N=3) and fourth (N=4) harmonic
operations. .

We used Michelson interferometer.combined with & signal analyzer
for Fast Fourier Transformation (FFT) to obtain frequency spectrum
of gyrotron output. A block diagram of the measurement system
is shown in Fig.8.  Gyrotron output is fed to beam splitter 1 and
splits in two ways.  After a number of reflections, the two beams
emerge at beam splitter 2. Beam splitters 1 and 2 are metal
meshes (60
lines/in.).

Mirrors 1 and 2 are
metal plates.
The phase shifter is
composed of two
metal plate mirrors.
When the phase
shifter is driven at
a constant speed v,

the detected

interference signal Ao

alternates with '

frequency L Plotter }—{ Signalanalyzer ]

f'=2v/A Fig. 8 Block diagram of frequency measurement
=2vf /c, where system using a Michelson interferometer.

A and f are the wavelength and the frequency of the gyrotron
output.  The signal from the pyroelectric detector was amplified
and Fourier analyzed by a signal analyzer. The observed
frequency ( f') spectrum can be easily converted to real gyrotron
frequency (f) spectrum by using the above relation between f and f .

Fig. 9 (a) is a typical instance of interferometer pattern observed for
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Gyrotron FU II and Fig. 9 (b) corresponding frequency spectrum
obtained by FFT of the interferometer pattern. It is seen that
intense third harmonic operation occurs together with intense
fundamental and weak second harmonic operations. In another
case, the weak operation even at the fourth harmonic occurs with the
fundamental, the second and the third harmonic operations of more
intense output powers. Fig. 10 summarizes frequencies
observed on the spectra as functions of field intensity Bo.  Solid
lines are the fundamental, the second, the third and the fourth
harmonic resonances. Higher harmonic operations enable us to
operate Gyrotron FU II at high frequency modes up to around 600
GHz.

T T ! T T

(a)

Detected power (arb.)

1 1 1 ] 1
200 210 220 230 240 250 260
Time t (sec.)

200 00 800

Frequency f (GHz)

Fig. 9 A typical result of frequency measurement using a Michelson
interferometer.  (a) Interference pattern for Gyrotron FU IIL (b)
Frequency spectrum obtained by FFT of the interference pattern. By=5.68
T, "=-40 kV, ,=050 A, f=145 GHz(TE,,; , f=f,) and f=440
G}'IZ(TEI,6,1 ’ f =3f c)
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Fig. 10 All frequencies observed on spectra of the output of Gyrotron FU II
as functions of By

(c) Mode competition and mode cooperation’®?’

Sometimes, mode competition between the fundamental (N=1) and
the second harmonic (N=2) operations occurs in our high frequency
gyrotrons. In such a case, higher frequency mode (N=2) is
suppressed by excitation of lower frequency mode (N=1) of higher
output power. This phenomenon is not convenient for high
frequency, harmonic gyrotrons and should be removed.

Fig. 11 shows a typical features of the mode competition. Solid
and dotted lines are output powers at the second harmonic
operations of TE;,; cavity mode and at the fundamental operations
of TE, 3,; mode as functions of beam current 7, with field intensity By
as a parameter. For each field intensity, the second harmonic,
single mode operation starts at lower threshold beam current Iy;.
However, when 1, is increased, the fundamental operation starts at
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higher threshold current /y, and its output power increases. The
second harmonic operation is suppressed completely, when the
fundamental becomes intense. ~ Therefore, a single mode operation
at the second harmonic occurs in the beam current range from Iy,; to
I,.  This single mode operation is useful, when we apply our high
frequency, harmonic gyrotrons as submillimeter wave sources.

In some circumstances, one mode helps the other mode to become
established. One could describe this as ‘mode cooperation’. A
phenomenon observed in Gyrotron FU II suggests phase bunching
due to the second harmonic operation acts as a prebunching to
enhance the fundamental operation, which results in a reduced
starting current for fundamental operation.

- — — fundamental (TEzzmode)

— mmmidrezs.mode)/,lf,fj/

/7
/7

12+

P(kW)

Output power

Fig. 11 Output powers of Gyrotron
FU II at the fundamental
(broken lines) and the
second harmonic (solid
lines) as functions of beam
current I, with field
intensity By as a parameter.

Beam current Iy (A)

Fig. 12 shows calculated output power for the TE;s; mode at the
second harmonic (solid lines) and for TE;3; mode at the fundamental
(broken lines) as functions of beam current I, for a magnetic field
By=7.32 T. Thick and thin lines show both the case of
simultaneous excitation of fundamental and second harmonic (really
occurring) and the case of each single mode excitation (not really
occurring, only assuming). The dotted line shows the total
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power of both excitations. Though other low-power branches
appear in the simulation for single mode excitations of the
fundamental and the second harmonic, they are removed in the figure,
because we can treat them as spurious modes.

Comparison between these give some interesting insights. 1)
When the second harmonic is present, the starting current for
fundamental operation falls from point A to B. (2) In the region
between these points, total power is greater than it would be if there
was only second harmonic operation. So, when mode
cooperation occurs, more power is extracted from the electrons.
When By=7.32 T and l,=1.1 A the total power increases by more
than 80 %6.

Output power P (kW)

]
G— B TA 2 3
Beam current Ib (A)

Fig. 12 Calculated output power P for the TE, ¢, mode at the second harmonic (solid
lines) and for the TE,;; mode at the fundamental (broken lines) as functions
of beam current I,. Thick and Thin lines show both the case of
simultaneous excitation of fundamental and second harmonic (really
occurring) and the case of each single mode excitation (not really occurring,
only assuming). The dotted line shows the total power of both
simultaneous excitations. The field intensity is fixed at Bo=7.32 T.
Between both currents denoted by A and B, the mode cooperation occurs.
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In Fig. 13(a), the range of beam currents for mode cooperation
derived from the experimental results is shown as a function of the

magnetic field Bo.
results.

Fig. 13(b) shows the corresponding calculated
In both figures, the curves labeled B show the starting

current for the fundamental and the curves labeled A show the
current for complete suppression of the second harmonic.
Slightly weaker field intensity in the experimental results than that in
the simulation comes from the inacac)uracy of our gaussmeter.

simulation
indicate  the
possibility  of mode
cooperation, where a
gyrotron operation at the
second harmonic provokes
excitation of another mode
at the fundamental
cyclotron resonance, and
these two modes may
coexist.  The prebunching
of beam electrons in
gyration phase introduced in
the initial stage by the
second harmonic, may
enhance the operation at the
fundamental, which could
not rise up without the help
of the second harmonic
operation. This
mechanism results in the
decrease of the starting
current of operations at the
fundamental and perhaps
offers a more efficient way
of achieving useful output
powers from a gyrotron
operating at lower voltages

Computer
results®

Beam current Ir (A)

-

Beam current Ib (A)

A

' ¥ ¥ LI I

L A 4

| 1 ! 1
738 740 742 .44

Magnetic field Bo(T)

1
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7.28

730 732 734
Magnetic field Bo(T)

736 738

Fig. 13 Beam current range for mode

cooperation as functions of field
intensity Bo. (a) Experimental
result and (b) simulation result.
A\ shows the starting current for the
second harmonic.
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and currents.

(d) Amplitude modulation of submillimeter wave gyrotron

output”
An amplitude modulation and
frequency modulation of

submillimeter wave gyrotrons
are useful for their applications
to wider fields as radiation
sources.  Gyrotrons FU III
and FU IV have achieved
amplitude modulation of its
output. A modulation of
the anode voltage V, will
modulate the velocity
distribution of electron beam,
which, in turn, will modulate
the gyrotron output.

Fig. 14 shows a typical results
of modulating the
submillimeter wave gyrotron,
with the modulation level of
anode voltage V, expressed as
the ratio A V,/V, as a
parameter.  The gyrotron, in
this instance, is operating at
the fundamental of the
cyclotron frequency. The
cavity mode is TEg,;, the
frequency is 349 GHz, and the
output power is about 60 W.
The modulating frequency is 5
kHz and modulation mode is
square wave.

The upper traces show the
high voltage pulse applied to
the anode. The small

a)

b)

c)

APIPoy =1.5x107"
Vol Vag= 111072

AP(Pyut=4.0x10™"
AVyINgp=27x10°2

e
e
_!‘N‘f\f\___

IUWUL_

APIPo=1.0

AValVao=7.6x107

0

1 2
Time t (msec)

Fig. 14 Amplitude modulation result
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for  Gyrotron FU IIL
Upper traces are high voltage
pulses applied to the anode and
lower traces are output powers of
the gyrotron. Operation
conditions; TEg,; mode at the
fundamental, modulation
frequency is 5 kHz and
modulation mode is square
wave, the frequency f =349 GHz,
unmodulated beam  voltage
V,=40 kV and beam current
L,=0.3 A.



square wave modulation signal is visible in the traces.  The lower
traces show the output power of the gyrotron. = The modulation

rate A Pow/Po of gyrotron output increases with the modulation
rate A V,/V, of the anode voltage.  The 100 % modulation of
the output (A Pow/Pou=1.0) is attained when A V,/V, is only several
percent ( A V,/V, ~ 0.076). Experimental results show the
modulation rate A P,y/Poy of output is almost linearly proportional
to A Vu/Vi. This means the sinusoidal modulation of output

power is possible by the sinusoidal modulation of anode voltage.
Sinusoidal modulation of P, at the modulation frequency up to 600

kHz has been achieved with the low A V,/V, value of 1.1 X 10,

Bo=955T
Vy=-29.0kV
V2=-240kV

I
0 1 2
Time t (msec)

Fig. 15 Upper trace; High voltage pulse applied to the electron gun
cathode, modulated by a 5 kHz square wave. The magnetic
field is B¢=9.55 T, V1=29.0 kV and V,=24.0 kV. Lower
trace; Output power measured by a pyroelectric detector.
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(e) Frequency step switching due to switching of operating
cavity mode*
One kind of frequency modulation that is possible is obtained by step
switching from one cavity mode to another, by modulating the
energy of the electron beam. It is still useful for many
applications of gyrotrons, for example, plasma heating at several
frequencies (a simultaneous heating at the electron cyclotron
fundamental and the second harmonic resonances), heat pulse
propagation experiments at two different frequencies, and so on.
The principle of frequency step switching the gyrotron output is as
follows. Usually, gyrotrons operate at a frequency near the
electron cyclotron frequency w_or its harmonics n w_,.  The

electron cyclotron frequency is A, =eBo/(y mo), Where e is the
electric charge unit and m, the rest mass of the electron, By the static
magnetic field and 7 =(1-v*/c*)"” the relativistic factor.

When the energy of an electron is changed, 7, which is related to
the beam voltage ¥ by ( 7 -1)moc’=eV changes and, as a consequence,
the electron cyclotron frequency w_ changes. If the cathode
voltage is switched from V; to V5, the electron cyclotron frequency
changes from w_, to @  and the frequency step is Aw, =w,, -
w,, = ,eVi(1-Va/V1)/(moc’), where _, is the geometric mean of
w,_, and w_,. If there are two cavity modes whose operating
conditions are very close, it becomes easy to switch from one to the
other. In this way, rapid frequency step switching of a
gyrotron can be realized. In the experiment, V7=30 KkV,
Vo/V1=0.75, so, Aw_ /w, =1.47X10%. If at lgast two cavity
modes lie in the range Aw, of electron cyclotron frequency,
frequency step switching occurs when operation changes from one
mode to the other.

Fig. 15 shows a typical result for frequency step switching between
two fundamental modes. The upper trace shows the high-
voltage, 1 ms pulse applied to the cathode of the electron gun.
The anode voltage is obtained using a resistive voltage divider.
The modulation superimposed on the high-voltage pulse was a 5 kHz
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squire wave. In the case, V7=29.0 kV, and V,/V;=8.28 X107,
so Aw,/w,=9.80 X10°. The lower trace shows the gyrotron

output pulse. Modulation of the energy of electron results in
the modulation of gyrotron output. The drastic variation of
output power observed in the figure occurs, because a beam
efficiency changes when cavity mode is switched. In the case,
both powers are several hundred watts. It is possible to get
nearly equal powers for both modes by controlling injection point of
electron beam in a cavity.

Frequency modulation is confirmed by sampling the output first when
the voltage is V; and again when it is 7, and measuring the
frequencies by a Fabry-Perot interferometer. The measured
frequencies are fi= 257GHz and £,=260 GHz.

Similar frequency step switching is possible between a fundamental
and a second harmonic, when the frequency of the latter is nearly
equal to twice the frequency of the formar. The submillimeter
wave gyrotron is used as a radiation source for plasma scattering
measurement and ESR experiment in our laboratory. The
advantages of frequency step switching, as well as amplitude
modulation, will be useful in those applications.

3. Application of Gyrotron FU series

3.1 Application to plasma scattering measurement™

Aa shown in Table 1, Gyrotron FU II is being used for plasma
scattering measurement of Compact Helical System (CHS) in
National Institute for Fusion Science (NIFS) as a radiation source.
The gyrotron is well suited source for plasma scattering measurement,
because of its capacity for high powers at submillimeter wavelength
range. Gyrotron FU II delivers long pulses (pulse width is
changed up to 0.6 s) of moderately high power (~110 W) at
submillimeter wavelengths (f~354 GHz, A=0.847 mm). Its
application enables us to improve the S/N ratio of the measurement
and to observe density fluctuation with a low level.

Fig. 16 shows installation of scattering measurement system on CHS.
The gyrotron output is transmitted by conventional over-sized
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circular waveguids and
converted to  two-
dimensionally  focused,
linearly polarized, quasi
Gaussian beam, before it
is injected into plasma.
Scattered wave from
plasma is received by
horn antennae installed
in plasma vessel and is

converted into low
frequency signal by
homodyne detection
system.

The scattering
measurements with

scattering angles of 4.4°
and 8.8° are carried out
in NBI heated plasma
and ICRF  heated
plasmas. Fig. 17
shows a typical result of
scattering measurement
with the angle of 8.8° for
NBI heated plasma.
The trace shows one
frequency spectrum of
scattered signal after
another. Each
spectrum covers the
frequency region from 0
to 1 MHz and was
obtained in 20 msec.
The plasma is initiated
by microwave pulse for
electron cyclotron

TOF NPA

Thomson Scattering

Laser induced Fluorescence
L) Beam Probe (Fast)

SSELLLR

Fig. 16 Schematical drawing of installation of
scattering measurement system using a
submillimeter wave gyrotron, Gyrotron
FU II on CHS.

3000

2500 !

I
2000
1500 y

1000+——T—1
0.000 0.025 0.050 0.075 C€.100 0 125 0.150 0 175 0 200
TIME sec

Fig. 17 Time evolution of frequency spectrum of

scattered signal. Time intervals of
ECH and NBI pulses are indicated.
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heating (ECH) and heated by neutral beam injection (NBI) pulse.
It is seen the broadening of the spectrum occurs during NBI heating.
After NBI pulse, the broadening cannot be observed. It is found
up to 600 kHz and is possibly due to scattering by drift waves excited
spontaneously by NBI heating.

Fig. 18 shows (a) scattering measurement result for ICRF heated
plasma, together with (b) the corresponding reflection measurement

using a reflectmeter.

The plasma is fired at the time of 10

msec by ECH pulse and ICRF heating pulse is applied in the time

interval from 40 to 90 msec.

scattered wave power for
respective frequency
interval.  The scattering
angle of 8.8° corresponds
to wavenumber of 11.4
cm’. The increase in
scattered wave power is
followed by the ICRF
heating.  The results of
reflection measurement is
reasonable with that of
scattering measurement,
which  supports  the
availability = of  both
measurements.

Observed scattered signals
suggest that some
instability concerning with
the drift wave occurs
during NBI or ICRF
heating. This
phenomenon  will  be
dangerous for a well

plasma confinement.
We will continue the
measurement under

Each curve shows time evolution of

1000
———10~20kHz
.......... 20 ~ 30 kHz
(a) 100F ——— 30~40kHz

[SUIURUPRPIPSPRP Ay 41

em—
=7
-

. . b
L . )

0 20 40 60 80 100120140
Time [msec]

10000 " RS RAAARARA
— _10~20kHz
.......... 20 ~30kHz
(b) 1000} —w—— 30~40 kHz
100 F
10

0 20 40 60 80 100120140
Time [msec]
Fig. 18 (a) Time evolution of scattered
wave power for respective frequency
interval.  (b) Time evolution of

reflected wave power for respective
frequency interval.
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various plasma parameters, to study the effect of this instability on
plasma confinement.

(b) Application to ESR experiment

Gyrotrons FU I, FU (a) Single crystal ¥=80.15GHz
E and FU IV are S -Tl.
being used for ESR dHy2=2x10" T
spectroscopy as WWWAWWMH i A
radiation  sources.
The gyrotrons have
important advantages
as  millimeter to
submillimeter wave /H'=2.857 T
sources, which other S !
conventional sources Magnelic field H (T)
never possess, for

example, frequency  (b) polycrystaitine powder ¥=92.96 GHz
tunability in wide "k AHo=3WIOn T
range and moderately 12
high output power.
Because of such
advantages, our
gyrotrons are useful
for ESR /
spectroscopy in the 25 T

millimeter to Magnetic field H (1)
submillimeter Fig. 19 ESR resonant absorption patterns for

wavelenath ¢ standard samples DPPH. (a) for a
avelength range to single crystal sample and (b) for

study nonlinear polycrystalline powder sample.
phenomena of ESR’, :

We have constructed an ESR spectometer using Gyrotron FU I as a
radiation source. ~ The output power of the gyrotron is transmitted
by oversized circular waveguide and drives the specrometer.  The
main part of the spectrometer consists of W-band waveguide system.
The superconducting magnet generates high magnetic field up to 8.5
T at the sample holder. A transmitted power is detected by a
crystal detector. The spectrometer covers a wide frequency range in

Absorption (a.u)

2.90

Absorption (a.u)

H,=3315T
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millimeter wave region, because Gyrotron FU I is a frequency

tunable source.

Fig. 19 shows typical
patterns  demonstrating
ESR resonant absorption
for a standard sample
DPPH. For (a) single
crystal sample, a sharp
resonance is observed.
The half value width
AH is equal to 2°10* T.
The value is comparable
with  the theoretical
prediction. On the
other hand, for
polycrystalline  powder
sample, the resonance is
broadened, because of an
anisotropy of g-value.

Fig. 20 shows observed
half value widths of the
resonance lines as
functions of frequency 2.
Solid circles are the
results for single crystal
sample and hollow circles
for polycrystalline powder
sample. Solid lines

— T T I
0

® 40
Q

o
T
520

z

C
=

g2 8
0 1 1 1
0 50 100 150

Frequency vy (GHz)

Fig. 20 The observed half value widths of the
resonant  absorption lines as
functions of the frequency v .
Solid lines show theoretical
predictions taking an anisotropy of
g-values into account. O and @
correspond to the cases of single
crystal sample and polycrystalline
powder sample, respectively.

show theoretical predictions taking an anisotropy of g-values into
account and are good agreement with experimental results.

The study of ESR using Gyrotron FU IV is under way. In near
future, we will try the ESR experiment in the wide frequency range in

submillimeter wave.
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4. Summary

Gyrotron FU series in Fukui University consists of 7 gyrotrons.
Each of them is designed to get many single mode operations at the
fundamentals, the second harmonics and even at the third harmonics
of electron cyclotron resonance. Such a design results in a high
frequency, medium power gyrotron covering wide frequency range
from millimeter to submillimeter wavelength.  The results which
Gyrotron FU series has achieved are as follows,

(1) These gyrotrons have achieved frequency tunability from 38 GHz
to 850 GHz.

(2) The output powers are moderately high, that is, from several
hundred watt to several ten kilowatt at the fundamental operations
and from several ten watt to severai kilowatt at the second harmonic
operations.

(3) Higher harmonic operations up to fourth are demonstrated.
This is necessary for development of high frequency gyrotrons
covering the whole submillimeter wavelength range.

(4) Mode competition and cooperation between the fundamental and
the second harmonic are studied in detail. The former is not
convenient for our high frequency, harmonic gyrotron.

(5) Amplitude modulation and frequency step switching of gyrotron
output have been achieved for its application to wider field.
Gyrotron FU II has been already applied for plasma scattering
measurement of CHS in NIFS, and Gyrotron FU I, FU E and FU IV
for ESR experiment to study nonlinear phenomena of ESR.

At the present, the newest gyrotron Gyrotron FU IVA has just
operated. The gyrotron will achieve a breakthrough of 1 THz,
in near future. .
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GYROTRONS
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'and Univ. Karlsruhe, Inst. fiir Hochstfrequenztechnik und Elcktronik,
Kaiserstr. 12, D-76128 Karlsruhe, Germany

The necessity of step-tunable gyrotrons for fusion reactors requires the
excitation of different modes at different frequencies. For a TE,,,, gyrotron the
TE..i3.1 mode can be excited at very high output powers by the variation of the
magnetic field as these modes have approximately the same caustic radius and
thus also the same coupling between the electron beam and the rf-field. Due to
the same caustic radius the gyrotrons can be operated with the same quasi-
optical mode converter. For long pulsc operation at high output powers an
efficient cooling of the resonator is very important. An optimisation for the wall
thickness depending on the heat-transfer coefficient between copper and water
has to be performed. In general, the heat-transfer coefficient is not known, and
also difficult to estimate. From the frequency dependence caused by thermal
expansion of the cavity during long pulse operation the heat-transfer coefficient
and the Ohmic loss density can be derived.

1. Introduction

A main goal of the gyrotron development program at the Research Centre
Karlsruhe (FZK) is the design, construction and test of high-power gyrotron
oscillators for electron cyclotron wave applications in fusion plasmas.

At FZK gyrotrons with an output power exceeding 1MW and a frequency of up
to 170 GHz are under development. In particular a conventional gyrotron with a
hollow waveguide cavity operating in the TE;; s-mode with a design output
power of 1 MW was tested at short pulses. The possibility of stepwise frequency
tuning in a frequency range between 115 and 165 GHz was verified.

The frequency behaviour of a gyrotron during long pulses was investigated in a
TE 04 gyrotron. With a simple theoretical model the temperature distribution
and the expansion of the cavity was calculated. Comparing the experimentally
observed frequency change during a pulse with the theoretical one, it is possible
to estimate the peak Ohmic loss density and the heat-transfer coefficient
between the cavity and the cooling liquid.
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2. Stepwise Frequency Tunability
The possibility of slow stepwise-frequency tuning was demonstrated with our
TEz, 6 gyrotron. This gyrotron was designed for an output power of 1 MW at a
cathode voltage of 80 kV and a beam current of 40 A. The gyrotron is built up
from a diode type magnetron injection gun with a LaBs emitter. The beam
tunnel is made of alternating copper and rf-absorbing ceramic discs [1].

During the measurements two

2 2o measured output power 40 different quasi-optical mode
2 +  measured efficiency converters had been used,
3 wsr self-consistent calculation 130 g either a simple non-improved
3‘6 % one without any internal
s " 20 § perturbations at the launcher,
o £ or a second one with an
8 °°f 10 ®  improved launcher containing
3 74KV 85 kv mirrors in the waveguide
%% 20 30 20 50 o 12,3].
beam current | /A The window was either a
Figure 1: Dependence of output power and single disc boron nitride or a
efficiency on beam current quartz window.

The results of our experiment
with the non-improved launcher and the boron nitride window are shown in
Figure 1. The highest output power was measured to P,x=0.94 MW at a cathode
voltage U,= 85 kV and a beam current I,=53 A. The highest efficiency (without
depressed collector) of n=24% was obtained at 80 kV and 42 A. The difference
to the theoretical output powers and efficiencies are assumed to be at least partly
caused by the diffraction losses. A total power loss of about 30% was estimated.
To avoid the diffraction losses and to achieve the design value of 1 MW an
improved launcher had been installed, but the highest output power was only
600 kW. Spurious oscillations with a frequency of 40 MHz in the beam tunnel
could be observed. However, this does not seem to be the reason for the reduced
power, as a further experiment with the non-improved launcher again yielded
an output power of about 900 kW, though spurious oscillations were present.
We assume that the interaction of the electron beam with the rf-field inside the

Table 1: Experimental results for caf‘l'ltﬁ 15 . cthhangledn hbry

different modes : f)euee c’iouzﬁz l:rge ertu?ll)a:io‘:ls;

f (GHz)| mode | o__{power (kW) inside the launcher competing
117.9 | 195 [ 41] 1.2* | 750 modes with the wrong
1361 | 216 |.31] 1.53 810 direction of Totation might be
1401 | 22.6 1.4 780 reflected and change the
1442 | 236 |.25| 1.3 770 interaction.
1476 | 246 | 41| 1.2 910 The possibility of slow
151.2 | 25.6 |.33] 1.15 760 frequency step tuning by
162.3 | 25.7 |.38] 1.02 970 variation of the magnetic field
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is shown in Table 1. The tube was operated at a cathode voltage U,=80 kV and
a beam current [,=40 A. The frequencies, the power reflection coefficients r? at
the output window, the velocity ratios o, and the corrected output powers for
the different modes are given. The output powers are corrected here according
t0  Peon=Pmeas (1+12), as the reflections vary by more than 40 % over the
frequency range. The magnetic field distribution and hence the compression
ratio was kept constant during these measurements except for the TE;s mode.
As the velocity ratio increases with decreasing frequency, for the TE;o5 mode
the velocity ratio was too high for stable operation because of reflected
electrons. The value of 1.2 was achieved by a change of the cathode magnetic
field or better to say by a change of the compression ratio.

As the a-value changes with the magnetic field, for a step-tunable gyrotron it
would be desirable to have a triode gun. The a-value could be adjusted at a
constant compression ratio by changing the voltage of the modulation anode.

In a cw-tube built for frequency tuning, a window without reflections for the
desired modes has to be installed. This is possible with a window matched to the
desired frequencies. But this choice restricts the frequencies strongly. A better
solution is given by a window installed in the beam line under the Brewster
angle. This allows to get out all modes without any reflections.

3. Long-pulse operation of the TE 4 gyrotron
The TE, 4 gyrotron was designed for an output power of 500 kW at U,=80 kV
and [;=25 A. A triode gun with a M-type impregnated tungsten emitter was
used. For a modulation voltage of 23 kV the velocity ratio o was calculated to
be 1.1 [4]. The peak Ohmic loss density at the inner surface of the cavity was
calculated to 5.9 kW/cm? at the design output power. However, during the
experimental ~ period  the
T T T 11 geometry of the cavity had

8141 s before experiment 1 changed (Figure 2). The
E —=— after experiment radius of the cavity at the
€ 812t |
= G ITEITE /i centre (z=0 mm) was reduced
9 810 4:1\1—‘{1 St | by about 15 pm, at the end
g /Ty g A4 7 A (z=t7.5 mm) no change had
2 808F 1 occurred. For the new
8 geometry, the Q-value was
8o B . N | decreased and the Ohmic loss
-10 5 0 5 10 density was calculated to be
cavity axis z / mm about 3.6 kW/cm?.
Figure 2: Geometry of cavity before and after ~ The heating of the cavity due
long-pulse experimental period to the Ohmic losses influences

the expansion of the cavity.
The temperature in the cavity wall is described by the differential equation
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2 2
d°T 1dt &T _po,dT a
dr2 rdr dzz A dt

with the specific density p, the heat capacitance ¢, and the heat conductivity A.
These values are dependent on the temperature, thus the differential equation
can only be solved numerically. For T<500°C, the ratio pc,/A is constant within
10 %, and even for temperatures up to 1000°C the error is less than 20%. So for
an approximate solution this differential equation can be solved by treating the
ratio pcy/A to be constant. The integration constants are determined by the
boundary conditions.

Introducing a thermoelastic displacement potential @ the differential equation

d2®o 1dd d2@ 1+v
- T=s( 2
dr2+rdr+dz2 0‘1—v ® @

can be derived for the expansion of the cavity [5], with an integration constant
s(t), the thermal expansion coefficient oo and the Poisson number v. The
expansion is obtained from the thermoelastic displacement potential by
Az:dﬁ and Ar:di).
dz dr
The calculations were performed for a cylindrical structure which extends along
the axis from -L to L. The Ohmic loss density is taken as Gaussian, with a
power drop to 10% at the end of the cavity thought to extend from -L; to L.. The
ratio between cylindrical tube and cavity length usually was chosen to be 10.
The radial heat flow at the inner surface is given by the distribution of the
Ohmic loss density; at the outer surface the heat flow out of the copper equals
the heat flow into the water. For mathematical reasons the arrangement is taken
to be periodic with a periodicity of 2L. This means that either the thickness d of
the tube is small compared to the tube length 2L, or the axial heat flow at the
end of the tube is zero, for example in case of poor heat conductivity.
, —— ' — For the expansion we further
= exp data { assume, that the tube can
theory | move freely into all directions.
In radial direction this is
always true. The expansion
into axial direction also can be
taken as free, as AL/L is small
even if the cavity expands.
Figure 2 shows a comparison
00 o1 oz o3 o7 o5 of the measured freq1_1ency
’ ' t;me ¢ /s' ' ' change with the approximate
theory. The points present the
Figure 2: Frequency change during a pulse

o
T

N =
Q Q
S O
T

58

frequency change Af / MHz

663



frequency taken from a continuous measurement [6]. The space charge
neutralisation time in this experiment is only 30 ms, so the influence can be

neglected. From the frequency

© 500 - T T
P0 =37KkW/cm? oct=3.5 W/em?/K
400 FT
——d=05mm
0- X, e d=30mm

N
8

8

dependence it is possible to
obtain two very important
parameters: the Ohmic loss
density and the heat-transfer
coefficient o,. The latter one
1 can be calculated from the
time constant, and the Ohmic
1 loss density is determined by
the total frequency shift. The

temperature increase AT / °

% 5 10 15 frequency change of the
axis z/mm experiment could best be fitted
Figure 3: Temperature distribution on the inner with Po= 3.7 kW/cm? and
surface along axis o=8.5 W/cm?/K.
600 . . .
e P,=3.7 kWicm* o =8.5 W/em?/K Figure 3 shows the
E --------------------- temperature increase of the
40 ~——"" T stationary solution on the
8 T ATSATG*ATians| inner surface along the axis
® ool T AT | for two different thicknesses.
£ AT s Far away from the centre of
2 the cavity the temperature
g 05 ' s ‘ 5o increases with increasing wall

5 .10 15
wall thickness d / mm

Figure 4: Transition temperature and tempera-
ture difference between inner and outer surface

g

thickness, but in the centre
this behaviour is reversed. The
temperature on the inner
surface is higher for thinner

P 0=3.7 kW/cm?

8

AT=AT cu +AT

N
8
5

temperature rise AT /°C

(=]
L

e =17 W/em?/K

trans

walls.

The reason for this effect is
seen in the axial heat flow.
The temperature at the inner
surface adds from two terms:
the temperature difference
AT, between inner and outer
surface of the cavity and the
transition temperature AT

o
S
-
[

10
wall thickness d / mm

Figure 5: Transition temperature and tempera-

20 between  the  outer copper
surface and cooling water.
Due to the inhomogencous

ture difference between inner and outer surface Power distribution along the
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place, and this reduces the radial heat flow into the water. With increasing wall
thickness the transition temperature decreases, whereas the difference between
inner and outer surface increases (Figure 4-5). The transition temperature
depends on the heat-transfer coefficient. For o=8.5 W/cm?K the decrease in
transition  temperature  is

1000 higher than the increase of the
I3 temperature  difference, for
:: 750 =17 W/cm?K the effect is
2 reversed (Figure 5).

5 500r The temperatures of the inner
g :° surface at the centre of the
£ 250 4 cavity are shown in Figure 6
2 parameter: heat-transfer coeffiient o Wicmzk) { for different  heat-transfer
0 e - coefficients. For small values

0 5 10 15 20 25 30 ope finds an optimum wall

wall thickness d / mm thickness  with  smallest

Figure 6: Dependence of temperature on wall  temperature increase, whereas

thickness for heat-transfer coefficients
) exceeding 10-15 W/cm?/K the

temperature increases with increasing wall thickness.
To explain the frequency shift from the temperature distribution, the expansion
of the cavity has to be calculated. For free expansion into all directions the
expansion along the axis is given in Figure 7 for two different wall thicknesses.
For thin walls the deformation is much higher than for thick walls, though the
temperature on the inner surface in these two cases was about the same. The
reduced value for thicker walls is caused by the rigidity of the wall material.
The neighbouring parts inhibit the cavity to expand as they are at lower
temperature than at the centre.

60 : , : . o

P,=37kWicm?  o=85Wicm/K Another important point is

50 pm-eeel _ 4 that the difference of
d=30mm i . h

40t - d=05mm 4 deformation between the

centre of the cavity (z=0 mm)
and the end of the cavity
(z=7.5 mm) is reduced for
thicker cavity walls. For
d=3mm the difference is only
4 pum, whereas for d=0.5 mm
. . . . the difference is about 20 pm.
Figure 7: Expansion of cavity along axis So the change in Q-value and

in Ohmic loss density is
reduced for thick cavity walls. Also from this point of view an optimisation
procedure concerning the wall thickness should be considered.

20+

expansion Ar / ym
8

Y
o
T

0

o
-
o
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n
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4. Conclusions

Wide frequency step tuning of gyrotrons is possible but one needs a broadband
window preferable a Brewster window. A triode gun is preferable for a free
choice of the a-value.

To reduce the deformation of the cavity during long pulses, a thick wall of the
cavity is preferable. For low heat-transfer coefficients this agrees with the
optimisation concerning low temperature increase.
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Abstract

The Lower Hybrid (LH) system for FTU is designed to generate a
total amount of 9 MW at the nominal frequency of 8 GHz, allowing
Heating and Current Drive operations at high plasma density.

Due to the lay-out of the terminal section of the transmission line, it is
necessary to control the output power and frequency of the rf source, a 1
MW gyrotron, with a very high accuracy.

After the "pioneering" work made during the commissioning of the
two prototypes: the 1 MW Thomson TTE and the 500 kW Varian Ass.es
gyrotrons, an intense effort has been done in the commissioning of the
series tubes, the Thomson gyrotrons, to fully understand, from the
engineering point of view, the behaviour of these tubes and to define an
essential, but comprehensive, theory, sufficient to manage the output
power and frequency according to the experimental requirements.

Introduction

The Frascati Tokamak Upgrade (FTU) is a machine included in the
European Thermonuclear Fusion Program aimed at investigating high
density plasmas subject to powerful radiofrequency (RF) fields (Lower
Hybrid, Ion Bernstein Waves, Electron Cyclotron Resonance Heating).

The Lower Hybrid system will generate, at full performances, a total
amount of 9 MW at the nominal frequency of 8 GHz, in pulsed regime
(pulse length = 1 s, duty cycle = 1/600).

The system has a modular configuration; each module is powered by
a gyrotron able to produce up to 1 MW for 1 second in the TE, circular

mode. The output power is transmitted through an oversized circular
waveguide (C-18) over a distance of about 30 meters, converted into
TE,, rectangular mode and split to feed a 12 x 4 waveguides

conventional grill.
Each gyrotron and its associated transmission line, down to the

rectangular waveguides, has been extensively tested on dummy loads to
667



define the influence of the main controllable input parameters (beam
voltage Vi, beam current I, gun-anode voltage V gk, main focusing coil
current Ifp) on the output power and frequency.

The experimental results of this work are analysed in the frame of an
essential but comprehensive gyrotron theory, enabling the definition of
an operations map for each gyrotrons that greatly increases the capability
and flexibility of the system in its exploitement during the
experimentation.

The LH system for FTU

Each LH module (fig. 1) is based on a conventional 1 MW gyrotron
with output mode TE,, in circular waveguide. A 90° bend connects the
vertical output of the gyrotron to the horizontal transmission line. To
reduce the transmission losses the TEs; mode is converted to the TE,
low losses mode and transmitted through a standard C 18 (@ = 114.58
mm), oversized circular waveguide.

‘s THOMSON TUBES ELECTRONIQUES

tranamission line Mode filter o1 Water
Long n Ty coupler  Coupler

(40 m,® 11: load
(om,e 11450 T (2 utout, (@ 20)

TE}, waveguide)

fig. 1 - Lay-out of the 8 Ghz, 1 MW LH module for FTU

The direct and reflected power in this section is detected by selective
directional couplers to have a qualitative evidence of the behaviour of the
gyrotron.

At the end of the circular section of the line the rf power is split in
twelve WR 137 rectangular waveguides and, at the same time, its e.m.
mode is converted to the fundamental TE,, mode by means of a suitable
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coupler/divider.

Twelve phase-shifters control the phase in each output branch of the
coupler to assure the correct spectrum at the output of the antenna: a grill
of 12 x 4, reduced section (28 x 3.6 mm), rectangular waveguides.

After the phase-shifter a 1:4 power divider permits the right feeding
of the four waveguides of each grill column.

The overall transmission losses, from the gyrotron output to the gill
mouth, are about 40%, so that the power at the grill mouth is about 600
kW with a power density of 10 + 12 kW/cm?.

A multiwindow, an array of 12 x 4 alumina windows, assembled on a
titanium alloy frame, separate the FTU vacuum from the pressurised
grill.

A more comprehensive system description is reported in [1] and [2].

Commissioning and experimental evidences

To have the correct n;, spectrum at the grill mouth, because of the
different path lengths of the twelve transmission lines, in WR 137,
connecting the power divider to the grill, it is essential to control the
gyrotron output frequency within + 4 MHz.

Moreover the high power density at the grill (> 10 KW/cm?) requires
to control the gyrotron output power within the range 0.5 + 1 MW to
optimise the coupling to the plasma in all the operating scenarios.

The above two requirements bring to a foregoing work of
characterisation for each tube on dummy loads before its connection to
FTU; this work permits to define a multi-dimensional operating space
and, within this space, the best operating point of the gyrotron in terms of
output power and frequency.

On the basis of the diagrams resulting from this work it is also
possible to obtain the variational dependences among the gyrotrons
parameters.

The 1 MW Thomson gyrotrons for the FTU LH system present seven
independent mput parameters:

- cathode voltage (V,),

- gun anode voltage (V ),

- main focusing coil current (Ig,),

- heater current (Iy),

- gun coil current (I ),

- cavity gradient coil current (I,,),

- gun gradient coil current (I).

According to our operative experience the two output parameters:
power and frequency, are mainly influenced by the first four above

parameters, while the last three have a secondary influence.
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fig. 2 - Gyrotron n. 6: Power vs. Cathode voltage
The chart in fig. 2 reports a set of curves P, = f(Vk) with gun anode

voltage as parameter. The power, in the TE;, mode, is the sum of the
mean output power in the twelve branches of the coupler/divider.
From the diagram it is possible to make the following considerations:
- the output power of the gyrotron may be controlled over a wide
range of values of cathode voltage;

- the output power increases with the cathode voltage

- for a given cathode voltage, the output power is weakly dependent
on the gun voltage;
- for a given gun voltage the tube may oscillate only over a limited
range of values of cathode voltage;
- the maximum power at the output of the coupler/divider is about 800
kW for V, = 87 kV;
- for V, < 85 kV a good approximation of the whole set of curves is
given by a first order polynomial:

Pout = 34 (Vi - 63.6);

where V, is in kV and P, in kW.
- according to this approximation the output power is null at V, = 64
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kV;

- for V, > 87 kV the output power is in saturation;

- the maximum variation rate of the output power, at Vi, =85 kV, is
about 42 kW/V;

- the mean variation rate, according to (1), is 34 kW/kV.

These considerations are analysed in the last part of this paper in the

frame of an essential theory.

The output frequency as a function of cathode voltage, for the same

points of fig. 2, is displayed in the chart in fig. 3.

Output Frequency [MHz]

8030.0

; Vgk [kV]
8025.0

:\‘ —8- 455
8020.0 ] l%% —o- 465

'\‘.\\\ —m 475
8015.0 - : :

i —A— 485

: -~ 405
8010.0 Q;

. —— 505
8005.0 | — 515

] —%— 525
8000.0

73.0 77.0 81.0 85.0 89.0
’ Cathode Voltage [kV]

fig. 3 - Gyrotron n. 6: Frequency vs. Cathode Voltage

The following considerations may be done:

- for low values of cathode voltage (< 80 kV) the frequency is
dependent on the gun voltage;

- for V, > 80 kV this influence is strongly reduced,;

- the curves converge to a minimum of 8005 MHz at about 90 kV;

- the maximum relative frequency variation, at V, = 73.5 kV, is about
+0.11%;

- in the range of variation of V, (73 + 89 kV) the relative frequency
variation is about 0.24%.

Even if these values are significantly small in absolute, to guarantee

the required n; spectrum, it is necessary to change the phase in the
twelve WR 137 sections when the output frequency of the gyrotron,
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because of an imposed output power variation, varies more than 4 MHz.
In the fig. 4 the parameter is the main focusing coil current I,
The diagram is very useful in the definition of the value of I, that
permits to control the output power on the widest range of V.

900
800 —
: Ifp [A]
700
s ] B 2475
‘i -
@ ]
2 600 O 2484
o h
fg ] —m 2487
& 500-
] —A— 249
400 ¥ 2496
- —— 2508
300 3
73 74 75 76 77 78 79 80

Cathode Voltage [kV]
fig. 4 - Power vs. main focusing coil current

For the gyrotron examined in fig. 4 it is possible to use several values
of I, with a good control on the output power over a wide range of Vy;
the value of 247.5 A permits to have the maximum output power in
absolute, but in a very narrow range of cathode voltage.

The influence of the beam current on the output power is shown in the
diagram in fig. 5.

From this diagram it is evident that the cathode current determines
limited variation of output power (< 10%) so that it could be used only
for small adjustment.
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fig. 5 - Power vs. Beam Current

Theoretical considerations

The gyrotron is based on the transfer of energy between weakly

relativistic electron beams and high frequency electromagnetic (e.m.)
fields.

The electron kinetic energy depends only on the cathode voltage; it
has the following expression in eV:

W= Vi=(r-1)W, )

where W, = 511 keV is the electron energy at rest and 7y the relativistic
correction factor.

The gyrotron cavities are generally designed to work in a Te,,,, mode,
so that only the transverse energy of the electrons is available to be
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transferred to the e.m. field.
The transverse to total kinetic energy ratio is:

2
W, B o?
W o B2 1+a?

3

where “B” are the electron velocities normalised to the light velocity and

a=bL @)

By

is the transverse to axial velocity ratio.

The value of a affects the performances of the gyrotron: the FTU
gyrotron has been designed to give the best performances at o= 2, that is
for a 4/5 energy ratio.

The transverse velocity at the input of the cavity is given by the
following relation:

BL=—KVy |— 5)

Y Bk3

where B and B, are the static magnetic fields respectively in the cavity
and in the cathode region; K is a constant dependent only on the
dimensions of the cathode and of the gun anode.
The FTU gyrotrons work at a cathode voltage of about 80 kV,
therefore its electron beam can be considered weakly relativistic.
According to (2) the total electron velocity is:

W
= [2— 6
B Wo (6)
so that the energy ratio in (3) becomes:
W

Wi k2| Mo, Vg —— %)

W 2V B 3

k

This relation evidences the dependence of the energy ratio on the gun
and cathode voltage and permits to explain in the fig. 2 the limited range

of cathode voltage at V= cost.
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The electron cyclotron frequency is given by:

Q,=28 @®
m

where B is the cavity static magnetic field, and could be expressed in
term of electron energy as follow:

Q W0
c~ 0“, ( )

in this expression Wy = mc? is the total electron energy.

In the interaction region, a resonant circular cavity, the electron gives
up part of its energy to the e.m. field, hence, according to (9), its
cyclotron frequency grows.

If Q  and Q are the cyclotron frequencies respectively at the input
and at the output of the cavity, the total energy transferred to the high
frequency e.m. field in the interaction region is:

AW =W, Q, L1 . (10)
ci ch
In the cavity, and hence at its output, the field parameters and the
electron beam parameters are linked by the following relation:

Q.=0-k,vy (1

where o, the frequency of the e.m. field, and k,, the axial propagation
constant, are dependent only on the mechanical characteristics of the
cavity, while v, is the axial velocity. of the electron.

The energy of the electron would be completely extracted if Q¢ = €,
that is an ideal upper limit.

Instead the transfer of energy is null when:

Qe =0-kyv,=Q (12)

According to the above discussion, to have a positive energy transfer
from the electrons to the e.m. field, the field frequency must be in the
following range:

Qci<0)<QO (13)
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In.weakly relativistic conditions the Doppler correction factork, v,

in (12) can be neglected with respect to the field frequency, so that the
energy variation is:

AW = Wo Qo 2= e

(14)

ci

The electron cyclotron frequency at the input of the cavity depends on
both the cavity magnetic field B and the cathode voltage:

Q i
Q= 2L = Qo( -—k] (15)
Y Wo
so that:
AW=WO(1+-VL—&)=\4(—WOQO_(° (16)
) ®

The output power has a linear link with the energy variation of the
electrons, that is:

Pyt = MAW = N=

Qy-0) a7

)—N=MVk—N1

= M(Vk - W,

This last formulation gives a formal interpretation of the diagram in
fig. 2, and hence, in the limits of weakly relativistic conditions, the linear
dependence of the output power of a gyrotron on the cathode voltage has
a general validity.

Status of the LH system

Currently the first out of the three launching structures, each one
made up by three grills mechanically connected and fed by three
gyrotrons, is in operation on FTU; the lower grill of the second structure
is fed by a fourth gyrotron.

The total RF power now available on FTU is therefore about 2 MW.

A fifth gyrotron has been completely characterised on dummy loads
and is now ready to be connected to the middle grill of the same
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structure; for a sixth gyrotron the characterisation is started by the end of
July 1996.

According to this schedule, by the end of the current year two
coupling structure will be operative on FTU.

The seventh 1 MW gyrotron actually available in ENEA has been
assembled and is going to replace, after a complete commissioning, the
prototype tube in the module 7, that is reaching its “end of life”.

Conclusions

The first 4 modules of the 8 GHz, 9 MW, pulsed LH system are
working on the FTU. The experimental work is in progress and the
results are encouraging.

The preliminary characterisation of the tubes during the
commissioning and the comprehension of their behaviour has been very
useful during the experimental phase because, on the base of the map of
operative points, it has been always possible to set the gyrotron
parameters for the best performances according to the characteristics of
the plasma.

The experience and the large amount of data accumulated during the
commissioning of these tubes have enabled us to fully understand the
gyrotrons from the point of view of the users, and to derive an essential
gyrotron theory.

The commissioning of further tubes will hopeful permit to refine and
to extend this theory.
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Abstract

A new application of powerful microwave radiation is material
processing including bonding and coating of ceramics, bonding of
plastic and composite materials and so on. For experimental study of
action of mm-wave radiation upon dielectric materials, a 30-GHz 10 kW
CW second-harmonic gyrotron, and also 37-and 84-GHz 15-20 kW CW
gyrotrons operating at the fundamental cyclotron frequency were
developed at IAP and GYCOM. This paper presents the design of 35-
and 94-GHz CW compact gyrotrons operating at the fundamental and
using a relatively low - voltage electron beam. The results of the hot test
of the 35-GHz gyrotron are also presented. Output power of 9-10 kW
CW with 35-40% efficiency was observed in the TE,, mode.

Introduction

Material processing using microwave radiation is being developed
actively in the whole world. This technology has been demonstrated
successfully for such applications as bonding and coating of ceramics,
bonding of plastic insulation and protective coatings to pipe, and
bonding of composite [1], [2]. For the experimental study of action of
mm-wave radiation upon dielectric materials, gyrotron oscillators at
frequencies 30-300 GHz with power outputs from 1 to 30 kW CW are
required. Additional requirements to microwave sources are reliability,
high efficiency, simplicity, small size and low cost. Recently, a 30-GHz
10 kW CW second-harmonic gyrotron has been developed at IAP [3].
This tube is a key component of the Gyrotron Heating System (GHS)
designed specially for high temperature processing of materials with
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mm-wave radiation [4]. For experiments on materials processing at IAP
and Los Alamos the similar GHS with the 37-and 84 GHz gyrotrons
producing 15-20 kW CW with 20-kV, 3-A electron beam is used [4],
[5]. These oscillators have an internal mode converter for shaping
output radiation as a Gaussian wave-beam. A cryogenic magnet is
necessary to operate these tubes.

This paper presents the design and performance characteristics of
the 35-GHz compact gyrotron operating at the fundamental, using a
relatively low voltage electron beam (< 30 kV) and producing power
output up to 10 kW CW with 35-40% efficiency. A compact cryogenic
magnet for this tube is being designed now.

Gyrotron Design

Several criteria were used in the design of the gyrotron. First, this
device should produce 10 kW CW with an efficiency more than 30-35%.
Second, beam voltage should not exceed 30 kV. Finally, to use this
oscillator as a component of the GHS designed at IAP, the operating
mode and output waveguide radius are desired to be the same as those
for the IAP's second-harmonic gyrotron [3]. The gyrotron utilizes a
triode thermionic magnetron injection gun (MIG) energized by a 30 kV,
1 A dc power supply. MIG produces an annular electron beam, where
pitch angle « is controlled by adjusting intermediate anode voltage. Gun
simulations using EPOS code predicts transverse velocity spread of 5-
8% with a pitch angle of 1.4 when the cathode-anode voltage is equal to
9-12 kV.

35-GHz gyrotron. The diameter of the emitter is 16 mm, its width
is 3 mm, and the beam diameter in the circuit is about 5.3 mm. The
emitter is being fabricated from LaB¢. The nominal magnetic field in
the cirquit 1.3 T is produced by a cold - bore superconducting magnet
with magnetic compression ratio of 9.1. The interaction of an electron
beam with the RF field occurs in a cylindrical cavity 40 mm long
operating in the TEy; mode. The optimized cavity shape has been
designed using the nonlinear gyrotron theory [6]. Simulation predicts
cavity Q-factor of about 700. The electron beam is injected into the first
radial maximum of the cavity RF field.

94-GHz gyrotron. Emitter diameter is 16 mm as in the 35-GHz
tube, beam diameter in the cirquit is 1.9 mm. The dc magnetic field in
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the circuit is 3.7 T, magnetic compression ratio is about 18. Electron
beam interacts with the RF field of the TE4;; mode inside a cylindrical
cavity 20 mm long. Cavity Q-factor is 1200, it means that expected
ohmic losses in the cavity wall will be at the level of 250 W/cm?® at 10
kW CW output power. After passing through the cavity the beam and
the output microwave travel through a 4° output uptaper to a 39-mm
diameter circular output waveguide and then through a BN barrier
window to the calorimeter. The spent electron beam is collected on the
cooled wall of the output waveguide. Design beam loading on a
collector wall is 200-300 W/cm®. A permanent magnet is positioned at
the end of the beam dump region to ensure that no electrons can strike
the output window.

Results of 35-GHz gyrotron test

Three 35-GHz gyrotrons having the same design were tested.
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Fig. 1. Output power and efficiency as a function of beam current for tube 1.
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The objective of these tests was to demonstrate the stable, efficient
and reliable gyrotron operation at the output power level of 10 kW CW.
The approach taken in this study was to optimize experimentally the gun
and cavity shape in order to attain maximum of the output power and
efficiency.

Tube 1 was tested at 0.3-0.9 A beam current and beam voltage fip to
25 kV. The main obstacle for its operation at larger beam voltage was a
high-voltage breakdown in the cathode-anode gap of the gun arisen due
to low vacuum provided by a built-in discharge pump. Figure 1 shows
the dependencies of the output power and efficiency on the beam current
measured at 22 and 25 kV of the beam voltage. For each point of these
curves, the anode voltage and magnetic field in cavity were adjusted to
optimize power output. Maximum power of about 9.7 kW with 43%
efficiency occured at 0.9-A beam current and 25 kV beam voltage. The
peak efficiency of 46% with the power level of 8 KW was attained at
0.8-A and 22 kV.
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Beam current (A)

Fig. 2. Output power and efficiency vs. beam current for tube 2.
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Further, the vacuum inside next two tubes was improved due to the use
of a built-in discharge pump having other design. It made it possible to
achive stable gyrotron operation at beam voltage of 28 kV and current
up to 1.2 A. Figure 2 indicates the output power as a function of a beam
current for 25-and 28 kV beam voltage obtained with tube 2. Maximum
output power of 10 kW with an efficiency of about 37% was attained at
1-1.2 A beam current. According to our evaluation, the decrease in peak
efficiency was caused by deterioration of the beam quality due to
uncontrolled shifting of the cathode in regard to the anode.
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Fig. 3. Output power vs. cavity magnetic field for tube 2.

Figure 3 is the plot of the output power versus cavity magnetic field for
tube 2. The measurement was performed with 25-kV, 0.75-A beam. In a
peak of the curve all experimental parameters were optimized to achieve
maximum output power. Further only the strength of the magnetic field
was varied. It was found that the best performance occured when the
magnetic field in the output cavity was 1.32 T. The optimal frequency
35.125 GHz was nearly 100 MHz above the cold cavity resonant
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frequency. Operating frequency was tuned from 35.12 to 35.18 GHz due
to the magnetic field variation.

The dependence of the output power on the anode voltage for tube
2 measured at 0.7 A and 20 kV is shown in Fig. 4. All other parameters
were set at the maximum efficiency point. Figure 4 shows a sharp
growth of the output power with the anode voltage, with the maximum
of 4.5 kW at 9 kV. Output power enlargement is accompanied by the
appearance of the anode current growing monotonously from zero to 7
mA. Saturation in the output power at anode voltages over 9 kV may be
attributed to the beam instability which usually appeared when pitch
angle o exceeds some boundary value. At voltages over 9.2 kV, a high-
voltage breakdown in the gun and a burst of microwave radiation
occured. It is important to note that unlike in the majority of powerful
CW gyrodevices, in our tubes an uncontrolled increase of a beam current
has not been observed.

Power (kW)

Anode current (mA)

] Al:AA L
0 S 0

84 85 86 87 88 89 90 91 92 93
Anode voltage (kV)

Fig. 4. Dependence of the output power and anode current on anode voltage
for tube 2
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breakdown in the gun (tube 3)
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In the third tube the cathode-anode gap was smaller in comparison
with the both previous tubes. The output power of about 9.1 kW with
35% efficiency has been obtained with a 22-kV, 1.2-A electron beam
(see Fig. 5). At 25 kV, the tube could operate only at the beam current
less than 0.9 A. At a higher beam current a high-voltage breakdown in
the gun occured. Figure 6 shows the output power and anode current as
a function of the anode voltage measured at the same beam parameters
(20 kV, 0.7 A) as in tube 2. A growth of the output power with anode
voltage is smoother than in the previous tube, however the value of
saturation power was the same as in tube 2. In Fig. 6, the dependencies
of the output power and anode current on anode voltage marked as
“break” were measured after a strong breakdown in the gun. To our
opinion, the main reason of the efficiency drop and anode current
enlargement is spraying of LaBs from the emitter surface to the other
parts of the cathode. So, from our last experiment it follows that
reduction of the cathode-anode gap does not lead to improvement of
gyrotron performance while the breakdown problem become more
troublesome. Therefore, in the future we plan to use the gun utilized in
tubes 1 and 2.

Conclusion

Both 35-and 94-GHz CW efficient compact gyrotrons for materials
processing have been designed at GYCOM. Three 35-GHz tubes have
been manufactured and tested. Output power of 9-10 kW CW with 35-
40% efficiency was observed at 22-25-kV, 1-1.2-A operation in the TEy,
mode. The output power and efficiency was limited by a high-voltage
breakdown in the gun. The phenomenon of uncontrolled increase of a
beam current has not been observed in these tubes. It is necessary to note
that this oscillator is the first from a set of powerful gyrotrons operating
within the frequency range 30-230 GHz. Today 94- and 230-GHz
gyrotrons for materials processing applications are being developed.

References

1. V. E. Sklyarevich, and R. F. Decker, "Super high frequency
microwave processing of materials - a basis for developing new
technologies", Industrial Heating, pp. 54-56, October (1991)

686



2.

W. H. Sutton, "Microwave processing of ceramics - an overview",
Material Research Society Symposium Proceedings, 1992, vol.
269, pp. 3-20

Flyagin et al, "CW 10 kW technological gyrotron in the range 15-
20 GHz, ITG-Fachbericht, Garmisch-Partenkirchen, 132, (1995),
pp- 187-191

Yu. Bykov et al, "The gyrotron system for ceramics sintering",
Microwaves: Theory and Application in Materials Processing III,
Ceramic Transactions, Westerwille, Ohio, 1995, vol. 59, pp. 133-
140

Katz, and D. E. Rees, "Quasi-optical gyrotron materials processing
at Los Alamos", Microwaves: Theory and Application in Materials
Processing III, Ceramic Transactions, Westerwille, Ohio, 1995, vol.
59, pp. 141-147

Gaponov et al, "Powerful millimetre-wave gyrotron",
Int.J Electron., vol.51, pp. 277-302, 1981

687



MODELING OF WIDEBAND GYRO-AMPLIFIERS

M. Blank, B. Levush, B.G. Danly, P.E. Latham™

Naval Research Laboratory, Washington, D.C., U.S.A.
*Omega P, Inc., New Haven, CT, U.S.A.

Abstract

The Naval Research Laboratory is currently investigating
wideband gyro-amplifiers as high power sources for millimeter wave
radars. A theoretical model was developed fo analyze the cyclotron
maser interaction in the gyrotwystron configuration [1]. Recently, the
simple bunching model described in ref. 1 has been improved, and
the theory now includes explicit modeling of the buncher cavities. A
numerical code, based upon the model, was written and a W-band
gryotwystron design is presented as an example. Studies show that
careful design of the traveling wave section is necessary to minimize
the backward wave interaction over a wide bandwidth.

Intro

It is well known that devices based on the cyclotron maser
instability are capable of efficiently generating high power radiation
at millimeter wave frequencies in both amplifier and oscillator
configurations. In the amplifier configuration, the gyro-TWT has
demonstrated wide band performance at moderate output power
levels. For example, a Ka-band two-stage tapered waveguide gyro-
TWT achieved 8 kW peak output power at 20% instantaneous
bandwidth [2]. Another Ka-band gyro-TWT demonstrated 50 kW
peak power at 7.5% bandwidth [3]. However, gyro-TWT operation at
higher output powers is made difficult by oscillations that arise as the
output power is increased. On the contrary, gyroklystron amplifiers
provide high power stable operation at limited bandwidth. A 94 GHz
multi-cavity gyroklystron achieved 65 kW with 0.3% bandwidth [4].
Much like its conventional counterpart [5], the gyrotwystron
configuration, consisting of one or more buncher cavities followed by
a traveling wave output section, represents a compromise between the
high power, narrow band gyroklystron and the lower power, wide
band gyro-TWT. Theoretical studies [6,7] have shown that the
gyrotwystron is capable of high power, wide band operation. A C-
band gyrotwystron experimentally demonstrated 80 kW output power
at 23% efficiency with a -3 dB bandwidth of 1.6% [8]. Gyrotwystron
experiments at the fundamental in X-band and the second harmonic
in Ka-band have achieved 22 MW at 22% efficiency and 12 MW at
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12% efficiency, respectively [9]. In these experiments, the
gyrotwystrons were being studied as potential drivers for next
generation linear colliders, so bandwidth was not required and, thus,
not optimized.

Gyrotwystron Modeling

A theory was developed to model the cyclotron maser interaction
in the gyrotwystron configuration (fig. 1). The model [1] includes
both forward and backward wave interactions with the beam in the
tapered traveling wave section. A tapered magnetic field and electron
beam velocity spread are also included in the formalism. Recently,
the simple bunching model described in ref. 1 has been improved,
and the theory now includes explicit modeling of the buncher cavities.
The drive cavity is represented by a Qexternal and Qloss, Which leads to
frequency dependent input power coupling, resulting in a frequency
dependent field amplitude in the cavity. The complex field amplitude
in the drive cavity, a, is given by:

2 P, O 1
al” =5 ’ (1 )
| I P 0 Qexternal "VH"*'lA—gI2

where Pjy, is the input power in kilowatts; Po=m203/q=17045.511 kW;
1/Q1=1/Qexternal+1/Qloss; W is the stored energy; g is the complex
gain function, and

RC{ wc }— wdrive .

A=Q 2

wdrive

The complex gain function, g, is calculated assuming a Gaussian axial
field profile.

As an example, the improved theory was used to design a W-band
gyrotwystron amplifier. The interaction between the TEp; mode and
a 65 kV, 5 A electron beam with o=1.3 was studied. An input power
of 1.5 kW was used. The gyrotwystron under study consists of an
input cavity, with Qexternal=Qloss=150, a drift region cut-off to the
TE(p1 mode in W-band, and a tapered traveling wave output section.
The magnetic field was also tapered. Although velocity spread is
included in the formalism, an ideal beam was used to simplify the
comparison between the frequency independent drive cavity model
and the improved model.

Figure 2 shows theoretical power and efficiency as functions of
frequency for the W-band gyrotwystron. The squares indicate the
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simple model and the circles indicate results from the improved
model, which includes a frequency dependent drive cavity field
amplitude. The peak efficiency is 22% corresponding to 71 kW
output power. The bandwidth of the traveling wave section, calculated
with the simple theory, is 6.5%. The improved model shows a
realizable bandwidth of 2% for an input cavity with Qotal=75.

The model was also used to study the backward wave interaction
for various traveling wave circuits. Figure 3 shows the normalized
amplitude of the forward and backward waves for a W-band
gyrotwystron driven at 94 GHz. For the circuit used in fig. 3, the final
radius of the nonlinear transition section (see fig. 1) is 0.195 cm.
Figure 4 shows the forward and backward waves for a circuit with a
final transition radius of 0.192 cm. All other beam and circuit
parameters were held fixed. A comparison of figs. 3 and 4 indicates
the sensitivity of the backward wave amplitude to the exact circuit
dimensions. In particular, the tapered transition section must be
carefully designed to minimize the backward wave interaction.

Next, the effect of drive cavity Q on bandwidth was studied. In all
cases, critical coupling (Qexternal=Qloss) Was assumed. Figure 5 shows
the theoretical predictions for -3 dB instantaneous bandwidth with
varying drive cavity Q. In the modeling, all other parameters,
including circuit dimensions, beam parameters, and input power, were
fixed. Figure 5 confirms the expected result; instantaneous
bandwidth is inversely proportional to drive cavity Q.

Summary

A theoretical model was developed to study the gyrotwyston
interaction. Based on the model, a numerical code was written and, as
an example, a W-band gyrotwystron was designed. A simple theory
of bunching, with a frequency independent bunching parameter, was
compared with the improved, frequency dependent model. As
expected, the more realistic frequency dependent model showed the
bandwidth significantly reduced from the simple model, which
predicts the bandwidth of the traveling wave section alone.
Furthermore, a study of the effect of drive cavity Q on bandwidth
produced the expected result, namely that bandwidth is inversely
proportional to Q. Perhaps the most important result came from
investigation of the backward wave interaction. Studies showed that
the amplitude of the backward wave is highly sensitive to dimensions
of the traveling wave circuit. As shown in figs. 3 and 4, a 0.003 cm
change in the final radius of the tapered transition section resulted in a
3 fold increase in the backward wave amplitude. Thus, the traveling
wave section must be designed carefully to reduce the backward wave
excitation over a wide bandwidth.
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Figure 1 Schematic of the gyrotwystron amplifier.

691



5T T TTTTT T T T T T T T T T T 177380
- 370
20 -
: = 60

< — 3 o

e 15 - 450 <

> — - £

Q - - [¢]

=] R 3 40 -

.2 — - =

9 10 -

& - EEN
- 320
5t V=65kV, I=5A =
- 0=1.3, AVpery/Vpers=0 310
0‘|1|||||||¢1||||||||:0
90 92 94 96 98 100

Frequency (GHz)

Figure 2 Theoretical results for W-band gyrotwystron amplifier. The squares indicate
the simple drive cavity model and the circles indicated the improved model with
frequency dependent drive cavity field amplitude.
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Figure 3 Normalized amplitudes of forward wave (solid line) and backward wave
(dashed line) at 94 GHz drive frequency . The traveling wave circuit has a nonlinear
transition section with a final radius of 0.195 cm.
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Figure 4 Normalized amplitudes of forward wave (solid line) and backward wave
(dashed line) at 94 GHz drive frequency . The traveling wave circuit has a nonlinear
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A gyrotron producing nominally 1 MW at 110 GHz has been installed at
the DIII-D tokamak and operated in a program of initial tests with a windowless
evacuated transmission line. The alignment and first test operation were
performed in an air environment at atmospheric pressure. Under these con-
ditions, the tube produced rf output in excess of 800 kW for pulse lengths greater
than 10 msec and power near 500 kW for pulse lengths of about 100 msec into a
free space dummy load. The gyrotron was operated into evacuated corrugated
waveguide in the full power parameter regime for pulse lengths of up to
500 msec injecting greater than 0.5 MW into DIII-D for a preliminary series of
experiments. Generated powers greater than 900 kW were achieved. A parasitic
oscillation at various frequencies between 20 and 100 MHz, which was generated
during the pulsing of the gyrotron electron beam, was suppressed somewhat by a
capacitive filter attached to the gyrotron itself. Addition of a magnetic shield
intended to alter the magnetic field geometry below the cathode eliminated
internal tube sparks. Rework of the external power and interlock circuitry to
improve the immunity to electromagnetic interference was also done in parallel
so that the fast interlock circuitry could be used. The latest results of the test
program, the design of the free space load and other test hardware, and the trans-
mission line will be presented.

I. INTRODUCTION

Extrapolation of size scaling for tokamak fusion reactors from the present
devices to those capable of sustained net energy output has led to designs for
power plants operating at high plasma currents and large magnetic fields. In the
present economic equation with relatively inexpensive fossil fuels, such large and
expensive installations are not as attractive as other electrical generation options
with lower capital cost. The picture has been changed in the past few years by
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the discovery of tokamak operating regimes with substantially improved param-
eters which extrapolate to smaller and less expensive system designs. These new
regimes, called collectively Advanced Tokamak (AT) regimes, rely on the
control of the current density profile, and hence the profile of the magnetic shear,
across the plasma discharge. In particular, AT operation requires substantial off-
axis current in contrast to normal tokamak operation where the current density
profile is peaked in the plasma center.

Operation in the AT regimes has heretofore been achieved transiently by
taking advantage of the very slow flux penetration into a hot plasma, however a
power production reactor must be able to operate in the AT regime essentially
continuously and therefore will rely on non-inductive current drive methods.

On DIII-D, a major effort is underway to investigate Electron Cyclotron
Current Drive (ECCD) for producing and sustaining AT geometry. Initial steps
in a program which could lead to installation of up to 10 MW of electron
cyclotron heating and current drive power call for installation of three rf systems
operating at 110 GHz, the second harmonic resonance frequency on DIII-D, each
of which will generate nominally 1 MW for two seconds or longer. The three
systems will use one Gycom gyrotron and two CPI (formerly Varian) gyro-
trons all with windowless evacuated transmission lines. The Gycom gyrotron
[1] has been installed at DIII-D and is in a test program leading to routine
operation. As of July 1996 at least 500 kW rf power has been injected into
DIII-D for 500 msec long pulses on a routine basis and up to 900 kW has been
generated. This paper describes the system configuration and reports on the
results of the tests of the Gycom Centaur gyrotron to date.

II. RF SYSTEM OVERVIEW

The rf system is a unique combination of the gyrotron and an evacuated
waveguide transmission line without any vacuum window except for the boron
nitride single disk window on the gyrotron itself. The overall system is presented
in Fig. 1. The 31.75 mm diameter corrugated aluminum waveguide carries the
HE{) mode. The waveguide diameter represents a compromise between power
handling capability and the requirement that the line be somewhat insensitive to
misalignment, thgrmal expansion and motion. The rf beam exits the gyrotron
slightly off-center (about 4 mm) and slightly off perpendicular (about 0.3 degrees
up tilt). The arbitrary specification that mode conversion at the entrance to the
waveguide be less than 2% yields the requirement that the beam be centered at
the input to the waveguide to within 0.5 mm and be coaxial to within 0.1 degree
[2,3]. The beam exiting the gyrotron is phase corrected to the free space
Gaussian and focused by a pair of mirrors in the evacuated Mirror Optics Unit
(MOU). The MOU was aligned to the measured beam using a specially con-
tructed and adjusted input bellows assembly and is floating on springs so

695



‘Wl G/ "1 ¢ ST 9pIndoAem JepnoIro pajesSniiod
U3 JO J319urelp 9y pue Suo| UI G/ "gg ST AUI[ SYL, ‘Yeureyo) Q-111d 9y} uo uonejesur
ZHD 011 9y 10§ wialsAs opIngaaem SSO[MOpUIM PJBNIBAD ay jo wreserp onewayos [ ‘S

s v ¢ z

SHILIN
SI019| §2°8¢ - Yibua
auI uojssiwsuel] jejo)

696

duing
Nuey Jejnssjopn
abeop ybiy

PeOT  Joup Jemog

asJaney Jounys apinbaaeg
piemiod 1se4

Jazisejod
uun sapdo ¥

soy - _Bg— . . <39
= b MG nys ; —~—
u
0110JAD) Jazuejod opinbaaey apinbaneg ===
jenueyy
:oza...?

PIS1YS uoneipey




thermal expansion of the gyrotron and the waveguide assembly does not place
mechanical strain on the gyrotron. Two photographs of the installation are
shown in Fig. 2, one with an anechoic chamber used in initial testing, and the
other with the MOU in place.

Fig. 2. Photographs of the anechoic chamber (a) used to house the planar
octanol load during the initial tests of the Centaur gyrotron at DIII-D
and the final installation (b) with the Mirror Optics Unit in place; the
MOU replaced the anechoic chamber for vacuum waveguide operation.
and contains the phase correction and focusing mirrors

The interface between the waveguide and the MOU is accomplished by a
short section of waveguide attached to an x-y translating stage which is bolted to
the MOU. This permits the actual point at which the beam enters the waveguide
be accurately positioned. The powers in the forward and reflected waves are
measured at the first mitre bend located approximately 2 m past the MOU. This
miter bend has a series of several coupling holes sealed with a quartz lens which
carries a fraction of the forward and reflected power to detectors. To facilitate
gyrotron optimization and ECH experiments, a waveguide switch is used to
shuttle the rf power between a dummy load and the DIII-D tokamak without
breaking vacuum. Polarization control of the launched rf power is accomplished
by a set of polarizing mirrors mounted in two of the mitre bends. By appropriate
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rotation of the two mirrors, any elliptical polarization desired can be obtained.
Inside the tokamak vacuum vessel is a focusing mirror and a flat turning mirror,
permanently angled 19 degrees off the major radius line, which can be tilted
vertically to direct the beam poloidally. This allows the power deposition region
to be placed off-axis without changing the magnetic field.

The entire waveguide system contains six miter bends and is 38.75 meters
long with estimated loss of 2% in the waveguide and 0.6% in each miter bend.
The miter bend losses are from mode conversion, 0.5%, and from ohmic loss,
0.1%. The line is evacuated to a pressure of approximately 1x 1075 torr by a
turbomolecular pump at the MOU, by a turbopump pumping through small holes
in the waveguide in the final section leading to the tokamak and by the tokamak
itself. The dummy load also has a pumping port with turbo pump which
maintains its base pressure at 1x 107 torr. Vacuum protection for the tokamak
is provided by a fast shutter system installed in the waveguide three meters in
front of the tokamak. The pressure sensor for this shutter is at the MOU, and any
increase in pressure above 1x 1073 torr there results in closure of the fast shutter
in less than 10 msec. The fast shutter was primarily intended to protect the
tokamak from the coolant in the case of fracture of a double disk gyrotron
window, not the situation in the case of the Centaur gyrotron, which has a single
disk window. Two complete waveguide lines have now been installed on DIII-D
and the launchers for four systems are in place inside DIII-D. '

II. INITIAL OPERATION

The initial testing of the gyrotron at DIII-D was done at atmospheric
pressure into a specially constructed free space dummy load, shown in Fig. 3,
capable of absorbing the full gyrotron output power for 50 msec. The load is
about 35 cm square and consists of two parallel sheets of dielectric filled with
1-octanol [CH3(CH2)70H]. The entrance surface is teflon with pyramidal facets
presenting a 60 degree conical absorber, which is ten free space wavelengths
deep, to the incoming beam. The circulating octanol has an attenuation of
13 dB/cm [4] and the attenuation of the entire load is about 40 dB. The back
surface of the teflon is also faceted to a depth of five wavelengths in octanol.
The back surface of the load is made from a flat sheet of TPX (polymethyl-
pentene). The teflon and TPX sheets were mounted on an aluminum spacer
which contained the flow fittings and calorimetry block. The load was scribed
with fiducials so that detailed measurements of the beam could be made using
thermally sensitive paper mounted directly on the load.
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Fig. 3. Photograph (a) and sketch (b) of the planar octanol load used for free
space calorimetry and beam quality measurements at atmospheric
pressure. The load can withstand the full 1 MW gyrotron output power
for about 50 msec. The load is 35 cm square and provides about 40 dB
attenuation.

The dummy load was housed in a wooden anechoic chamber with dimen-
sions 1x1x 2 meters which was lined with microwave absorber and purged with
dry nitrogen as protection against fire. The load could be moved axially within
the box, and this capability was used to determine the direction and position of
the beam as it propfigated out from the gyrotron window. Thermally sensitive
paper was used to diagnose the beam and in Fig. 4 the free space beam patterns
are shown for the near field close to the window and the far field 1.7 m past the
window There was good qualitative agreement with calculations [5].

The anechoic chamber was used both with the gyrotron launching into free
space and with the phase correction and focusing mirrors in the MOU. The
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Fig. 4. Free space power profile measurements using thermally sensitive paper
in the near field (a) at 31 cm from the gyrotron window and the far field
(b) at 173 cm from the window. The beam exiting the gyrotron window
is a flattened Gaussian to spread the power more uniformly over the
window surface. The major divisions on the paper are 1 cm apart.

initial measurements with the gyrotron only were used to build an adapter flange
to connect the MOU to the gyrotron so that the beam propagated through the
MOU on the designed path. The MOU output waveguide, a section of 31.75 mm
diameter guide with x-y translation and tilt capability, was then installed on the
MOU and was adjusted slightly to center the beam.

The beam was accurately centered on the waveguide following the MOU as
indicated by the thermal paper patterns in Fig. 5. The MOU output waveguide is
70 cm long and the beam is seen to be well centered both at the input and the
output of this section of waveguide. The power measured following the output
waveguide was approximately the same as the free space measurements. Tuning
mechanically to eliminate possible tilt of the beam axis with respect to the
waveguide axis has not yet been done.

Power measurements were performed calorimetrically using the octanol
load, either by pulsing repetitively at constant frequency but for different duty
cycles (to eliminate uncertainty from the turn-on of the gyrotron), or by analyzing
the octanol response to a single pulse. The calorimetry was calibrated using a
heater immersed in the flow which delivered a known power to the octanol.

Following the initial tests, the output waveguide was connected to a
vacuum dummy load capable of absorbing the full gyrotron output power for
1 second. This experimental arrangement was used to verify the coupling of the
power to the dummy load using approximately 4 meters of corrugated evacuated
waveguide and two miter bends. Calibrated calorimetry was performed on the
water cooling for the gyrotron output window, the MOU mirror and housing and
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Input to output wavegilide Output of output waveguide

Fig. 5. Thermal paper beam patterns at the input and output of the first 70 cm
long piece of waveguide at the output of the Mirror Optics Unit. The
dark circle marks the edge of the deposition region due to evaporation of
the ink in the high power center.

the high power dummy load. RF monitors were located on the MOU, at the first
miter bend for forward and reflected measurements, and on the dummy load.
The total power generated by the gyrotron was estimated during repetitive pulses
using the temperature increase in the gyrotron output window assuming
absorption data supplied by Gycom. The rf monitors were used as a guide to the
mode purity and the calorimetry was used to perform power accountability
checks.

In initial operation, the short pulse free space maximum power output from
the gyrotron of about 850 kW was reproduced using the evacuated line to the
dummy load. Of this power, approximately 25% appeared in the MOU, 65%-
70% in the dummy load, 4% in the window and the rest was absorbed in the
waveguide and the miter bends. Although the calorimetry accuracy is limited to
between 5% and 10%, the power accountability was good. The power, absorbed
by the MOU cooling water was higher than expected by about a factor of two.
The efficiency was 35% for 110 GHz power generation and better than 95% for
the transmission line.

Measurements of the output frequency of the gyrotron as a function of
pulse length were made using a wavemeter on the forward power monitor at the
first miter bend. These measurements, shown in Fig. 6, reproduced tests per-
formed in Moscow and provided design parameters for a notch filter being built
to protect the heterodyne ECE diagnostic from the gyrotron power. The gyrotron
operates at 110.10 GHz early in the pulse and the output frequency decreases to
109.9+0.02 GHz after about 80 msec of full power output. The final frequency is
109.7540.02 GHz, or 350 MHz lower for long pulses than at the beginning of the
pulse.
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Fig. 6. Gyrotron output frequency as a function of pulse length. The
measurements at DITI-D agreed with the tests performed in Moscow.

The transmission line operated with no sign of any waveguide arcing and
with transmission loss of less than 5%, which was at the limit of the accuracy of
the the calorimetry. Although pulse length was initially limited by rf interference
from a parasitic oscillation, pulses of 500 msec in length, the administrative limit,
were produced reliably with dummy load power greater than 500 kW,
approximately 150 kW absorbed in the MOU cooling circuit, and generally good
power accountability. '

IV. LOW FREQUENCY PARASITE

The operation of the gyrotron has been accompanied by a low frequency
parasitic oscillation which caused severe problems for the protective interlock
circuitry despite the fact that the basic operation of the gyrotron at 110 GHz was
relatively unaffected. Several measures which collectively made it possible to
operate were undertaken to obviate the effects of this parasite.

The initial operation of the gyrotron during acceptance testing in Moscow
was without a strong parasitic oscillation. After some days of operation in San
Diego, a parasitic oscillation began to be observed first on the calorimetry signals
and then on virtually all signals. The parasite frequency initially was in the
20 MHz range with harmonics out to 150 MHz. The parasite had the charac-
teristics that it was about 5 MHz wide at -3 dB, did not appear to be connected
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with the external circuit parameters, and was present whenever the beam was
present in the tube (independent of rf generation at 110 GHz).

Several direct measures were undertaken on the gyrotron in an attempt to
reduce the amplitude of this parasite. A capacitive filter, Fig. 7, was connected
across the gyrotron accelerating gap. This filter provided a 1 nF short across the
tube insulator, with uniform electric field gradient maintained by a voltage
divider chain. An iron collar was installed at the top of the tube insulator to
eliminate the possibility of a magnetic well with a trapped electron population
below the cathode, which might be causing the parasite. The actual effect
< produced by this collar was to eliminate small internal gyrotron sparks which had
been observed during operation in the presence of the parasite, however its effect
on the parasite itself was minimal. Additional work on understanding the
parasite is in progress [6].

The tube filter installation resulted in a substantial change in the character
of the instability. The new spectrum has a small peak at 4.7 MHz with a satellite
at 5.7 MHz, plus a strong peak at 96 MHz with sidebands and structure between
88 and 106 MHz. Harmonics out to the third are observed. The 96 MHz peak
had not been observed before the installation of the gyrotron filter. The rf
spectrum, estimated to have a total power of several kW, is shown in Fig. 8.

This parasite is still observed during normal operation of the gyrotron.
There has not been any evidence that the amplitude of the parasite has decreased
during the course of gyrotron operation to date. Despite the installation of the
tube filters, it continued to be impossible to run the gyrotron without spurious
interlock trips and other control and monitoring problems. Therefore a com-
prehensive program of rf interference suppression, both in the gyrotron system
and in other DIII-D systems, was undertaken, which enabled operation in the
presence of the parasite.

It has occasionally happened that during normal gyrotron operation the
parasite suddenly has become more severe. Reducing the gun coil current by
about 10% has permitted return to normal operation and following conditioning
the normal operating regime can be restored. The present situation is that the
parasite is a serious but generally manageable problem.

V. INITIAL OPERATION INTO DIII-D

Although thus far experimental time has been limited, the gyrotron and
transmission line system have been operated into DIII-D plasmas and the
principal features of the systems have been checked. The launcher injects the rf
power at a fixed angle of 19 degrees off perpendicular to the toroidal field and
can be scanned poloidally, as indicated in Fig. 9. Calculations of the spot size in
the plasma predict that 98% of the rf power will be distributed across an area
with diameter 12.8 cm at a distance of 1.00 m from the final poloidally scanning
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Fig 7. Photograph of the capacitive filter and magnetic collar mounted on the
gyrotron inside the high voltage tank. Five planes connected with 5 nF
are arranged in series for a total 1 nF filter. The iron collar is mounted
on the upper, anode, portion of the gyrotron.

mirror. The calculated spot size increases to 16.3 cm diameter at a distance of
1.25 m from the final mirror. The actual power deposition profile was estimated
from the change in the time derivative in the ECE T, signals at the termination
of the rf pulse. These measurements are summarized in Fig. 10, where the power
deposition profile is seen to be broader than expected and with substantial
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Fig. 8. Spectrum of the low frequency parasitic oscillation after installation
of the filter and collar. The center frequency is about 96 MHz and
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Fig. 9. Cross section of the DIII-D chamber showing the poloidal scan of the
injected rf power.

deposition profile. Presently, measurements of the elliptical polarization of the
beam launched into DIII-D are being performed under the assumption that an
admixture of O-mode is present.

It is characteristic of the operation of this system that there is some ref-
lected power measured at the first miter bend during the first 100 msec of the rf
pulse. The forward power measurement has a maximum value during this part of
the pulse and then drops, reaching a steady value after about 200 msec. The
reflected power decreases to unmeasurable levels after the first 100 msec. An rf
monitor on the MOU is also available to indicate the rf power reflecting in the
MOU and not a part of the Gaussian beam. These rf monitor traces are shown in
Fig. 11, both for an unmodulated and a modulated case. For the modulated case,
the high voltage, the collector sweep coil current and the window arc detector
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Fig. 10. Power deposition profile measured from the time derivative of the ECE
T, signal upon termination of the rf pulse. The profile is broader than
calculated from the optics of the launcher.

signal are also displayed. The beam voltage is modulated approximately 13% to
obtain greater than 60% modulation of the generated rf power. These traces were
for injection into DITI-D plasmas for the full 500 msec long pulses.

Injection of approximately 500 kW into DIII-D plasmas at low density has
resulted in electron temperatures as high as 12 keV. Traces of the discharge with
the highest T, are shown in Fig. 12 along with the electron temperature profile
from the Michelson interferometer, the heterodyne radiometer and Thomson
scattering. The radiometer data show a suprathermal electron population at these
low densities.

VI. CONCLUSION

The Gycom Centaur gyrotron is now running routinely at DIII-D with
generated power in all modes at 110 GHz of approximately 900 kW, pulse
lengths up to 500 msec and good power accountability. The efficiency is 35%
for 110 GHz rf power generation and better than 95% for the evacuated
windowless transmission line to the tokamak. Approximately 15%-25% of the
power generated by the gyrotron, as inferred from window calorimetry, appears
in the MOU.
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Fig. 11. The rf monitor signals for unmodulated and modulated 500 msec long
pulses. The sawtooth signal is the collector sweep coil current. A 13%
modulation of the cathode high voltage yields a 60% rf output modula-
tion for transport studies.

Initial injection into DITI-D plasmas has been performed for 500 msec
pulses. The MHD measurements of plasma energy indicated that about 550 kW
was absorbed in the plasma for about 800 kW generated. Initial transport experi-
ments using modulation of the 110 GHz rf have been performed and ECH
synergy for fast wave current drive was investigated.
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CW 10 kW TECHNOLOGICAL GYROTRON
IN THE RANGE 15-50 GHz

V.A.Flyagin, A.N.Kuftin, V.K.Lygin, A.G.Luchinin,
O.V.Malygin, V.N.Manuilov, Sh.E. Tsimring, V.E.Zapevalov

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

Abstract

This report describes the design concept and experimental parameters
of the developed 30 GHz gyrotron with output power 10 kW, which oper-
ates at the second harmonic of the cyclotron frequency. As the magnetic
system, an oil-cooled solenoid is used. According to the experimental data,
parameters of the gyrotron, as well as thermal loads of the anode, collec-
tor, and energy output window correspond to the calculation models. The
chosen design version may be used as the basis for further development of
technological CW gyrotrons operating in the range of 15 through 50 GHz
with output power up to 30 kW.

Introduction

One of the important problems of modern high-power electronics is
development of efficient sources of microwave radiation in the range of 15
through 50 GHz for industrial purposes [1]. Specifically, of interest is ap-
plication of microwave radiation to processing of dielectric materials with
relatively low losses (baking and production of ceramic materials, forma-
tion of ceramic items, production of composite materials, outbaking of
semiconductors, etc.). The above tasks require microwave generators op-
erating in the continuous regime with output power up to 30 kW in the
range of 15 through 50 GHz. The most promising type of the generator
with the said pargmeters is the gyrotron.

IAP scientists made a technological gyrotron complex for microwave
processing of materials [2]. The concept of the complex is based on the
idea of making a parametric series of gyrotrons with fixed frequencies in
the range of 15 through 50 GHz. The developed basic technological gyro-
tron complex includes:
¢ gyrotron (P = 10 kW, /=30 GHz),
¢ magnetic system (solenoid) with a cooling system,
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e equipment set for electric supplies of the gyrotron and magnetic sys-
tem,

e electrodynamic system for conversion and transportation of microwave
radiation, )

e microwave oven that provides operation in a controlled gas atmosphere
or vacuum at the temperature up to 2.500°C,

o diagnostic equipment,

e system for automatic/manual control over the temperature regime of
microwave processing.

The technological gyrotron complex makes it possible to use all the
advantages of microwave processing associated with volume absorption of
microwave energy (lower energy consumption, significantly shorter proc-
essing time, selective material heating, etc.).

Further the gyrotron design is described, and experimental parameters
of the magnetic system and the basic gyrotron prototype for the techno-
logical microwave complex are given.

Magnetic system

The magnetic system that provides gyrotron operation consists of four
axially symmetric solenoids (one main and three auxiliary ones) with inde-
pendent current control. The main solenoid coiled with copper wire of
rectangular cross-section is equipped with an oil-water cooling system.
The calculated parameters of the main solenoid agree well with the ex-

perimental data:

e maximum magnetic field 1T,

e length of the homogeneous section
in the resonator region at the level < 0.3% 100 mm,
internal diameter of the solenoid case bore 60 mm,
coolant consumption (transformer oil) 3.6 m*/h,

e water consumption for oil cooling 7-10 m*h.

The power consumed depends on the temperature and oil-cooling wa-
ter consumption, and may vary within 10%. At the level of the inductance
of the magnetic field 0.57 T (» =2, A = 10 mm), the main solenoid con-
sumes 14.3 kW of power.

Additional solenoids are used to correct the value of the magnetic
field at the cathode and collector.
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Gyrotron design

The choice of the operating mode is based on the requirements to gy-
rotron energy parameters and efficiency estimates [3]. In the current case
we considered a small-sized gyrotron operating in the continuous regime
with output power 5 through 25 kW (beam power 15-90 kW, accelerating
voltage 20-30 kV, and beam current, respectively, 0.5-3 A). This power
level cancels the necessity to use large transverse cross-sections of the in-
teraction space, which causes the use of spatially developed electrody-
namic systems. The operating mode was chosen to be the Hy;; mode, the
wavelength was A = 10 mm (» = 2) and the simplest resonator was made
as a section of a cylindrical waveguide with cone transitions (Qr= 3200).
When operating at the second harmonic of the cyclotron frequency, the
power consumed by the main copper-coiled solenoid is 14.3 kW (for the
first harmonic, 57 kW), the problem of heat removal from the solenoid
coiling is solved much easier, and at the set value of the output microwave
power, 5-15 kW, efficiency of the whole complex is essentially higher.
Estimated dependencies of the output power of the gyrotron on the accel-
erating voltage and beam current are shown in Fig. 1.

‘QUTPUT RF POWER (KW)

20 25 30
BEAM VOLTAGE V)

Fig.1. Estimated dependencies of the output power of the gyrotron vs. the
accelerating voltage and beam current.
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The problem of electron beam formation required numerical modeling
of the optimized adiabatic magnetron-injection gun of the triode type. The
system operating in the following regime was considered:

e accelerating voltage 30kV,
e anode voltage 24 kV,
e operating beam current <3A,
e pitch-factor g =V, /V, 15,

Trajectories of the electron beams were analyzed by means of the
EPOS application program [4]. Variation of the values of velocity spread
and oscillatory energy in dependence on the beam current is shown in
Fig. 2. According to the data of the trajectory analysis, in this system in
the regime of 7= 0 the values of oscillatory energy of electrons passing
from the left side of the emitter to the right one grow. As the beam current
increases under the effect of the space charge field, oscillatory velocities of
electrons level out, which in the long run provides lower velocity spread,
&V, (Fig. 2).

The collector system of the technological gyrotron should provide
landing of an electron beam with specific power density Py, < 1.2 kW/cm’
on the cylindrical collector with radius R = 19/5 mm at the above parame-
ters of the electron beam. The adiabatic calculation of the collector system
by equations given in [5] yields mean power density Py, ~ 0.7 kW/cm?,
Power density distribution over the collector surface is essentially inhomo-
geneous, the mean value of power density is twice as low as the maximal
value, Ppa~ 1.47 kW/cm?. The collector of the technological gyrotrons
has successfully passed long-term tests operating with the maximal load of
85 kW.

The gyrotron is designed as a metal-ceramic sealed unit. Required
vacuum is provided by a built-in electro-discharge pump that operates in
the scattered field of the magnetic system of the gyrotron. During storage
the electro-discharge pump can be turned on by means of an additional
magnetic system on permanent magnets, which is dismounted before the
gyrotron is installed in the operating magnetic system. Energy output is a
BN disk of the required thickness. The magnetron-injection gun forms the
required electron beam and provides operation life time in the HEATER-
ON regime over 1000 h; high-temperature emitting materials stable to
breakdowns and sharp changes in operation regimes are used.
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Fig.2. Velocity spread 5V, and oscillatory energy of electrons ¢, as a func-

tion of beam current.

Experimental results

Experimental studies of the generation regimes of the technological gy-

rotron as a part of the complex had the following objectives:

to test operability of the complex power supply system,

to determine optimal regimes for gyrotron operation,

to eliminate the dependencies of the power and efficiency of the gyro-
tron on the current and voltage of the electron beam,

to determine optimal ways to control the output power of the gyrotron.
to measure thermal loads on the anode, resonator, collector and win-
dow of the gyrotron.

The experiments demonstrated stable generation of continuous power

6-10 kW at the frequency of 30.4 GHz. Optimal regimes for gyrotron op-
eration and ways to control its output power were found, that is required
for further deyelopment of microwaves application to processing of di-
electric materials with various heating scenarios. Figure 3 shows typical
graphs for gyrotron power versus current and voltage of the electron beam.
As follows from these results, the gyrotron is a widely tunable device with
respect to current and voltage. During reconstruction of the magnetic field
of the main solenoid, stable generation of microwave power was observed,
at the level of 5-7 kW (U, =27kV, I, = 1A) with radiation wavelengths
A=74mm,68mm(=2)and A=16.5mm (n=1).
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Fig.3. Measured power vs. current and voltage of the electron beam.

Thermal loads were measured with water meters of absorbed power,
special temperature-sensitive sensors set at the corresponding gyrotron
components and a special IF camera. As shown by the experimental data,
the thermal loads on the anode, resonator, collector and window corre-
spond to the calculated models, and the chosen design version can be used
for further development of the CW gyrotrons that produce up to 30 kW of
power in the range of 15-50 GHz.
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DEVELOPMENT OF THE PROTOTYPE 170 GHZ/1 MW
GYROTRON FOR ITER AT IAP

G.G.Denisov, V.A. Flyagin, A.N.Kuftin, V.K.Lygin,
M.A.Moiseev, V.E.Zapevalov

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

The paper presents the results of calculation, design and experimental
study of the prototype 170 GHz/1 MW gyrotron for ITER. The depend-
ence of gyrotron parameters on the beam current, accelerating voltage and
magnetic field is analyzed. The experimental results are compared with the
calculated data.

Electron-cyclotron heating and current control in the planned plasma
set-up ITER require gyrotrons with CW power up to 1 MW and frequency
170 GHz. The possibility to make such gyrotrons is proved by calculations
and experiments. In the framework of ITER activities two versions of the
1 MW gyrotron at 170 GHz frequency with pulse duration up to CW have
been developed [1]. The main parameters of the planned gyrotrons with
operating mode TEy; 7 (TEz3, 5) are presented in the table below:

Operating frequency 170+0.5 GHz

Wavelength, A 1.763 mm

QOutput power 1.0 MW

Pulse duration several seconds to CW

Accelerating voltage 80 kV

Maximum beam current 45 A

Magnetic field at resonator center 68T

Resonator radius 15.86 (17.9) mm

Mean beam radius in resonator 8.26 (9.13) mm

Mean cathode radius 45.2,47.5 (51.13) mm

Resonator Q-factor 1000

Specific density of losses in resonator 2.5(2.3) kW/em®

Pitch-factor 1.25

Calculated maximum (electron) efficiency | 0.4

Calculated relative oscillatory energy 0.62

Structure of output radiation narrowly-directed
wave beam
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Usually our work on a new gyrotron includes the following stages:

calculation and design;

test of the experimental version of the tube in a short-pulse regime;

work on the industrial prototype operating in the full-scale regime.

The gyrotron has the same principal design concept as the earlier de-
veloped 140 GHz./0.5 MW/3 s and 110 GHz/1 MW/2 s gyrotron. The
magnetic system of the tube includes a main superconducting solenoid and
a cathode coil for fine adjustment of electron beam parameters

In terms of electron optics the main efforts go along the following
lines:

e development of the theory describing formation and transportation of
helical electron beams (HEBs) of high intensity, including study of in-
stabilities and methods of their suppression;

e experimental investigation of HEB properties in modeling regimes;
development of efficient thermoemitters and control of their quality
(homogeneity, temporal stability of characteristics, etc.).

Achievement of IMW output power of a 170 GHz gyrotron with oper-
ating voltage U, =80 kV and the efficiency ~ 35 % is required to produce a
beam with current 7, 40 A and a pitch-factor g #1.25 (g = v, v, , v,
and v, are oscillatory and longitudinal velocity in the operating space,
respectively). Thus, a magnetron-injection gun (MIG) should provide for-
mation of a beam with such parameters.

The allowable radius of the cathode for the chosen operating mode is
defined by the value of the acceptable electrical field on the cathode, E ,
which, as a rule, must not exceed 6 kV/mm. Width of the emitter is se-
lected with the account of extreme allowable density of emission current
(usually it is not recommended to exceed 3 A/cm?). When selecting of an
optimum configuration of electrodes the value of velocity spread 6v, was
taken not to exceed 30 %. The specified restrictions were considered for
particular guns of gyrotrons with different operating mode. Below results
of investigations of the three possible versions of guns are presented.

For operating mode TE;, s in terms of limitations on an electrical field
E , the optimum radius of the cathode is R, =51mm. Thus on the cath-
ode E_, ~5.8 kV/mm. Numerical simulation yielded dependencies of ve-
locity spread év, (1) and ratio of the oscillatory energy to the total one

t, (1) as in the model with zero initial velocities (EPOSR [2]) and taking
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into account initial velocities (EPOS-V [3]). Evolution of transverse ve-
locity distribution function, f (v, ), is traced with the growth of beam cur-
rent. The sensitivity of the beam parameters to influence of thermal defor-
mations of the gun and possible technological errors is investigated. We
shall note, that it is possible to use the cathode with R, =50mm, but in
this case for required pitch-factor g a regime with £, ~ 6.3 kV/ mm is
necessary.

For gyrotron with operating mode TEs 7 two versions of guns with dif-
ferent radii of the cathode were designed. In the first version a gun with
R_ =45.2mm was used. The necessary g value requires an increased elec-
trical field on the cathode, £, ~6.3 kV/mm. In the second variant the re-
duction of E_ to 5.5-5.7 kV/mm was achieved by using of the cathode
with an increased average emitter radius (R, =47.5 mm). For the both
variants dependencies v, (I) and ¢, (I) and evolution f{V| ) are investi-
gated.

The transformation of distribution function f(v, ) can serve as one of
attributes of the loss of beam stability [4]. In the considered guns in-
fringement unimodality of oscillatory velocity distribution function is not
registered at currents of a beam, even exceeding design value of current
(I=40A). The specified circumstance gives grounds to hope , that the of-
fered MIG will provide formation of a stable beam with acceptable pa-
rameters.

For experiments the method of a retarding field [S] was used. The
measurements were carried out for a gun with R, =45.2 mm in the scale-
down regime on automated installation [6], both at presence of influence
electrons catched in the adiabatic trap between the cathode and magnetic
mirror, and at excepting such electrons. The received dependencies, év
and ¢, , are compared with results of numerical simulation and good cor-
relation is observed.

The problen of provision of stable single-mode generation in an over-
sized resonator at sufficiently high efficiency and near-IMW level of the
output power becomes more complicated at highs working frequency. An
essential circumstance here is that this problem has to be solved within a
number of limitations. The basic one is the limitation of density of ohmic
losses in resonator walls - the energy load is limited by possibilities of the
cooling system, which are, as a rule, not higher than 2-3 kW/cm’. The
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stability of operation is analyzed theoretically for more and more accurate
models with consideration of two-mode and three-mode interaction. Be-
sides stability of stationary regimes, nonstationary processes of mode in-
teractions are studied, including those under variation of the electron beam
parameters.

Parameters of RF radiation from the cavity have been computed bas-
ing on the advanced non-linear theory of interaction of the electron beam
with the RF field of the cavity mode. For the optimized cavity profile, re-
sults of calculations of the output power P, efficiency 7 and thermal
load of the cavity p,»» depending on the electron beam current / are pre-
sented by Fig. 1. The calculations were done taking into account velocity
spreads &v, in the electron beam. The thermal load is given for the cavity
center where it is maximal. From investigations of the electron gun veloc-
ity spread v, in the electron beam is expected to be near 0.3. Calculations
show the possibility to attain the | MW output at the beam current below
40 A with an acceptable thermal load in the cavity. Special theoretical in-
vestigation has confirmed stability of operation of the TEz 7 (TE3; s ) mode
at its high-efficiency regimes. '

The calculation has shown that in the optimized up-tapering
waveguide connecting the cavity with the mode converter a parasitic RF
power transformation of the TEys 7 (TE3; 5 ) mode to other is below 1%.

The mode converter is a part of the internal electrodynamic system of
the tube including the cavity as well. The converter separates RF radiation
from the worked-out electron beam, transforms a complicated cavity mode
to an easier transportable wave beam and allows to minimize the harmful
action of possible reflections of RF power to a gyrotron. Optimization of a
built-in converter in modern gyrotrons means now the optimization of RF
field structure over the output window as well, in order to increase its
permittivity, in addition to high efficiency of mode conversion. In the gy-
rotron, the converter consists of an irradiator and 3 mirrors.

The output window is a single boron nitride disk brazed into a metal
cylinder with an output flange. The disk is cooled along its edge by flow-
ing water. The main variant of the output window for 1 MW CW gyro-
trons at frequencies 170 GHz is considered now a sapphire cryogenic win-
dow. Some other materials, e.g., high-purity and doped silicon, are under
investigation as well.

Experimental investigations of a short-pulse prototype of the 170 GHz
gyrotron were made on the automation set-up and dependencies of gyro-
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tron parameters on the beam current, accelerating voltage and magnetic
field are analyzed. The experimental results are compared with the calcu-
lated data. Results of measurements of the output power, P,., and effi-
ciency 7 depending on electron beam current 7 for the short-pulse experi-
mental model of this gyrotron are presented in Fig. 2. Calculation and ex-

perimental data are in good correlation.
127 TE28.7 170GHz

Uo=80kV g=1.2

0.8 —
04 —
W Su =04
0.1*Pohm, kW/cm 4
LA
oo T T ' 1 ' | ' |
24 28 32 36 40
1.2 — TE28.7 170GHz v =0.2
Uo=80kV g=1.4/-L
5L, =0.4
ah
Pout, MW
0.8 —

00 ' T ‘ | ' T ' I
24 28 32 36 40

Fig. 1. Resuits of calculations of the output power P.., efficiency n and
thermal load of the cavity posm vs. beam current /.
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Fig.2. Results of measurements of the output power, and efficiency vs.
beam current for short pulse experimental model of gyrotron.

The possibility to make the 170 GHz/1 MW gyrotron for ITER is
proved by calculations and experiments. Numerical modeling and a series
of experiments allowed creation of an electronic gun ensuring formation of
an electron beam with parameters, necessary for the 170 GHz/IMW gy-
rotron. Calculation results and experimental data for the prototype 170
GHz/1 MW gyrotron for ITER are in good correlation. The successfully
tested short-pulse prototype is a reliable ground for development of an in-
dustrial tube operating in the full-scale regime.
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SEPARATION OF ENERGETIC FRACTIONS OF
ELECTRON BEAM BY CUSPED MAGNETIC FIELD

L.S.Kulagin, V.N.Manuilov, M.I. Petelin, N.I.Zaitsev

Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod,
Russia

To increase the efficiency of a high-power microwave generator, one
may split the spent electron beam into energetic fractions and collect each
fraction at an electrode of a properly depressed potential. The larger is the
number of separated fractions and of collecting electrodes, the higher is the
efficiency (see, e.g. [1]).

If a tubular beam is confined magnetically, it can be split by a cusp
formed with a counter co-axial solenoid. Indeed, electrons moving at the
axis are not affected by the field. Evidently, electrons moving not far from
the axis pierce the cusp as well. But if the energy of the non-axial electrons
becomes small, they move adiabatically along magnetic lines and are
deflected in radial direction (Fig. 1). These simple considerations allow us
to hope that spent electrons can be separated at least into two fractions.

B)\E
NV R
e

AN
SN
J \
\ "*—szz)

Fig. 1. Scheme of separation of electrons depending on their energy in the
cusp magnetic field: 1 - trajectory of a small-energy electron; 2 - trajectory
of a high-energy electron.

e e e

The separation effect was verified experimentally at the system shown
in Fig. 2. An axisymmetric glass vessel covered on inside with luminophor
was placed in a cusped magnetic field formed by coils 1 and 3, and
reverse-field coil 2. At the homogeneity region the field was equal to 1 T.
This vacuum tube had a widened electron-collecting section 120 mm in
diameter. A Pierce-type electron gun producing an electron beam 1 mm in
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diaméter was placed at 5 mm from the axis. The accelerating voltage was
changed in the range from 0 to 20 kV.

047

021

200 400 z mm
0 ) j TN

-021

-0 4+

Fig. 2. Scheme of the experiment and corresponding profile of the
maghnetic field: 1 - main coil; 2 - reverse-field coil; 3 - additional coil;
4 - cathode-ray tube; 5 - electron gun.

Calculated electron trajectories for different energies are presented in
Fig. 3. Trajectories differ by initial radial location changing within the
range of 1 mm (from 4.5 to 5.5 mm). Sometimes this difference leads to
essential distinctions between electron trajectories. All electrons with
energies over 8 keV pass through the reverse region. If the energy is from
4 to 8 keV, a part of electrons being initially farther from the axis is
reflected before the reverse magnetic field reaches its maximum. After the
reflection some electrons settle on tube side walls immediately and the rest,
after several longitudinal oscillations. The part of the latter electrons and
the number of their longitudinal oscillations grow as the electron energy
drops. If the electron energy is less than 4 kV, all electrons are reflected
and finally settle on side walls of the tube. If the electron energy is of the
order of 100 eV, the electrons become “adiabatic” and move along the
magnetic field line and settle on a side wall of the tube near the reverse
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plane. It should be noted that the area of “adiabatic” electrons is entirely
overlapped by the area of oscillatory electrons.
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Fig. 3,a. Calculated trajectories (a) and traces (b) on the tube development
at the accelerating voltage 4 kV. View of the development from inside.

y=0° is the cathode azimuth.
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Fig. 3,b. Calculated trajectories (a) and traces (b) on the tube development
at the accelerating voltage 6 kV. View of the development from inside.
y=0° is the cathode azimuth.
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Fig. 3,c. Calculated trajectories (a) and traces (b) on the tube development
at the accelerating voltage 20 kV. View of the development from inside.
y=0° is the cathode azimuth.

Typical beam traces on the tube surface seen in the experiment are
presented in Fig. 4. High-energy electrons pass through the cusp region

and make an arc-like trace on the tube end. As the energy of electrons
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drops, a part of electrons is reflected and then makes some strips on the
tube side wall. Different strips correspond to different numbers of
longitudinal oscillations, their locations are in good agreement with the
numerical simulation.
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Fig. 4. Electron beam traces on the tube surface development; view from
inside through the luminophor-free window, its border is marked by
dashed lines; y=0° is the cathode azimuth: (a) - U=5 kV: (b) - U=10 kV; (c) -
U=20 kV. Kinds of traces: 1 - near-“adiabatic” electrons; 2,3 - non-adiabatic
oscillatory electrons after one (2) or two (3) reflections in the magnetic

field; 4 - non-adiabatic electrons piercing the cusp.



Thus, the beam is separated by the cusped magnetic field at least into
two energetic fractions. In microwave generators this effect can be used to
develop a collector consisting of two sections with different potentials,
both being lower than the potential of the RF interaction space (see Fig. 5).

Fig. 5. Scheme of a depressed collector. Trajectories of electrons with
different energies (W,<W2;<W;) are shown: 1 - energy Ws; 2 - energy W5;
3 - energy Ws. Uo-U; - electrode potentials (Uo<U<U.).

Note that the development of depressed collector based on the
described separating system must be carried out taking into account the
decelerating electric field and secondary electrons emitted from the
collector surface.

Reference

1. Borodachova T.V., Goldenberg A.L., Manuilov V.N. In: Gyrotrons.
IAP, Gorky, 1989, pp.161-180.
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ABSTRACT

An 1f accelerator that adds significant gyration energy to a relativistic
electron beam, and two mechanisms for extracting coherent radiation from the
beam, are described. The accelerator is a cyclotron autoresonance accelerator
(CARA), underlying theory and experimental tests of which are reviewed. These
illustrate the utility of CARA in preparing beams for high harmonic gyro
interactions. Examples of preparation of gyrating axis-encircling beams of ~400
kV, 25 A with 1 < o< 2 using a 2.856 GHz CARA are discussed. Generation
of MW-level harmonic power emanating from a beam prepared in CARA into an
output cavity structure is also described, including measurements of rf spectrum
and power. The potential for gyroharmonic conversion (GHC) at higher powers
and higher frequencies is discussed, in view of the results described here. A new
radiation mechanism, closely related to GHC, is also described. This
mechanism, dubbed "co-generation”, is based on the fact that the lowest TE;,
mode in a cylindrical waveguide at frequency s with group velocity nearly
identical to group velocity for the TEj1 mode at frequency w is that with s = 7,
m = 2. This allows coherent radiation to be generated at the 7th harmonic co-
existent with CARA and in the self-same rf structure. Conditions are found
where co-generation of 7th harmonic power at 20 GHz is possible with overall
efficiency greater than 80%. It is shown that operation of a cw co-generator can
take place without need of a power supply for the gun. Efficiency for a multi-
MW 20 GHz co-generator is predicted to be high enough to compete with other
sources, even after taking into account the finite efficiency of the rf driver
required for CARA.
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INTRODUCTION

Considerable interest exists in new concepts for producing high peak
power (>150 MW), narrow band, low duty-cycle, low pulse repetition frequency
(~1 kHz) pulsed rf amplifiers operating at 1.0 GHz or higher frequency for use in
large electron/positron linear colliders. For these devices, electrical efficiencies
greater than 45% are considered essential. As a result, effort is underway for
development of rf sources to meet this need, including klystrons [1], relativistic
klystrons [2], cluster klystrons [3], gyroklystrons [4], magnicons [5] and gyro-
harmonic converters [6]. Much of the klystron development is at 11.424 GHz,
where the Next Linear Collider Test Accelerator (NLCTA) is to be operated at
SLAC. A new magnicon design at 11.424 GHz has recently been perfected [6],
in which higher power and efficiency are predicted than have been achieved with
klystrons. A relativistic klystron [2] and second harmonic gyroklystron [4] are
being investigated for operation at 17.136 GHz. But little effort has gone into
study of sources at higher frequencies, even though it has been pointed out [7]
that high energy colliders (>1 TeV) will probably have to operate at 20 GHz or
above. For example, a study for a 5 TeV center-of-mass collider shows that
operation at 34.3 GHz could allow a loaded acceleration gradient of 150 MV/m
to be sustained, leading to an active accelerator length of 17 km [8]. It will not
be argued either way in this paper whether or not construction of a machine of
this magnitude will be practical in the forseeable future. But it is clear that
demonstration of an acceptable rf source at a frequency of 20 GHz or higher is
essential for the rational planning of such a machine.

This paper describes recent progress on experimental and theoretical
understanding of gyroharmonic conversion (GHC) and co-generation. These
processes could have the potential for efficient production of high-power cm-
wavelength radiation suitable for collider applications. In GHC, low frequency rf
drive power is used to energize an electron beam in a magnetic field, and the
beam is then allowed to selectively emit coherent radiation at a harmonic of the
drive frequency [6]. As with the magnicon, no bunching is induced on the beam
in GHC, and all electrons can experience nearly identical forces from the rf fields.
This can lead to high conversion efficiencies, computed to be above 70% at the
5th harmonic under ideal conditions [6]. With efficient energy recovery from the
spent beam using a depressed collector, the electrical efficiency might be as high
as 85%. If a 150 MW 1f drive pulse at 2.9 GHz were used, such as that produced
with DESY klysuons [9], one finds 100 MW and 300 J/pulse to be produced at
the harmonic. This is sufficient energy/pulse to drive ~11 m of a 34 GHz multi-
TeV collider. If the efficiency of the rf drive source is 53%, one finds that GHC
can have an overall efficiency of 45%, as required. This crude estimate defines
the goals that must be achieved for GHC to be a serious contender for future
collider applications. Herein, a progress report is presented on work to date on
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GHC, with experiemtal results of 4th harmonic conversion at 11.4 GHz. In
addition, a new approach for efficient utilization of a CARA beam for 7th
harmonic co-generation at 20 GHz is described, wherein efficiencies exceeding
80% are predicted.

CYCLOTRON AUTORESONANCE ACCELERATION (CARA)

A sketch of the Yale/Omega-P GHC experimental device is given in
Fig. 1. The device has three major parts: (i) a Pierce-type diode electron gun
that injects a pencil beamn; (ii) a cyclotron autoresonance accelerator (CARA) that
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.
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Fig. 1. Schematic diagram of the Yale/Omega-P cyclotron autoresonance
accelerator (a) and gyroharmonic converter (b). During measurements, the GHC
is terminated either with a radiating homn or with a calorimeter.

T
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energizes the beam and produces axis-encircling gyrating orbits that rotate in
time at the CARA drive frequency; and (iii) a converter waveguide or cavity in
which coherent radiation is generated by the beam at harmonic of the CARA
drive frequency. In the Yale/Omega-P apparatus, CARA is driven at 2.856 GHz,
using a former SLAC XK-5 klystron that produces up to 24 MW, 3 usec pulses
at up to a 10 Hz repetition rate. The 1.0 pPerv injector gun operates up to 100
kV, with a current of up to 31 A. The guide magnetic field is produced by up to
20 individually-energized coils whose power supplies are externally-programmed
to produce desired field profiles. Here, measurements of CARA performance are
described in which a beam collector with a built-in calorimeter is substiuted for
the converter section shown in the bottom half of Fig. 1.

Prior theory and simulation studies for CARA predict that high
efficiency transfer of rf power to beam power can occur, provided that the injected
beam does not have too large an axial velocity spread, and provided the magnetic
field profile is judiciously adjusted [10,11]. To date, ~25 A beams of up to ~10
MW beam power have been produced, with efficiency values of between 90% and
96%. Higher beam powers might seem possible, since 24 MW of rf power is

1
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Fig. 2. Beam power and efficiency for the Yale/Omega-P CARA. Key to the

symbols: (+) initial beam power; (x) initial rf power; (o) final beam power;
(o) efficiency.
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available, but this is not the case, since the upper energy limit in CARA for 100
kV injection is about 435 keV for beam matching into GHC at grazing [11]. A
summary of the data for CARA operation is given in Fig. 2, where total input
power (beam + rf) is the independent variable, with output beam power and
efficiency are the dependent variables. Details of this experiment are found .in
two recent publications [12,13], and will not be restated here. Significant points
established by the measurements include (a) confirmation of theory regards high
rf power transfer efficiency; (b) observed resilience to detrapping when the actual
magnetic field profile deviates from the ideal profile; and (c) an achievement of
final beam energies in accordance with theoretical predictions.

These measurements add evidence to earlier contentions [6] that CARA
is well suited for preparation of beams for injection into GHC output structures
for generation of harmonic output power. In experiments to be described in the
next section of this paper, the rf power levels are limited, since the maximum
CARA beamn power achieved is about 10 MW. By comparison, injection of a
350 kV, 200 A beam into an upgraded CARA, driven with 140 MW of rf from a
DESY klystron, would allow a 1.0 MeV, 200 MW beam to be produced and
injected at grazing into a GHC.

GYROHARMONIC CONVERSION (GHC)

Theoretical and computational studies have shown that the efficiency of
gyroharmonic conversion (GHC) is sensitive to the quality of the injected beam,
and to the strength of competing rf modes in the output structure [6]. In the
Yale/Omega-P apparatus, the injected beam (up to 100 kV, 31 A) is computed to
have an rms axial velocity spread of 0.10%, based on simulation studies using
the relativistic DEMEOS code [14]. The axial velocity spread is magnified in
CARA, and upon entrance to the rf output structure it can reach rms values in
the range 0.5% - 1.0%, depending upon the magnitude of the magnetic guide
field up-taper between CARA and the output section. The growth of axial
velocity spread can be controlled to some extent, by use of a small detuning
away from exact resonance of the magnetic field profile in CARA [15]. For an
axis-encircling cold beam at grazing, theory predicts that no output radiation is
coupled into TM modes, and that radiation at the s-th harmonic is coupled only
into TEg,,, modes, where m = 1,2,3.... The most dangerous competing mode in
a waveguide output section has been shown to be the one lower than the design
mode, if it is not cutoff; otherwise, it is at the next higher harmonic. In a cavity
output section designed to operate in the TE411 mode, for example, 4th
harmonic competition could be anticipated from the TE417 and TE413 modes, if
these are so closely spaced so as to be within the beam's gain spectrum.
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Experiments have been conducted with 50-cm and 20-cm long output
sections, with output radiation passing through a mode converter designed to
transform the TE41 rotating mode at 11.424 GHz into a TE; rotating mode.
The radiation then passed a single-disk alumina window and was either broadcast
by a horn and detected in an anechoic chamber, or absorbed in a calorimeter.
Initital experiments were with a copper output waveguide of length 50 cm and
radius 2.323 cm. This radius is 0.8% smaller than the cutoff radius at 8.568
GHz (3rd harmonic) inthe TE31 mode, and 4.5% larger than the cutoff radius at
11.424 GHz (4th harmonic) in the TE4; mode. Yet only 3rd harmonic radiation
was detected. It was concluded that dielectric pulling by the beam lowered the
TE31 mode cutoff frequency by about 1%, thereby allowing the 3rd harmonic to
dominate. A modified output section--also 50 cm in length--was then employed,
but with a radius of 2.205 cm, namely 0.8% smaller than the cutoff radius at
11.424 GHz for the TE4; mode, but 5.8% smaller than the cutoff radius for the
TE3 mode at 8.568 GHz. This section, fabricated from stainless steel, had a
1.3 deg up-taper in radius to the 2.323 cm output waveguide. For this structure,
no 3rd harmonic radiation was observed, but the spectrum of emission near 11.4
GHz was unacceptably broad. It is possible that the dense spectrum of TE41,
modes were so closely spaced that, each with relatively low ohmic Q's attributal
to the stainless steel walls, the lower-order modes merged, yielding a non-
selective frequency response [16]. A third modification was then substituted, a
copper section of length 20 cm, radius 2.205 cm, also with a 1.3 deg taper to the
2.323 cm outpfut waveguide. Preliminary observations with this circuit showed
generally higher output powers than with the previous circuits, easily detectable
with the calorimeter. Narrow spectra centered on the 3rd or 4th harmonics were
observed, depending on the magnetic field profile chosen. At this writing,
measurements continue, and output cavity modifications are underway with the
goal of maximizing output at 11.424 GHz.

Analysis and computations have been carried out for cavity output
sections as employed in the aforementioned experiments. Simulation of the
mode properties of the 20-cm long copper circuit showed that the TE411 and
TE412 modes have cold resonant frequencies of 11.53 and 11.59 GHz; and Q's of
1,061 and 264, respectively. An example of a particle simulation study is
shown in Fig. 3 for conditions not greatly dissimilar from those of the
experiments. Details of the underlying theoretical considerations and
computational méthod will be discussed in a forthcoming publication [17]. The
parameters for the simulation are listed in the figure, including a cavity radius of
2.2257 ¢m, which was chosen to simulate the loaded cutoff frequency of the
actual 2.205 cm cavity in the presence of the beam. The computation shows an
output efficiency of 34.8%, corresponding to a power output of 2.55 MW plus
0.15 MW lost in the cavity walls. Other computations show that the output
efficiency can be higher for a shorter cavity. But it does not appear likely that
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practical conditions can be found with efficiencies above 50% for cavity
gyroharmonic conversion at the 4th harmonic or above as described here.
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Fig. 3 Efficiency for CARA (left) and for GHC with cavity output (right).
Parameters are as indicated in the figure. Computed power output is 2.55 MW.

SEVENTH-HARMONIC CO-GENERATION

It has not generally been noted that certain TE, electromagnetic modes

of a cylindrical waveguide at frequency s@ exhibit coincidental near matching
between their group velocities and those of the TEj; mode at frequency @.
This basic characteristic of the simplest closed guided wave structure may allow
the excitation of strong s-th harmonic radiation when a fundamental injected
wave interacts with a nonlinear medium in the waveguide. Group velocity
matching can allow classical parametric interactions to occur [18] but, as will be
shown here, it may also allow coupling in which the nonlinear medium supplies
and receives significant power to and from the waves. The nonlinear medium for
the work presented here is a relativistic gyrating electron beam; the fundamential
TE; mode excites cyclotron autoresonance acceleration (CARA) of the beam
[2]; and the lowest mode for which a near match in group velocity obtains is the
TE7 5 at the seventh harmonic. It will be shown that high efficiency production

of multi-megawatt power at 20 GHz is possible through this "co-generation"
mechanism, when a beam is energized using 2.856 GHz power. Other high
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power microwave TE-mode fast-wave harmonic interactions may also be
enhanced by this matching phenomenon, including the gyro traveling-wave
amplifier, gyroklystron and waveguide free-electron laser [19]. Similar matching
phenomema for TM-modes may enhance other types of harmonic interactions,
such as in the frequency-doubling magnicon [5].

The term "co-generation" is used here to signify that harmonic power is
generated in the self-same structure where CARA acceleration (and deceleration)
of the beam occurs. Since the interaction to be discussed occurs in a traveling-
wave structure, injected rf power that does not become transformed into the
harmonic wave can be recovered, recycled and perhaps used in a subsequent co-
generator stage. Energy in the spent electron beam emerging from the
interaction can also be recovered with high efficiency, since the energy spread on
the beam induced in the acceleration and generation processes can be small. Itis
these unusual features that permit overall 7th harmonic co-generation efficiencies
greater than 80% to be predicted, as is illustrated below.

The requirement for group velocity matching for efficient power transfer
between two guided waves that interact with an electron beam near gyroresonance
and its harmonics can be easily appreciated. Below are written the resonance
conditions that must be satisfied for simultaneous acceleration due to the CARA
mechanism, and for deceleration due to the generation of radiation near the s-th
gyroharmonic, namely

Q
(O=7+Ckz,11ﬁz; 0Y)

sw=%+ cky 508, #))

In Eqgs. (1) and (2), @ is the radian frequency at which CARA is operated,
Q=eB, /m is the rest gyrofrequency for electrons of mass m and charge e in a

magnetic field B,, y and ¢f; are the relativistic energy factor and the axial
velocity for the beam electrons, and k, s = (sw/c)(vg, st /c) = (sw/c)ngp is the

axial wavenumber, itself proportional to the normalized group velocity ng, for
each wave; for CARA, s = £ = 1. Clearly, Egs. (1) and (2) cannot be satisfield
simultaneously unless

——-=k,11 or Ngp=n1 (3)
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namely equal group velocities for the two modes, when the frequency of the
TE;y mode is s times that of the TEj; mode. This is consistent with the

selection rule for gyroharmonic conversion with an axis-encircling beam in a
cylindrical waveguide, namely that power at the s-th harmonic can flow
cumulatively from the beam only into TE;, modes [6]. A measure of the degree

to which TE;, modes satisfy Eq. (3) can be seen by substituting into it the

relation ngy = l—(jggc/scoR)2 , where ji, is the ¢-th zero of the Bessel

function derivative (d/dx)Jg(x), and where R is the waveguide radius. When
ngp = ny1, one can derive the approximate relationship

Nge 1
7lﬁz1+(1-rs[)[;2—-1], @
11

where rgp = js¢/sji1- In Fig. 4 are plotted values of rgy for modes with ¢ (the
radial index) up to 6, and s (the azimuthal index) up to 30. It is seen that rgp is
within the range 1.00 £ 0.005 for the TE; 3, TEj33, TEy45 and TE3g¢

modes. This suggests that one might find conditions where a prescribed
magnetic field profile allows efficient CARA acceleration, and simultaneously
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Fig. 4. Ratio of Bessel function roots rgp. In shaded area 0.995 < rg, < 1.005.

allows strong radiation at one or more of the 7th, 13th, 24th and 30th
harmonics. Since succesively higher beam energies are required to obtain

738



significant coupling as § increases, there is reason to expect that conditions
might be found where only one of these modes will be excited at a time. In a
rectangular waveguide, group velocity matching is much more prevalent,
occuring (for example) between the TEy; and all TEp; modes at the s-th
harmonics. This situation could lead to serious mode competition at high
harmonics; moreover, the aforementioned selection rule for axis-encircling beams
does not apply for rectangular waveguides. Thus, only cylindrical waveguides
are appropriate for co-generation.

In this paper, we examine co-generation only at the 7th harmonic, but
possible competing modes are also considered. We take the rf source frequency
to be 2.856 GHz, corresponding to the frequency of the 65 MW klystrons (type
5045) that drive the Stanford Linear Collider (SLC), so that the 7th harmonic is
at 19.992 GHz. A calculation could be made for any rf source frequency, but we
purposely have chosen 2.856 GHz in anticipation of conducting experiments
using an existing rf source, and in conceiving of the rf driver system for a future
multi-TeV electron-positron collider being built using existing mature rf
technology, including type 5045 klystrons. Thus to examine in detail the co-
generation of harmonic radiation within CARA, particle simulation studies were
carried out with rf and injected beam powers corresponding to Yale/Omega-P
experimental capabilities, namely for an rf source power level at 2.856 GHz of
10.0 MW, and an injected beam of 100 kV, 25 A.

Results to illustrate the principle of co-generation are shown in Fig. 5
for an ideal "cold" bearn, i.e., a beam with no initial axial momentum spread or
guiding center spread. Fig. Sa shows the evolution along the axis in CARA of
if power in the TEj; and TE7; modes at 2.856 GHz and 19.99 GHz in a
waveguide of radius 3.65 cm (n)y = 0.5374 and n7, = 0.5329); Fig. 5a also
shows the variation in imposed resonant axial magnetic field, according to Eq.
(1). A pronounced recurrence phenomenon is observed, with rf power shifting
back and forth between the fundamental and the 7th harmonic waves. At z =
84.0 cm, where the 7th harmonic power has reached 3.32 MW, the fundamental
power is 6.22 MW, and the sum of the two is only 5% less than the 10.0 MW
fun fundamental power injected initially. Fig. Sb shows the ensemble-average
beam energy factor (y), the relative rms energy spread 8y/(y), and the ratio of

the ensemble-average gyration radius to waveguide radius (rg /R) The beam

energy at z = 84.0 cm is 100.4 kV, so the beam is seen to have acted essentially
as a catalyst by exchanging power with the rf modes up to this point, but
returning nearly to its original state. At z = 167.2 cm, the fundamental rf
power level has risen to 9.45 MW, and only 0.31 MW resides in the 7th
harmonic wave; again the beam energy is back t0 99.9 kV. In the course of this
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one full reccurence cycle, the magnetic field varies quasi-sinusoidally between
0.86 and 1.55 kG. Fig. Sc shows the rf power at the 6th harmonic in the TEq >
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Fig. 5. Parameters for 7th harmonic co-generation for an initially cold beam.
Parameters are described in text.

740



mode, at the 8th harmonic in the TEg ; mode, and at the 13th harmonic in the
TE;33 mode. The maximum total of 6th and 8th harmonic power is 0.13 MW,

the 13th harmonic power is seen to reach 0.427 MW at z = 84.0 cm, and 0.949
MW at z = 251 cm. The fact that the TEj33 mode is the only serious

competitor to the TE7, enforces the claim made above that group velocity
matching is a major factor in co-generation, since n133 = 0.5438. More power

appears at the 13th harmonic during the second recurrence cycle because of
injection of finite power from the first cycle. Were the device to be terminated at
z = 84.0 cm, rf power could be extracted with about one-third at the 7th
harmonic and two-thirds at the fundamental; the beam power could in principle
be largely recovered using a depressed collector. The 6.22 MW of extracted
fundamental power could, in principle, be used (with an additional 3.78 MW) to
drive a second CARA identical to the first, and the sequence continued
indefinitely. Such a system would have a nearly ideal conversion efficiency, the
net effect of which is to convert rf power from the fundamental to the 7th
harmonic. Losses in this system arise from finite conductivity in the waveguide
walls, from imperfect beam power recovery at a depressed collector, and from
power converted to competing harmonics. But thesc can each be small fractions
of the total 12.5 MW in circulation. Of course, an injected beam with zero axial
velocity spread is an idealization that cannot be met in practice.

Results of a computation for an injected beam with a finite rms axial
velocity spread of 0.10% are shown in Fig. 6, with the various quantities
displayed as in Fig. 5. The basis for employing this value of axial velocity
spread is a design study using the DEMEOS code [14] for the moderate
convergence, perveance K = 1.0x10-0 A-V-3/2 Pierce-type electron gun that is in
operation on the Yale/Omega-P CARA. Two significant additional features are
present in this example, namely a detuning of the axial magnetic field from exact
resonance, and a finite amplitude injected signal at the 7th harmonic. Without
magnetic field detuning, co-generation is found to be severely weakend by
velocity spread. The optimum detuning parameter A = Q/ wyB; -1/, +ny;
for this case was found to be -0.02. Injection at the CARA input of 0.10 MW
of 7th harmonic power in the 7E7  mode was found to yield a 7th harmonic

power level at z = 82 cm_of 1.99 MW, as shown in Fig. 3a. To achieve this
result, it was necessary to optimize the phase of the injected initial 7th harmonic
power; a relative phase of 0.6r maximized the production of 7th harmonic
power. If the injected 7th harmonic power level is increased from 0.1 to 1.0
MW, the 7th harmonic output increases to 3.9 MW, for gain of an additional 1.0
MW. Injection can be accomplished by re-circulating to the input a portion of
the 7th harmonic output power.
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If a device based on the results shown in Fig. 6 were terminated at z =
82 cm, one could extract 1.99 MW of 7th harmonic power, 6.47 MW of
fundamental harmonic power, and 0.098 MW of power in competing harmonics.
The efficiency for utilization of rf power then follows as 7,r = (1.99 +

6.47)/10.10 = 83.8%. If energy in the spent electron beam is included (3.86
MW), one would have 7,5,y = (8.46 + 3.86 1,,-)/12.6, where 171,,. is the
efficiency for recovery of beam power using a depressed collector. One can

define 7, =(7, - 1)/ ((rs)-1) as an ideal recovery efficiency for a single-

stage depressed collector, where ¥, =l+e|V,|/mc2 is the energy factor

corresponding to the collector retarding potential V,, and where (ys) is the

average energy factor of the spent beam particles. To avoid undesirable beam
reflection at the collector, ¥, is taken to be the lowest value of beam energy
factor in the spent beam. For the beam at z = 82 cm in Fig. 6, computations
have been performed that yield 7,,, = 63.0%. Using this gives 0y, =
86.4%. This figure embodies several idealizations, but it seems high enough to
provide strong motivation for further study of co-generation.

DISCUSSION

Experiments on CARA show that gyration energy can be imparted to a
high power electron beam with efficiency values that exceed those for other fast-
wave interactions. Copious radiation from energetic beams prepared in CARA
has been observed, mainly near the 3rd gyroharmonic, with reactive pulling of
overmoded output cavity structures evidently introducing unforeseen challanges
for cavity design. Efforts continue on the experiments described in this paper.
However, the concept of gyroharmonic co-generation suggests that it may be not
unreasonable to conceive of high power 20 GHz co-generators with a total power
efficiency of greater than 80%. These could be driven using existing SLC
klystrons and associated modulators. The examples presented in this paper are
for a 10 MW rf driver, namely at the level where experimental tests are planned.
So further studies are required to optimize a system using 65 MW input pulses
such as type 5045 klystrons provide. But it does not seem unreasonable for each
co-generator in such a system to provide 50-60 J output pulses at 20 GHz with
an overall rf system efficiency, including the klystron drivers, that would exceed
50%. This system could constitute the sought-after rf source for a future multi-
TeV electron-positron collider. Co-generation interactions with other fast-wave
interactions should also be possible, as shown by preliminary experiments on
7th harmonic generation in a waveguide FEL amplifier [19]. Needless to say,
the potential and practicalilty of co-generation will not be fully confirmed until
additional experiments and design studies of this new mechanism are carried out.
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Abstract

Experiments with cyclotron autoresonance masers, including the
auto-oscillator operating in the millimeter region of wavelengths with the
efficiency close to the theoretical prediction, here revieved. Preliminary
results of an experiment with the relativistic Large Orbit Gyrotron are
presented; selective excitation of the lst-5th cyclotron harmonics at the
wavelengths from 14 mm down to 4 mm with power about 100 kW is
achieved. Some opportunities for further increase of the efficiency of the
both devices, which could make them more advanced in the submillimeter
wavelength region, are discussed.

1. Introduction

This report 1s devoted to the two relativistic varieties of the
cyclotron resonance masers, which are the closest relatives to the
subrelativistic gyrotrons. As is well known, operation of the gyrotron is
based on the relativistic effect completely, namely, on the dependence of
the cyclotron frequency on the electron energy. However, from this pomnt
of view 1t would be a hasty judgment to conclude that the increase of the
particle energy up to relativistic values is surely useful for this device.
Indeed, first of all the energy increase decreases the cyclotron frequency
and, consequently, the radiation frequency at the fundamental. In addition,
if one does not take any special measures, the relativistic electrons go out
of the cyclotron resonance with the wave, having lost a small part of their
energy. There are at least two known methods for compensation of these
evident defects of the relativistic gyrotron.

1. It is possible to use the Doppler effect if one makes the
electrons interact with a wave propagating not across but almost along
their translational motion [1-4]. In this case, like in the FEL, the radiation
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frequency, ®, can be significantly higher than the electron oscillation
frequency, i.e. the cyclotron frequency, ® ¢ :

mzmH/(l"Bzo/ﬁph)‘

Here Bz,,Bpnh are the longitudinal electron velocity and the phase

velocity of the wave normalized to the speed of light. Simultaneously, due
to the change of the electron translational momentum the regime close to
the autoresonance [5,6] takes place, when the electron keeps in resonance
with the wave even if it loses a significant part of its initial energy. Hence
the electron efficiency in such a regime can be high. These possibilities are
realized in Cyclotron Autoresonance Masers (CARMs) [1-4].

2. It is possible to use the non-dipole interaction of the relativistic
electrons with a wave and excite higher harmonics in the relativistic
gyrotrons [7-9]:

0= SOy .
In principle, such a gyrotron can also have a high efficiency if one uses a
profiled magnetic field.

Even taking account no of the difficulties connected with using
high voltage it is clear at once that both the CARM and high harmonic
relativistic gyrotron are more complicated and delicate devices than the
subrelativistic gyrotron. Both devices require electron beams with higher
quality for their operation. Besides, the problem of discrimination of
parasitic modes is more acute for the both devices than for the
subrelativistic gyrotron.

2. High-Efficiency CARM

The CARM with high Doppler frequency up-shift was suggested
about 20 years ago [1,2]. The first experiments were accomplished in
1982 [10]. Since then, many successful experiments with oscillators and
amplifiers at the wavelengths from 2 cm to 1.2 mm were carried out in our
country and abroad [10-22]. Simultaneously, much more effort was spent
on FEL realization. According to our experience in investigations of the
both devices, at millimeter-submillimeter waves it is easier to realize the
CARM than the FEL.

Our experimental results in the field of the CARM are shown in
Table 1. All the experiments were carried out using high-current electron
accelerators with explosive-emission injectors, which provided the current
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pulses tens nanoseconds long and the electron energy from 0.5 to 1.2
MeV. We achieved generation at 2 mm already in 1982 [10]. But after that
we tried to improve the CARM operating at longer waves, from 4 to 8
mm. One of our best results obtained in collaboration with the High-
Current Electronics Institute was the amplifier at the wavelength of 8 mm
with power of 10 MW and amplification of 30 dB [19]. The highest
radiation power (30-50 MW) and the Doppler frequency up-conversion
(about 8) were obtained in the experiment, which was carried out in
collaboration with the Joint Nuclear Research Institute, at their LIA [20].
In this CARM operating at the wavelength of 4 mm, the high Doppler up-
conversion had allowed the magnetic field to be as small as 11 kOe, which
was more than two times smaller than for the weakly-relativistic gyrotron.

Table 1. Experiments with the CARM performed at IAP
and in collaboration with other Institutions

A Mode P n | Ampl | ¢ Institution | Year
mm MW | o, | dB | ps and
Comments
TE
1,1 IAP
2-4 TE4,1 6-15 | 2-4 50 IAP+Lebedev 1982
Phys. Inst.
TEZ’ | ys
8 TEs | 30 10 15 IAP 1993
4 50 8 IAP+JINR
TE 1,1 30 (Induction 1991
6 30 | 10 Linac)
8 TE L1 13 26 15 IAP 1995
8 TE 11 - 10 4 30 20 IAP+HCEI 1986

Table 2 contains some experimental results obtained in other
laboratories. One has to mention the amplifier, realized at MIT [18]. Its
output parameters are close to the above parameters of our amplifier, but
the efficiency is higher. At MIT the first CARM with the thermocathode
has been also realized [17]. At Livermore, on the basis of LIA the CARM
with the shortest wavelength (1.2 mm) has been studied [11]. Recently at
the Strathclyde University the first CARM operating at the second
cyclotron harmonic has been realized [21]
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Table 2. Some experiments with the CARM performed in other laboratories.

A Mode P n | Ampl | ¢ Institution | Year
mm MW | o, | dB | ns and
comments
LLNL
1.2 50 3 20 (Induction 1990
Linac)
MIT 1992
10 0.1 2 (Thermo-
cathode)
Univ. of
21 TE, , 0.5 6 100 | Strathclyde
' (2nd harmonic) | 1995
8 TE, , 12 7 32 15 MIT 1989

Thus, a lot of experiments demonstrate high-frequency and
selective properties of the radiation generated by CARMs. However, in
these experiments the CARM efficiency is not higher than 10%. This value
1s too small, several times smaller than the efficiency, predicted by the
theory for the CARM with the ideal electron beam. In order to show that
the main cause of such low efficiency is low quality of the used electron
beams (too large spread in electron longitudinal velocity), in 1995 we
carried out a special experiment at relatively long wavelengths, which
should demonstrate the possibility of realization of high-efficiency CARM
[22] In this experiment (Fig. 1) selection of the "most rectilinear” particles
by a narrow anode outlet similar to that realized earlier for the FEL [23]
was used to form the electron beam. Besides, the beam quality was
additionally improved by means of the non-adiabatic magnetic field
produced by a special correcting coil [24]. An operating rotary velocity
was imparted to electrons in a kicker introducing small additional spread.
At the same time, sensitivity of the oscillator to the velocity spread was
reduced maximally by using a very short microwave system, in which
electrons underwent only 4-5 gyrorotations.

Along with the beam quality, another serious problem in CARM
realization 1s connected with excitation of parasitic modes, especially
dangerous of which are near-cut-off (gyrotron) and backward waves. To
prevent this, the operating mode was chosen to be the lowest transverse
TE,; mode of a cylindrical waveguide in the regime of grazing dispersion
characteristics of the beam and wave. In this case the danger of transverse
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parasitic mode excitation (at least at the fundamental cyclotron harmonic)
disappears.

e e ——
e ————— ———
anode .
Y correcting coil Bragg reflector |
e I
——— I\
cathode kicker —
‘ magnetic screen

|

————

Fig.1. The schematic of the high-efficiency CARM.

The experiments were carried out at the high-current direct-action
"Sinus-6" accelerator with a field-emission cathode. This accelerator can
provide an electron beam with energy of 300-600 keV, total current of 3-8
kA and pulse duration of about 20 ns. The diameter of the beam used in
the experiment was 2.5 mm. The current of a beam was 100 A at the
particle energy 500 keV and the 10 ns flat-top of a voltage pulse. The
axial magnetic field exceeded 9 kOe. For the chosen gun parameters the
accelerator operated in the regime close to the matched one and the total
diode current amounted to 3-5 kA. In order to eliminate undesirable action
of the anode electrostatic lens, we used a small correcting coil generating a
pulsed magnetic field with intensity on-axis controlled within 0-2 kOe and
the radial component concentrated near the coil borders in two short (as
compared to the Larmor step of electrons) regions. If the coil is placed
down-stream from the anode aperture at the distance of a quarter of the
Larmor step, has the length of half of the Larmor step and generates the
magnetic field on the axis of direction opposite to the guiding one with
certain intensity, then the radial field of the coil practically compensates
the spurious transverse velocity for all particles of the paraxial beam.

The initially rectilinear beam after the electron gun was pumped
by means of a kicker in the form of a rectangular current frame sloping at
60° to the z-axis, generating the transverse magnetic field with its
distribution close to the homogeneous one near the beam so, it was weakly
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sensitive to the particle position spread. The kicker imparted to electrons
the necessary rotary velocity in a broad band of the guiding magnetic field.

The microwave system was made up of a cavity with the operating
section in the form of a smooth cylindrical waveguide 7.8 mm in diameter
and 60 mm long. The cavity was bounded on the cathode side by a cut-off
waveguide 44 mm in diameter, which reflected the H] ] mode at
wavelengths longer than 7.5 mm. At the collector side the wave was
reflected from a Bragg reflector formed by a section of a corrugated
waveguide with the corrugation period of 5.5 mm. The reflection
coefficient for the Bragg reflector without the electron beam proved to be
maximal at the wavelength of 8.45 mm. The frequency difference between
the longitudinal modes of the cavity Af ~1 GHz was approximately equal
to the frequency band width of the Bragg reflector, which allowed us to
select only one longitudinal mode with the Q-factor 1.5-2 times higher than
those of the neighbouring modes by slightly tuning the length of the
operating section.

According to the simulations, the maximum efficiency for the
operating CARM parameters and an ideal rectilinear initial beam

amounted to 30%. For the operating velocities E 1 =04 +0.55 initial
oscillations B, = 0.05 led to spread 7°+5% and to 20+15% efficiency

reduction, and for value B, =01 the spread is 4+10% and the

efficiency decreases by almost two times.

In the experiment switching on of the correcting coil with the
calculated value and direction of the current led to 10-20% broadening of
the generation band on the magnetic field, as well as to the increase of the
radiation pulse duration caused apparently by reduction of the start current
of the oscillator due to the improvement of the beam quality. In this case,
in the optimal regime the radiation power was 20-30% higher but the
beam current was practically the same.

The maximum power at the wavelength of 7.940.1 mm amounted
to 1312 MW for the following set of parameters: accelerating voltage -
500 kV, beam current - 100 A, guiding magnetic field - 12.4 kOe,
transverse particle velocity - B, = 0.55. The corresponding electronic

efficiency of the CARM oscillator reached 26% with absolute accuracy
+5%.

The performed experiment proved the fact that corresponding to
the theoretical predictions, the use of an electron beam with a small
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velocity spread raises CARM efficiency at least to the level of efficiency
of the FEL. It is also clear from theory [25] (see Sect. 4) that by tapering
magnetostatic and HF field distributions it is possible to enhance electronic
efficiency of a CARM further. However, it should be borne in mind that in
this work, as well as in the works describing experiments with high
efficiency FELs (excepting [26,27]), only a part of the imitial electron
beam was used. To obtain really high efficiency, it should be necessary to
make up an electron-optical system providing high quality of the whole
beam. Results of the experiment on forming an electron beam for the
ubitron [26,27] and preliminary estimations show that this problem can be
solved by using thermo-emitters; moreover, it can be solved not only for
the millimeter but also for the submillimeter wavelength ranges. If this is
true, then using enhanced magnetic fields and high-selective low-loss
microwave systems of the open type [28] one can hope for creation of
effective, relatively low-voltage (300-500 kV) sources generating coherent
submillimeter radiation suitable for solution of the problems of fusion
plasmas diagnostics, solid-state physics and spectroscopy researches.

3. High-Harmonic Relativistic Gyrotrons

Already at subrelativistic electron energies the gyrotron provides
giant radiation power up to 1 MW with pulse duration of a few seconds at
short-millimeter waves [29], as well as about 100 kW of power with pulse
duration of tens of microsecond at the wavelengths shorter than 0.5 mm
[30]. The subrelativistic gyrotron operating at the higher cyclotron
harmonics is proved to be able to produce the radiation at the wavelengths
as short as 0.3 mm [31], which makes it promising for the spectroscopy.
Basing on these results and the theory [7-9] we are trying to develop a
powerful submillimeter gyrotron operating at moderately relativistic
electron energies 200-300 keV instead of 3-6 MeV for the FELs. Already
at the mentioned comparatively low particle energies coupling of the
electron beam having a large pitch-factor with cavity modes at higher
harmonics is practically as strong as at the fundamental. Using high pulsed
magnetic fields up to 20-30 T and providing selective excitation of the
separate modes for the resonances up to the 5-10th harmonics it would be
possible to obtain from a single device coherent radiation with broadband
frequency step-tuning,

As a first modeling step to a sub-millimeter gyrotron, we have
started our experiments at millimeter waves with well-known [9] Large

751



Orbit Gyrotrons (LOGs). Due to a certain symmetry of the system where a
thin electron beam encircles the axis of an axisymmetric cylindrical cavity
the significant mode separation takes place; namely, in a LOG only the
modes having the azimuthal index equal to the number of the resonant
harmonic can be excited. If the electron beam has a small velocity spread,
then it provides selective excitation of a single cyclotron harmonic.
Starting from the LOG we are realizing the known method of parasitic
mode discrimination. At the same time we paid the main attention to the
formation of helical electron beam using the same methods as we applied
to the CARM.

A general theory of electron-wave interaction in the relativistic
gyrotron at the cyclotron harmonics was developed in Refs.[7-9,32] as
direct generalisation of the well-known theory (see, e.g. [33]) of the
subrelativistic gyrotron. According to the theory for a uniform
magnetostatic field the maximum electron efficiency for the resonance at
the s-th harmonic is determined by the following estimation:

Ay /yo~1/sN , .
where N is the number of electron gyrooscillations inside the cavity
(N >> 1), and y is the electron Lorentz factor. At comparatively large

beam current for which the cavity length and correspondingly the nllmber,
N, can be chosen not very large: N~5-10, efficiency at the higher harmonic
(s~5-10) amounts to a few percent, which is 'sufficient for a number of
applications.

In order to achieve the mentioned efficiency it is necessary to have
an electron beam with small energy spread, Ay /yo <1/ sN, and

comparatively large initial transverse velocity of the electrons. In addition,
to provide a single mode generation at a higher harmonic, the parasitic
modes should be effectively suppressed. In principle, it can be achieved
using only electrodynamical methods but it is more efficient to use them in
combination with electron methods controlling the coupling coefficient
between the electron beam and the mode. The last method is used in the
LOG [9], where a thin electron beam encircling the axis of an
axisymmetric cylindrical cavity excites only the modes having the
azimuthal index equal to the number of the resonant harmonic, namely,
rotating transverse-electric TE,,q modes. The field structure of these modes
near the cavity axis coincides with the structure of the corresponding
rotating multipoles (2s-poles).
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Fig.2. Starting current of the LOG-1 versus cyclotron harmonic number
Increasing of the electron-wave coupling for high transverse

electron velocities and increasing of diffraction Q of the fixed gyrotron
cavity with increase of the harmonic number lead to a significantly smaller
difference in the operating currents of the different harmonics as compared
to the subrelativistic situation. Moreover, even with the account for the
increase of the ohmic losses at shorter millimeter waves, the minimal
starting current of a LOG with a large electron pitch factor corresponds to
a higher harmonic rather than to the fundamental. For example, already for
moderate electron energy 250 keV, a pitch-factor g = 2, and the cavity

length corresponding to N=5 of electron gyrorotations inside the cavity, the
3rd harmonic has the minimal starting current, and the starting current for
the 6th harmonic is equal to that for the fundamental (Fig. 2). It is
important to emphasize that according to calculations the frequency non-
equidistance of the first TE,,,,; modes is sufficiently large; thus, having the
electron beam with a small velocity spread one can expect selective
excitation of the cavity modes from s=1 to s=7.

In order to check predictions of the theory we designed two
gyrotrons of the millimeter wavelength range, LOG-1 and LOG-2, with the
thermionic and the explosive emission cathodes, correspondingly.

LOG-1 was* designed for operation at the new high-voltage
installation described in [34] and intended for study of two types of
relativistic devices, namely, gyrotrons and CARMs. The operating electron
voltage and current are 250 kV and 10 A at pulse duration 10 ps The
diode-type quasi-Pierce electron gun with a spherical thermionic cathode
and tapering guiding magnetic field permits compression in diameter of the
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electron beam from 20 mm at the cathode, where the magnetic induction is
equal to only 1.4 mT, to 1.2 mm in 0.4 T magnetic field with a sufficiently
low amplitude of radial pulsations, when predicted transverse velocity in
the beam does not exceed 0.05 c. In the magnetic field of 0.4 T the beam 1s
pumped to the operating transverse velocity by a kicker in the form of a
current frame slopping to the axis of the guiding field. Then this transverse
velocity 1s increased to 0.6 ¢ by adiabatic tapering of magnetic field to 1.6
T. A traditional gyrotron cavity with the operating TEs;; mode with the
wavelength of 2 mm excited at the Sth cyclotron harmonic is used as a
microwave system. The designed power at the 2 mm wavelength with a
microsecond pulse duration is more than 100 kW. Now fabrication of the
LOG-1 components is nearly finished.

LOG-2 has been designed for operation at the high-current
“Sinus-6” accelerator. The operating electron voltage and current, passing
into the cavity, are 300-350 kV and 25-35 A at pulse duration about 20
ns. In the LOG-2 we use our experience in producing a high quality helix
beam obtained with CARMs (see Sect. 2). In order to produce a thin
rectilinear electron beam with a small velocity spread from an explosive
emussion cathode we select only a small central part with diameter 1.5 mm
from a high current beam. The above mentioned values of the current were
obtained for uniform magnetic fields 0.7-1.2 T. After pumping in the
kacker similar to the kicker of LOG-1, electrons with the pitch factor
g = 1.3+ 1.5 enter a traditional gyrotron cavity with diameter 8.2 mm and

length of its cylindrical part of 42 mm bounded by the input and output
conical taperings 1.6° and 3.4°, correspondingly. In the experiment, when
decreasing the operating magnetic field, we clearly observed successive
selective excitation of the TE;; modes at the fundamental and the
cyclotron harmonics from s=1 to s=5, which was confirmed by
measurements of the radiation frequency by means of a set of cut-off
waveguide filters. The measured values of the operating magnetic fields
and the frequencies corresponded to the calculations very well (see Tables
3 and 4). We observed also maximums of the received signal at the
magnetic fields corresponding to the 6th and 7th harmonics, but the
wavelengths of radiation for those fields have not yet been measured. Up
to now we received the radiation using only the horn and semiconductor
detector calibrated at the wavelengths about 8 mm. The maximum signal
was registered at the 3rd cyclotron harmonic when the wavelength of the
radiation was equal to 6.1 mm at the output power not less than 100 kW.
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The radiation power at the second harmonic, when A=8.4 mm, was about
50 kW. The most important is that the signal at the S5th harmonic, when
A=4mm, was not weaker. Taking into account the decrease of the detector
sensibility at higher frequencies it means that the power radiated at the 5th
cyclotron harmonic was not less than 100 kW.

Table 3. Calculations for LOG-2.

Harmonic Number, s 1 2 3 4 5 6

'Wavelength, mm 139 | 84 6.1 4.8 4.0 34

Resonant Magnetic
Field, kOe 122 | 10.1 | 93 8.8 85 83

Table 4. Preliminary experimental results for LOG-2.

Harmonic Number, s 1 2 3 4 5

Operating Mode
TEyy | TEyy | TE3p | TEyy | TEgy

Wavelength, mm 140 | 84 6.1 48 4.0

Magnetic Field, kOe 1 §.10.0{10.0-9. 8| 9.8-8.6 | 8.6-8.3 | 8.3-8.1

4. Opportunities of the efficiency increase

[}

As shown by the above demonstration experiments, it is very
important to study some alternative schemes of such devices, which should
increase efficiency and decrease sensitivity to the beam quality in CARMs
and relativistic gyrotrons. One of possible ways to increase efficiency in
both devices is realization of the regime of trapping and adiabatical
deceleration of electrons [35,36,25], being analogous to that which has
been already realized experimentally in FELs [37]. For the cyclotron
resonance masers, the main idea of such a regime is to provide prolonged
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synchronous interaction between the wave and the main part of the
electron beam by tapering the guiding magnetic field. In the beginning of
the region of electron-wave interaction, particles are trapped by the wave
and oscillate in the effective potential well (Fig. 3). On the “energy-phase”
plane this corresponds to synchrotron oscillations of the trapped electrons
inside the so-called “bucket”. The point of equilibrium (the “bucket”
center) corresponds to the electron, which has the phase respect to the
wave, 0, close to m (“zero” of the wave field) and the relativistic Lorentz
factor, corresponding to the exact cyclotron resonance between an electron
and the wave, y ~ vy . Thus, the averaged (over synchrotron period)
energy of the trapped particles coincides with the “resonant” energy. Due
to the decrease of the magnetic field, the resonant energy decreases with
the longitudinal coordinate. Correspondingly, on the phase plane the
“bucket” with the trapped electrons becomes lower (Fig. 4). Therefore, all
trapped electrons lose simultaneously their energies so that the average
electron energy is defined by the expression

(y(@)) ~ Ky™(2),
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where K is the share of particles which are trapped by the potential well. It
is important to notice that for effective realization of the regime of
trapping, one needs to provide only a slow decrease of the magnetic field
(large length of the interaction space), but the law of the magnetic field
decrease may be arbitrary (for example, linear). It is also important that
for the gyrotron the same profile of the magnetic field provides the regime
of trapping for various cyclotron harmonics (while the resonant magnetic
fields are certainly different for different harmonics because of the non-
equidistant spectrum of the transverse cavity modes).

A,Yf es y

Y
<Ay> °

,yres — ,yres (Z)

z

Fig.4. Electron energy extraction during the process
of the adiabatic deceleration of the trapped particles.

There are two differences of the regime of trapping in comparison
with the usual regime of compact electron bunching, realized in the above
experiments: the magnetic field profiling and the length of the electron-
wave interaction region; for the regime of trapping this length should
correspond to many periods of the synchrotron oscillations. At the same
time, in the regime of trapping the mechanism of the electron bunching
significantly differs from the mechanism of compact bunching. This leads
to the important peculiarity of the regime of trapping: the sensitivity to the
spread m electron velocity is smaller than in the regime of compact
electron bunching, while the interaction region length is essentially larger
[25]. Actually, the electron efficiency is mainly defined by the efficiency of
trapping at the beginning of the interaction region. Then, during the motion
through this regjon, the behaviour of the trapped particles with various
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initial pitch-factor is practically the same: they lose their energies with the
decrease of the resonant energy.

Another method of the efficiency increase, which can be used in
CARMs and gyrotrons [38] operating in the CW or long-pulse regimes, is
the depressed collector method and recovery by the power supply of the
electron energy, which is saved by particles at the output of the electron-
wave interaction region. This is the well-known technical method, having
been utilized in various RF electron devices, including the gyrotron [39-
41] and the FEL [42,43]. But for the CARM and the gyrotron, energy
recovery can be principal in their competition with the very efficient
gyrotron. The most attractive scheme of the recovery is the simplest,
single-step depressed collector. In this case the voltage is the difference
between the accelerating voltage, U(, and the recovery voltage at the
collector, U . Then, the electron energy recovery provides the increase
in the total efficiency of the device by factor

n = ___ﬂ____ > 1
1ec UO _ Urec >
called recovery efficiency.

As it has been shown [38], such a scheme allows the efficiency of
CARMs and gyrotron, operating in the usual regime of the compact
electron bunching, to be increased significantly. For the gyrotron, the
recovery efficiency decreases with the increase of the cyclotron resonance
number. Nevertheless, since it is more difficult to obtain high electron
efficiency at higher harmonics, the energy recovery in this case can be
even more attractive than at the fundamental. For the CARM with low
electron efficiency, the recovery efficiency is proportional to the reversed
electron efficiency. The total efficiency practically does not depend on the
electron efficiency and can exceed 25%.

It could be very attractive to combine the both methods of the
efficiency increase, which has been reviewed above. Actually, the regime
of trapping provides the increase not only in electron efficiency, but also in
the possible recovery efficiency, which is induced by smaller RF amplitude
and, therefore, smaller spread in output electron energy [38]. For instance,
in the CARM operating in the regime of trapping, the total efficiency is
higher than in the regime of electron bunching and can be about 50%.

758



References

1. Petelin M1, Radiophys. Quantum Electron., 1974, 17, 686.

2. Bratman V.L., Ginzburg N.S., Conf. Digest of 9th All-Union Conf on
HR Electronics, Kiev, 1979, 107.

3. Bratman VL., Ginzburg N.S., Petelin M .1, Optics Commun., 1979,
30, 409.

4 Vomvoridis J.L., Int. J. Electronics, 1982, §3, 555.

5. Kolomensky A.A., Lebedev A.N., DAN SSSR, 1962, 145, 1259.

6. Davydovsky V.Ya., Zh. Eksper. Teoret. Fiz., 1962, 43, 886.

7 Bratman VL., Ginzburg N.S., Nusinovich G.S., Pis’ma v Zh. Tekhn.
Fiz., 1977, 3, 961.

8. Ginzburg N.S., Nusinovich G.S., Izv. Vuzov- Radiofiz., 1979, 22, 754.
9. McDermott D .B., Luhmann N.C., Kupiszewski A., Jory H.R., Phys.
Fluids, 1983, 26, 1936.

10. Botvinnik I.E., Bratman V.L., Volkov AB. et al., Pis’ma v Zh.
Eksper. Teoret. Fiz., 1982, 35, 418.

11. Caplan M., Kulke B., Westenskow G.A. et al., LLNL, Livermore, CA,
UCRL-55689-90.

12. Choi J.J., Gilgenbach RM,, Speng\er T.A, Int. J. Electronics, 1992,
72, 1045.

13. Fliflet AW., McCowan R.B., Sullivan.C.A. et al., Nucl. Instr Meth.
Phys. Res. A., 1989, A285, 233.

14 Bratman V.L., Denisov G G, Int. J. Electronics, 1992, 72, 969.

15. Alberti S., Danly B.G., Gulotta G. et al., Phys. Rev. Lett., 1993, 71,
2018.

16. Bratman V L., Gubanov V.P., Denisov G.G. et al., Digest of 6th All-
Union Symp. on High-Current Electronics, Novosibirsk, 1986, part 3, 6.
17. Pendergast K.D., Danly B.G., Menninger W.L. and Temkin R.J., Int.
J. Electronics, 1992,72, 983.

18. Bekefi G., DiRienzo A., Leibovitch C., Danly B.G., Appl. Phys. Lett.,
1989, 54, 1302. '

19. Bratman V.L., Gubanov V.P., Denisov G.G. et al., Relativistic HF
Electronics (IAP, Gorky), 1990, 6, 206.

20 Bratman V.L , Denisov G.G., Ofitserov MM. et al., Int. J. IR and
MM Waves, 1992, 13, 1857.

21. Cooke S.J., Spark S.N., Phelps A.DR. et al., Digest of 18th Int. Conf
on IR and MM Waves, Colchester, 1993, 462.

759



22. Bratman V.L., Denisov G.G., Kol’chugin B.D., Samsonov S.V.,
Volkov A.B., Phys. Rev. Lett., 1995, 75, 3102.

23. Conde M.E., Bekefi G, IEEE Trans. Plasma Sci., 1992, 20, 240.

24. Samsonov S.V., Int. J. IR and MM Waves, 1995, 16, 753.

25. Bratman V.L., Ginzburg N.S., Savilov AV, Relativistic High-
Frequency Electronics (IAP, N.Novgorod), 1992, 7, 22.

26. Kaminsky A A., Kaminsky A K., Sarantsev V.P. et al., Nucl. Instr.
Meth. Phys. Res. A, 1996, A375, 215.

27. Kaminsky A.A., Kaminsky A K., Rubin S.B. et al., Relativistic High-
Frequency Electronics (IAP, N.Novgorod), 1992, 7, 60.

28. Bratman V.L., Denisov G.G., Samsonov S.V., Proc. of 2nd Int.
Workshop “Strong Microwaves in Plasmas”, N Novgorod, 1993, 690;
Bratman V.L., Denisov G.G., Ofitserov M.M., Petelin M.I., Samsonov
S.V., Nucl. Instr. Meth. Phys. Res. A, 1995, A38S, 135.

29. V.E.Myasnikov, M.V.Agapova, A.S.Borshchegovsky, G.G.Denisov,
V.A Flyagin et al., Proc. of 21st Int. Conf. on Infrared and Millimeter
Waves, Berlin, 1996, ATh1.

30. Flyagin V.A.,, Luchinin A.G., Nusinovich G S, Int. J. IR & MM
Waves, 1983, 4, 629.

31. Idehara T., Brand G.F. Submillimeter wave gyrotron development
and applications. Fukui University, Japan, 1995.

32. Bratman V.L., Ginzburg N.S., Nusinovich G.S., Petelin M1, Strelkov
P.S., Int. J. Electronics, 1981, 51, 541.

33. Flyagin V.A.,, Gaponov AV, Petelin M.I, Yulpatov VK., IEEE
Trans. on MTT, 1977, 25, 514.

34. Bratman V.L., Botvinnik LE., Grom Yu.D., Kalynov Yu.K., Ofitserov
MM, Proc. SPIE of XVI Int. Symp. on Discharges and Electrical
Insulation in Vacuum, Moscow-St. Peterburg, Russia, 1994, 538.

35. Ginzburg N.S ., Izv. Vuzov - Radiofiz., 1987, 30, 1181.

36. Nusinovich G.S., Phys. Fluids B., 1992, 4, 1989.

37. Orzechowski T.J., Anderson B., Clark J. et al., Phys. Rev. Lett., 1986,
57, 2172.

38. Bratman V.L., Denisov G.G., Savilov AV, Int. J. IR and MM
Waves, 1995, 16, 459; Bratman V.L., Phelps A.D.R., Savilov A.V., Proc.
of 21st Int. Conf. on IR and MM Waves, Berlin, 1996,), AW3; Bratman
V.L., Phelps AD.R,, Savilov AV, Phys. Plasmas, 1997, in press.

760



39. Sakamoto K., Tsuneoka M., Kasugai A. et al., Digest of 19th Int.
Conf. on IR and MM Waves, Sendai, 1994, 63; Sakamoto K., Tsuneoka
M., Kasugai A. et al., Phys. Rev. Lett., 1994, 73, 3532.

40. Dammertz G. , Braz O., Iatrou C.T., Kuntze M., Mobius A.,
Piosczyk B., Thumm M., Digest of 20th Int. Conf. on IR and MM
Waves, Orlando, 1995, 285.

41. Benediktov N.P., Glyavin M.Yu., Kuftin AN., Zapevalov VE.,
Izv.Vuzov - Radiofizika, 1996, in press.

42. Ellias L R, Ramian G, Phys. of Quant. Electron., 1982, 9, 603.

43. Verhoeven A.G.A., Bongers W.A., Best R W.B. et al., Digest of 17th
Int. Conf. on IR and MM Waves, Passadena, 1992, 126; Urbanus W.H.,
Verhoeven A.G.A., Bongers W.A. et al., Nucl. Instr. Meth. Phys. Res.,
1993, A331, 235.

. 761



STATUS OF THE 1 MW, TUNABLE,
FREE ELECTRON MASER

A.G.A. Verhoeven, W.A. Bongers, V.L. Bratman*, M. Caplan**,
G.G. Denisov*, G. van Dijk, B.S.Q. Elzendoorn,
C.A.J. van der Geer, S.W.T. de Kroon, P. Manintveld,
A. Poelman, J. Pluygers, R. Prins, M.Yu. Shmelyov*,
A.B. Sterk, W.H. Urbanus, M. Valentini, M.J. van der Wiel

FOM-Instituut voor Plasmafysica 'Rijnhuizen’, Association EURATOM-
FOM, tel.: (31)30-6096999, fax: (31)30-6031204, e-mail: verhoeve@rijnh.nl
P.O. Box 1207, 3430 BE Nicuwegein, the Netherlands
*Institute of Applied Physics, Nizhny Novgorod, Russia
**Lawrence Livermore National Laboratories, Livermore, CA, USA

1. Introduction

A free electron maser is being built for ECW applications on future
fusion research devices such as ITER. A unique feature of the Dutch
Fusion FEM is the possibility to tune the frequency over the entire
range from 130 to 260 GHz at an output power exceeding 1 MW.

The assembly of the FEM was started. It uses a 12 A thermionic
electron gun and a 2 MeV electrostatic accelerator. The undulator and
mm-wave system are located inside a terminal at 2 MV level. The
terminal is placed inside a steel vessel of 11 m length and a diameter
of 2.6 m, filled with SF¢ at 7 bar. After interaction with the mm wa-
ves in the undulator, the energy of the electron beam is recovered by
means of a decelerator and a multi-stage depressed collector. This will
bring the overall efficiency above 50%.

The electron beam line is entirely straight from gun to collector.
This is done to minimize the current losses to a value lower than
20 mA. The mm waves are directed sideways from the electron beam.
This is achieved by means of a stepped waveguide, a symmetrical step
in the transverse dimension of a low-loss HE,, waveguide, just behind
the undulator. Furthermore, an adjustable reflector enables adjustment
of the feedback power.

762



In the first phase of the project, a so-called inverse set-up is used.
The electron gun is mounted inside the high-voltage terminal. The
2 MV accelerating-voltage power-supply was tested without break-
down up to 2.3 MV. The electron gun and the undulator were tested
successfully earlier. Very encouraging tests were performed on the
mm-wave system, both at low power at Rijnhuizen and at high power
at IAP. In the autumn of '96 the test of the electron gun together
with the accelerating structure up to 2 MV level was performed.

2.  Application of a FEM to ITER

A Free Electron Maser (FEM) combines the advantages of high-
power, high-frequency mm-wave sources for ECW applications, such
as gyrotrons, with the additional advantages of continuous tunability,
a higher frequency and -eventually- a higher power per unit. The spe-
cifications for the Fusion-FEM are optimized for ECW applications
to ITER. For ITER at this moment a total additional heating power
of 100 MW is foreseen, of which, most probably, 50 MW will be
supplied by ECW-sources.

The frequencies (130-260 GHz) are chosen such that for ITER
(with a toroidal magnetic field of up to 5.7 T on axis) both fundamen-
tal on-axis heating at 160 GHz and off-axis heating between 140 and
200 GHz can be achieved. Furthermore, the ideal frequencies for EC
current drive are from 220 to 260 GHz. The FEM is constructed in
such a way that it can be used for start-up at 130 GHz; in addition the
same installation can be tuned within less than one minute to give
again over | MW of power for heating or current drive at any desired
plasma position. The specifications can be modified at any time to
meet other requirements.

Now, a maximum pulse length is 100 ms foreseen. The major mo-
dification from the current project to a FEM for application on ITER
is to extend the pulse kength to CW. Furthermore, since a total ECW-
power of 50 to 100 MW is foreseen, an upward scaling of the power
per unit from 1 MW to 4 or 5 MW seems feasible [1]. Compared to
fixed-frequency high-power sources, a source with an adjustable fre-
quency has a number of additional advantages [2].
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3. Basic layout

The basic layout of the FEM is largely determined by the require-
ment for high overall efficiency. This together with fast tunability
and CW operation determines the choice for a DC acceleration and
deceleration system rather than an RF system. The choice for a
maximum electron energy of 2 MeV and a beam current of 12 A has
been made on the basis of simulations of the interaction between the
electron beam and the mm waves. The main parameters of the Fu-
sion-FEM are given in Table 1. The required high system-efficiency
demands an efficient recovery of the electron beam leaving the undu-
lator. For this purpose a decelerator and a depressed collector are in-
corporated.

Table 1. Design parameters of the Fusion-FEM.

mm-wave frequency 130-260 GHz
mm-wave output power 1 MW

Electron energy 1.35-2 MeV
Electron beam current 12 A

Electron loss current <20 mA
Normalized beam emittance (xx’) 50 * mm mrad
Pulse length 100 ms

Duty cycle 10-3

Overall efficiency (mains to Pp,w) > 50%

Linear gain 7-10

Gain in saturation 3.5

Waveguide mode HE,,

Type of waveguide ~ rectangular corrugated
Cross section of primary waveguide 15%20 mm?
Separation mmw beam, electron beam via stepped waveguide
Undulator period 40 mm
Undulator gap 25 mm

Peak undulator field, section 1 02T

Number of full cells, section 1 20

Gap between undulator sections 60 mm (adjustable)
Peak undulator field, section 2 016 T

Number of full cells, section 2 14

Total number of cells (incl. matching) 38

Length of undulator 1.58 m
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The undulator and the mm-wave system are located at high voltage
level, for two reasons. The cathode of the electron gun is placed at
earth potential, and the electrodes of the depressed collector at low
voltages. The power supplies that are connected to the collector, with
a total current of 12 A, are located outside the pressure tank at earth
potential, while components that need little or no power are inside
the high-voltage terminal. This results in the basic layout of the Fu-
sion-FEM as shown in fig. 1.

electron gun high voltage terminal dc decelerator mm-wave output
dc accelerator mim-wave cavity mmw transport tube grrouod
undulator lector
rloswn tank
m
2MY. —
———

SF6

1im

Fig. 1 Schematic layout of the Fusion-FEM.

The accelerating voltage in the FEM is much higher than in other
high-power mm-wave sources such as gyrotrons and CARMs
(Cyclotron Auto Resonant Masers). However, in our case, the 2 MV
power supply has to deliver only the current lost during transport.
Since the electrons are collected at the reduced voltages of the depres-
sed collector the main current has to be supplied at a voltage of no
more than a few hundred kV.

The FEM is a medium-gain oscillator with an intrinsic extraction
efficiency (i.e., electron beam power to mm-wave power) of around
5 %. The gain is sufficiently high to ensure both a fast start-up of the
mm-wave power and a manageable level of the total inter-cavity po-
wer. The above mentioned value of the intrinsic extraction efficiency
is determined by two factors. On the one hand, it has to be sufficiently
high otherwise the electron beam power would have to be very high.
On the other hand, to avoid a large energy spread of the unspent elec-
tron beam, the extraction efficiency should not be too large. Too
much energy spread makes it difficult to achieve a good electron-beam
transport and efficient energy recovery.
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4.. Simulation of the interaction between electron \beam
and mm waves.

The interaction between the electron beam and the mm waves in-
side the fusion FEM has been simulated using several codes. In the be-
ginning, most often the CRMFEL-code was used, later on the GPT
code was preferred. CRMFEL is a fully 3-D, non-linear, general-pur-
pose particle-pusher code. Until recently these simulations were done
with a single-frequency, stationary version of this amplifier code
[3,4]. Simulations for three different energies indicated that the net
mm-wave power generated at a frequency of 130 GHz (at 1.35 MeV)
is 1.1 MW, at 200 GHz (at 1.75 MeV) 1.3 MW and at 250 GHz
(at 2 MeV) 1.2 MW.

The undulator consists of two sections with a different magnetic
field. In the first undulator section the net mm-wave power (i.c., the
total power minus the injected feedback power of 400 kW) grows to
700 kW at 200 GHz and saturates at the end of the first undulator
section. In the second undulator section the electron energy, which is
now lower due to the interaction with the mm waves, matches the lo-
wer undulator strength and the mm-wave power grows to 1.3 MW, sa-
turating at the end of the second undulator section.

Simulations with a modified non-stationary (space-charge included)
code developed at the University of Maryland indicate that a parame-
ter regime can be found with a pure single-frequency operation, with-
out any sidebands. The reflection coefficient of the mm waves, the
size of the electron beam and especially the distance between the two
undulator sections have a strong effect on the FEM behaviour [4,5].

In the mean time, a fully 3D code MFF, has been developed at
Rijnhuizen [6]. The code is based on a multi-frequency model in the
continuous beam limit with a 3D description of the electron beam.
Space-charge forces are included by a Fourier expression. These forces
strongly influence the spectrum generated. The simulations show that
the linear gain is high - of the order of 10 - so that the system quickly
reaches the non-linear regime. In saturation the gain is still more than
a factor 3. For an optimised reflection coefficient and drift gap bet-
ween the undulator sections, the spectrum evolves as shown in fig. 2.
Initially, in the linear regime, the spectrum shows three bands.
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Fig. 2 Evolution of the mm-wave power during start-up of the
FEM. The frequency spectrum is shown as a function of the
number of times that the mm waves interact with the electron
beam. It is seen that, once in saturation, the spectrum evol-
ves into one single peak.

At growing power the system saturates and space charge becomes
more important because the electron beam is stronger bunched. Then
the sidebands vanish and a single peak grows to more than 1 MW.

It is clear from all simulations that the reflection coefficient (i.e.,
the amount of mm-wave power that is fed back to the input) is a very
important parameter. Therefore, we have chosen for adjustability of
this parameter for the Fusion-FEM project. This gives also the pos-
sibility to operate over the full frequency range.

5. Electr.on beam line

The electron beam line of the Fusion-FEM consists of a 12 A,
80 kV thermionic electron gun, the 2 MV electrostatic accelerator,
the mm-wave cavity, the electrostatic decelerator and the depressed
collector, see fig. 3. The electron beam line is kept stralght to ensure
the lowest possible electron-beam loss.
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Several diagnostics have been developed to monitor the position
and cross section of the electron beam. The cross section is measured
via an Optical Transition Radiation (OTR) screen, which can be pla-
ced at several positions along the beam line. The position of the cen-
tre of mass of the electron beam is measured by electrostatic pick-up
electrodes. The pick-up electrodes are integrated in the walls of the
waveguides of the mm-wave cavity. In this manner, the electron beam
position can be determined inside the cavity, without disturbing the
mm-waves.

GUN ACCELERATOR tank wall REFLECTOR UNDULATOR DUMP
B 2w earth K BN
— I = [T ([T
i HH‘ 7 {4 LTI ([
Xy XY XY OTR
cathode current Ioss loss loss loss loss dump current

Fig. 3 Schematic lay-out of the electron beam line from electron gun
up to the beam dump (presently mounted right after the undu-
lator. The electron beam diagnostics are indicated by XY
(electrostatic beam position monitors) and loss (beam loss
current detection

6. Electron gun

The triode-type electron gun, especially developed by Varian/CPI,
for the Fusion-FEM project has its cathode at earth potential, the
anode at + 80 kV and in between a modulation electrode to switch the
beam on (+10 kV) or off (-12 kV). In order to limit the halo current
special precautions were taken. Around the cathode a thin ring is
mounted, which suppresses emission from the edge of the cathode. In
addition, a focus electrode, which is mounted very close to the ca-
thode suppression ring, can be biased at just a few Volt to influence the
electric field distribution at the cathode edge and thus the edge emis-
sion.

The gun parameters are specified in such a way that the electron
beam has a so-called top-hat profile, i.e., a uniform current distribu-
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tion for 99.8 % of the electrons. Measurements show that the total
normalized emittance is only 20 to 60 ® mm mrad. This means that
at least 99.8% of the beam current can be transported loss-free and
therefore the loss current can be sufficiently low. Beam-profile measu-
rements of the prototype gun show an extremely uniform current dis-
tribution, a steep decline of the current density at the edge of the
beam and little halo current.

Behind the gun a solenoid lens focuses the beam into the accelera-
tor, in such a way that at the exit side of the accelerator the beam en-
velope is sufficiently small for further transport. A bucking coil, close
to the gun, makes both the magnetic field and its gradient zero at the
center of the cathode in order to minimize the emittance growth.

7. Design of the electron beam optics

The most important issue of the beam transport system is to
transport the beam with very low loss current, of the order of mA's.
Early simulations, done to get a basic design, were performed with an
envelope code. These simulations run fast but the accuracy is limited.
To obtain more accurate results, two approaches were used.

The GPT (General Particle Tracking) [7] code was used to perform
detailed multi-particle simulations. The results are accurate for the
bulk of the beam but the simulations are time-consuming. Further,
particle tracking codes have statistical difficulties in taking into ac-
count thermal electrons that have a velocity much higher than the
Gaussian electrons, which can translate into a small percentage of
beam current outside the nominal beam edge.

The importance of ensuring 99.8 % transmission motivated the
development of a relativistic version of the Herrmann optical theory
of thermal velocity effects [5,8,9]. This theory determines current
distribution furrctions semi-analytically everywhere along the beam
line, allowing the determination of beam envelopes containing up to
99.9% of the beam current. An initial uniform distribution in real
space and a Gaussian distribution in velocity space is assumed. Actual
gun characterisation measurements show that the uniform distribution
in real space is a very good approximation [10].
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A result obtained with the GPT code is shown in fig. 4. From left
to right it shows the beam starting at the electron gun then passing
through the accelerator tube. A set of solenoids focus the beam into a
waist at the position of the downstream mirror of the mm-wave ca-
vity. A periodic-focusing system, transports the beam into the mm-
wave cavity and focus it down to the matched radius at the undulator

entrance.
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fig. 4. Layout of the beam line from the gun (far left) to the entrance of
the undulator (far right). The 3D GPT code simulates the 12 A
electron beam, which is accelerated to 2 MeV and has an emit-
tance of 80 1 mm mrad. The lenses are not drawn to scale.

A comparable plot, obtained with the Herrmann optical theory, is
shown in fig. 5. Shown are the beam contours containing 95.0 %,
99.0 %, 99.5 % and 99.9 % of the beam current. The 95.0 % contour
corresponds well with the result obtained with the GPT code.

Again shown in this plot are the undulator and the electron-beam
contours here-in. The 99 % contour of the beam diameter is less than
8 mm, whereas the minimal transverse dimension of the beam pipe is
15 mm in total.

A first design of the electron beam line from the exit of the undu-
lator up to the depressed collector has also been made. In this beam-
line section the energy of the unspent electron beam will be recovered
in the final set-up of the project.
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Fig. 5. Beam envelopes for the situation given in fig. 5. The envelo-
pes are calculated by the Herrmann o:tical theory and show
the contours which contain 95 %, 99.5 %, 99.8 % and 99.9 %
of the beam current.

The deceleration and transport section after the undulator is
roughly the opposite of the beam line from the gun to the undulator
entrance. However, before the undulator the beam is almost mono-
energetic, while after the undulator the energy spread is around 12 %.

60 T T T
end mirror of cavity

mm-wave cavity decelerator

solenoid lenses i
40r X X 2

ﬁ

L i
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20}

Fig. 6. Layout of the electron beam line between the undulator and
the collector. Beam-envelope simulations for an electron
beam with energy spread (solid line) and for a mono-energe-
tic beam of 1.92 MeV with identical starting conditions
(dotted line). The total emittance and energy spread of the
beam are 90 # mm mrad and 12 %, respectively.
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The layout of the beam line after the undulator is shown in fig. 6.
The beam is transported through the mm-wave system by three rota-
tionally symmetric lenses. A fourth lens focuses the beam into the de-
celerator tube. In the simulation result in fig. 6 the initial energy of
the beam ranges from 1.8 to 2.05 MeV. In this case the beam is dece-
lerated by 1.75 MV.

The influence of energy spread can be seen in fig. 6, which shows
also the envelope of a mono-energetic beam with an initial energy of
1.92 MeV. The plot illustrates that the influence of energy spread is
marginal.

8. Depressed collector

After passing the undulator the electron beam is decelerated and
the energy of the electrons is recovered in the depressed collector. In
the design of the multi-stage depressed collector earlier designs for so-
called parabolic shadow-side collectors are followed [11,12]. A sche-
matic drawing of the depressed collector is shown in fig. 7.

2 fmmt
Fig. 7. Schematic drawing of the depressed collector and the beam
rotation-deflection system. The beam-rotating system is loca-
ted just in front of the actual depressed collector. The elec-
tron beam axis is indicated.

In this set-up the electrons are decelerated to a very low axial ve-
locity. Simultaneously, the entire beam is bent off-axis by an additio-
nal rotating transverse electric field to avoid excessive local heating
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on the collector plates. Then, the electrons are slightly accelerated
backwards and collected. The advantage of the path reversal is that
secondary electrons are forced to return to the collector plates and
cannot escape and be accelerated towards the undulator. The electron
beam is collected on three electrodes, on large circular areas. The sys-
tem is rotationally symmetric with respect to the dashed line (R=0).

The energy distribution of the unspent electron beam as calculated
with the CRMFEL code ranges from -200 keV to +60 keV relative to
the initial energy of 2 MeV. The simulation results are used in fig. 7.
At z=0 the beam is convergent and has a diameter of 14 mm.

Recently, the energy distribution has been calculated with the GPT
code. The result is shown in fig. 10, for the case of a 12 A electron
beam with an initial energy of 1.75 MeV. The energy spread is shown
for the case of optimum interaction with the mm-waves; the electron
beam is injected on axis [14].

5 T T T T T T
40 [ 4
[ ]
_.30 é_ Initial Electron Emvgy_f
) C <
5, - ]
Z 20 L 3
10 F 3
- 1A 4
o 85A .
s ; 2, ]

1500 1600 1700 1800 1900

F_kaV1
Fig. 8 Electron energy distribution after the exit of the FEM in
case of optimised FEL interaction, as calculated by the
CRMFEL code. Three main peaks can be distinguished, ha-
ving each a current as indicated.
[ ]

At the moment the technological aspects of the design of the de-
pressed collector are under investigation, such as the construction of
the cooling systems of the collector electrodes, which must handle
600 kW during 100 ms pulses, the 250 kV high-voltage feed-throughs
and the vacuum aspects [13]. The design is now based on a separate
depressed-collector vacuum vessel at earth potential. Separate feed-
throughs for each of the electrode voltages are foreseen, see fig. 9.
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Fig. 9. The new design for the depressed collector. On the right side
the electrons enter via the decelerator tube (upper). The lo-
wer tube is the mm-wave output-beam transport-tube.

9. Undulator

For proper transport of the 12 A, 2 MeV electron beam through
the narrow waveguide inside the undulator, transverse focusing in both
the x-z and y-z plane is required. After having compared several types
of undulators, we have opted for an undulator geometry as developed
at the RRC Kurchatov Institute in Moscow [15], see fig. 10.

magnet”

pole

side array

fig. 10. The undulator with its side magnets.

This undulator consists of two planar magnet units and two mag-
netic side arrays. The side arrays shape the undulator field profile for
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focusing in the wiggling plane, while at the same time, the main field
is enhanced. An additional advantage of the side magnets is that field
shaping, and thus the transverse focusing strength, can be tuned very
accurately, and can be changed when required.

10. Millimeter-wave System

The FEM is configured as a mm-wave oscillator, consisting of a
waveguide amplifier section (inside the undulator) and a feedback and
outcoupling system. Since the electron beam line is completely
straight the mm waves have to be coupled out sideways. Further, the
fraction of the electron current intercepted in the mm-wave system
should be as small as possible, which means that there should be
enough transverse space for the electron beam. After taking all requi-
rements into account a rectangular corrugated waveguide was chosen,
carrying the very low-loss hybrid mode HE,,, with the E-field parallel
to the broad side of the waveguide [16].

undulator

| (AR

(X3

ebeamin P T

t-_-..-‘-"'" T [T |
mitror step step and 0-100%
100% outcoupling
lorward! feedback

Fig11  Schematic layout of the mm-wave system. Left of the undu-
lator the 100 % reflector and on the right side of the undula-
tor the splitter system is given. This splits the feedback
power (going through the primary waveguide back to the
100 % reflector) from the output power.

Outcoupling and reflection systems are incorporated through a
stepped waveguide, as follows. Both before and after the undulator the
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Outcoupling and reflection systems are incorporated through a
stepped waveguide, as follows. Both before and after the undulator the
transverse cross section of the waveguide changes step-wise from
15*20 mm? to 60*20 mm? (for a frequency of 260 GHz), where the
60 mm direction is parallel to the undulator magnetic field. This ensu-
res that the primary HE,, mode is fully separated into two off-axis
beams. These beams have identical profiles and plane wave fronts.

Full separation of the beams takes place after a distance L=a?/nA
from the step, with a is the height of the waveguide after the step and
n is the number of parallel beams, respectively [17]. At the position
of the widest separation two mirrors are placed, which reflect the two
mm-wave beams, while the electron beam passes on axis through the
opening between the mirrors, see fig. 11. On the left side simulation
results show the field intensities of an HE;, beam, propagating in a
stepped waveguide. Here it splits into two identical beams. The two
beams merge into one HE,; beam after reflection on the two mirrors.
In this way the 100 % reflector is formed. The power in the aperture
is <-30 dB.

Outcoupling and feedback of the mm waves is realised by a similar
stepped waveguide behind the undulator. By giving one of the two mir-
rors a small displacement in z-direction, the reflected beams have a
phase difference and one on-axis and two off-axis backward-propaga-
ting beams are formed. By variation of the phase difference, i.e., by
translating one of the mirrors, the reflected on-axis power can be va-
ried from 0 to 100 % of the output mm-wave power. The on-axis
beam propagates back all the way through the primary waveguide. In
this way part of the mm-wave power is fed back. The two off-axis
beams are coupled out by way of 45° miter bends. On the right side of
fig. 11 simulation results can be seen for the outcoupling system. In a
similar way, the two output beams are combined to one in a parallel
mounted combiner system.

Without changing any of the dimensions a fast tunability around
the chosen central frequency can be achieved by varying only the
electron energy. However, to adjust the frequency over the entire fre-
quency range of 130 GHz to 260 GHz, it is necessary to make a va-
_riation of g, the height of the waveguide after the step.
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By using a quasi-optical confocal mirror system the single mm-
wave beam is transferred in vacuum to the insulator tube between
2 MV and ground potential. This is a tube very similar to the accelera-
tor tube. However, to let the mm waves pass from the 2 MV level to
earth potential a wider -tapered- aperture is used for controlling the

electrostatic field.
e!egtr on beam

100% reflector
fixed mirrcr

splitter # v_ N
30% reflector / =Y

adjustable mirror
fixed mirror

electron beam out t Vet —— Q quasi-optical telesconic
: transmission line

tank wal SSE=7
4

s
g

" quasi-optical

= ) 7 transmission line
output wmdowx < of 2 telescopes

Fig. 12. Schematic layout of the mm-wave system of the Fusion-
REM project. On the upper right side is shown the 100 %-
reflector, then the primary waveguide inside the undulator
and the adjustable reflector and outcoupling system via
confocal telescope quasi-optical mirror systems.

11. Broadband output window

Since the frequency of the FEM has to be varied over a very wide
frequency range, it is necessary that the vacuum barrier is broadband as
well. We have chosen for a window at the Brewster angle [18,19],
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since this is the only possibility for a real broad-band solution over a

band as wide as one octave. A disadvantage, however, is the large angle -
between the incoming mm waves and the normal to the window

surface. For the first stage of the Fusion-FEM project a single-disc,

edge-cooled boron-nitride Brewster-angle window with a diameter of
140 mm.is sufficient to withstand the 100 ms pulses.

12. Status of the project

The first experiments are done in the inverse set-up [20]. Here,
the electron gun is mounted inside the high voltage terminal. The
undulator and waveguide system are outside the pressure vessel at earth
potential for easy adjustments and fine tuning of the entire system. As
a consequence the decelerator and depressed collector cannot be used
yet, which means that the FEM pulse duration will be limited to 10 ps.

dump splitter / combiner  undulator reflector accelerator  electron gun
N N\ N\

Fig. 13. Schematic layout of the inverse set-up

The entire high-voltage system, consisting of the Insulated Core
Transformer (ICT), the high-voltage terminal and the accelerator
column, have been tested up to -2 MV. The control and communica-
tion systems have been installed and implemented. Special care has
been given to prevent electromagnetic interferences between the elec-
trical systems and control and computer systems inside the high-vol-
tage terminal.
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During initial electron-beam tests in October 1996, in which the

gun was operated at 35 kV, a beam current of 3 A has been accelerated

o 1.5 MV in 5 s pulses. In fig.14 both the cathode current is shown
d current on the dump after acceleration up to 1.5 MV.
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Dumg current [A]
@

05 |

0.0 . 20 40 80 8.0 10.0 00 00 20 4.0 8.0 8.0 10.0

Fig. 14. Measured current on the cathode (left) and dump (right)

The current is lower than expected, due to poisoning of the ther-
mionic cathode because of insufficient vacuum quality (in the 10-7
range). Nevertheless, this low current was sufficient to test the beam
diagnostics and beam focusing and alignment systems, successfully.
The beam centre of mass position and loss currents were measured
using 4-plate electrostatic pick-ups and apertures, respectively. For
the same pulse as given in fig. 15 the measured current on one of the
apertures is given. During current rise and fall the electron optics are
not at the optimized values, due to the gate voltage slopes. During the
flat top of the pulse virtually no current is measured on the aperture.

o
©

o
[X)

e
o
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Fig. 15. Measured current on the aperture
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Separately the cathode current is measured as a function of anode
voltage at two different filament power levels, now the beam is dum-
ped before it enters the accelerator tube, see fig. 16.
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5.0 —p .
1] —s—P =149W, T_ = 1185C /./'
4.5-: —e— Pm = 178W, Te-m = 12740C ./.
4.0 ./
—_— 1 ./
< 35 o
= ] o
$ 30 e /./_,./'/‘/J
£ 1 *
5 4 %
o %8 ] ./' o
E 204 "
3 ] A
o 154 /
1.0
0.5
0.0 v -T. T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
Vo RV

anode
Fig. 16. Beam current as a function of anode voitage

13. Conclusions

The construction and the commissioning of the accelerating part
of the Fusion FEM beam line is in progress. The complete high-vol-
tage system is routinely operated up to 1.8 MV. Very encouraging re-
sults were achieved during intermediate tests with an electron beam of
3 A that has been accelerated to 1.5 MV, during 5 ps. Due to poiso-
ning of the thermionic cathode, the beam current was limited. Now

the undulator is being installed and the electron-beam transport
through the undulator will be tested soon.
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HIGH-EFFICIENCY OPERATION OF THE JINR-IAP
Ka-BAND FEL-OSCILLATOR

N.S. Ginzburg**, A.A. Kaminsky*, A.K. Kaminsky*, N.Yu. Peskov*¥*,
S.N. Sedykh*, A.P. Sergeev*, A.S. Sergeev**

*Joint Institute for Nuclear Research, Dubna, Moscow region, Russia
**[nstitute of Applied Physics RAS, Nizhny Novgorod, Russia

A narrow-band high-efficiency FEL-oscillator with a Bragg resonator was
designed basing on a linear induction accelerator which formed a 1 MeV, 200
A, 200 ns electron beam. At the frequency of 31 GHz radiation with power 31
MW and efficiency 25% was measured. High efficiency and narrow spectrum
width was achieved due to selective properties of the Bragg resonator in
combination with the high quality of the helical electron beam formed in the
reversed guide field regime.

Introduction

The aim of this work was to design, build and construct a high-
efficiency, narrow-band spectrum FEL-oscillator which operated in the
millimeter wavelength range. To achieve this, the high selective property
of Bragg resonators [1] was combined with the advantages of operating
the FEL in the so-called reversed guide magnetic field regime. When
operating in this regime, previous investigations of FEL-amplifiers [2, 3]
demonstrated the possibility of forming a helical electron beam with a low
spread of parameters and, thus, the possibility to achieve high efficiency.
At the first stage of JINR-IAP experiments the FEL-oscillator with the
record efficiency of 19% for the millimeter wavelength FEL-oscillators
has been realized [4]. At this stage we optimized parameters of Bragg
cavity that allowed to increase efficiency of the FEL up to 25%.

Experimental set-up

An experimental study of the FEL was performed on the LINAC-3000
(JINR, Dubna) (Fig. 1) which generated electron energies up to 1 MeV
and a 200 A beam current pulse of duration ~200 ns at a repetition rate up
to 2 Hz. The helical wiggler with period of 6 cm and amplitude of the
transverse magnetic field on the axis up to 3.5 kG was used to pump the
oscillation velocity to the electrons. The wiggler field was slowly up-
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Fig. 1. Scheme of the FEL-oscillator with Bragg resonator:

1 - driver beam injector (induction linac); 2 - magnetic lens; 3 - two-direction
beam position corrector; 4 - beam scraper; 5 - beam current monitor; 6 -
interaction region; 7 - RF Bragg mirrors; 8 - undulator; 9 - solenoid; 10 - cut-off
waveguide filter; 11 - RF detector; 12 - deflecting magnet; 13 - RF window.

tapered over the initial six periods providing an adiabatic entrance for the
electron beam. The wiggler was immersed in a uniform axial magnetic
field generated by a solenoid. The strength of this field could be varied up
to 10 kG. Also, it was possible to vary the direction of the guide field.

Free Electron Laser operation in the reversed guide magnetic field
regime (marked by "-" sign) was studied. In such a regime the direction of
rotation of the electrons in the uniform axial guide field is opposite to its
rotation in the wiggler field. An advantage of operating the FEL in the
reverse guide magnetic field regime, far from the cyclotron resonance
regime is the ability to form a high-quality helical electron beam with low
spread of parameters.

Microwave system of the FEL

To provide the narrow-band spectrum of radiation a two-mirror Bragg
resonator was designed and made for the FEL experiment. The cavity
consisted of two Bragg reflectors separated by a central uniform
cylindrical waveguide with its inner diameter 22 mm. The Bragg
reflectors were constructed by machining 0.3 mm deep and 5.4 mm period
corrugations on the inner wall of the waveguide. A 16.2 cm long Bragg
reflector was positioned at the cathode side of the cavity with Bragg
reflectors of different lengths positioned at the collector side of the FEL. In
agreement with calculations, three effective reflections of the operating
TE,; wave of the circular waveguide into backward waves were observed
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Fig. 2.

a)gReﬂecﬁon coefficient of separate Bragg mirrors having different lengths
versus frequency (for feedback circle TE; <> TM, ;). solid line corresponds to
“cold” microwave measurements, dotted line corresponds to the calculations.

b) Reflection coefficient of two-mirror Bragg resonator (1, = 16 cm, 1, = 40 cm,

1, = 3 cm) versus frequency. Minimum of the reflection coefficient correspond to

eigenmodes of the Bragg resonator. Eigenfrequencies measured in “cold”
microwave experiment are shown.

¢) Upper estimation of radiation spectrum in “hot’ experiments measured by
means of a set of cut-off waveguide filters.
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in "cold" microwave measurements of the Bragg reflectors. For a launched
TE,, wave at a frequency of ~29 GHz, the backward TM, ; and TM,,
waves at the frequency of ~31.5 GHz and ~38.5 GHz respectively were
measured. Dependence of the reflectivity of the Bragg mirrors as a
function of frequency is shown in Fig. 2a. The number of high-Q-factor
longitudinal modes for every reflection zone was 3-7 (Fig. 2b) when a
regular cavity section 30 cm to 70 cm long was used.

Numerical simulation of excitation of a FEL with Bragg resonator

Preliminary, dynamics of FEL operation with a two-mirror Bragg
resonator was studied theoretically. Time domain analysis taking into
consideration the dispersion properties of the Bragg reflectors was used.
The numerical simulation of excitation of a FEL by a relativistic electron
beam and oscillation build-up was performed. Analysis of the frequency
spectrum and the dependence of the output power on time indicates a two
stage transient process. The first stage of the transient process is
accompanied by large oscillations of efficiency and output power (Fig.3a).
Such oscillations are caused by excitation of all longitudinal modes

n(%) a)
30.00 - TIV
15.00
0.00 * r , . It(ns)
000 100 00 200 00

Fig. 3. Computer simulation of oscillations build-up in the FEL-oscillator with
two-mirror Bragg resonator under optimal experimental conditions

(Epeam = 0.8 MeV, L .am = 150 A, f =31 GHz, By = -2 kG, B, = 1 kG, Q = 450)
a) time dependence of efficiency;
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Fig. 3 (continuation).
b) spectrum of radiation in the transient stage (t < 50 ns);
c) spectrum of radiation in the stationary regime (t > 50 ns).

disposed at the zone of Bragg reflections (Fig. 3b). Later at the second
stage one of the longitudinal modes grows and suppresses other modes due
to a nonlinear mode competition mechanism. This results in a single mode
being established (Fig. 3c) and, consequently, stationary single frequency
operation.

Also, parameters of the Bragg cavity were optimized and optimal
parameters of the resonator was found. Increasing reflectivity of Bragg
mirrors above the optimal value led to lower electron efficiency and
increasing width of radiation spectrum. When the Q-factor of the
resonator greatly exceeded the starting value the multifrequency self-
modulation regimes were observed in the FEL.
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Experimental results

As result of the experiment, radiation at the designed circularly
polarized TE,, wave and separate frequencies corresponding to all the
feedback waves mentioned above was detected. Selection of the feedback
regime was achieved by changing both the wiggler and guide fields. The
duration of the RF pulse measured was approximately 100 ns (Fig. 4).
The radiation frequencies detected were in good agreement with the
measured reflection bands of Bragg mirrors (Table 1). The highest
radiation power (measured by means of a calorimeter and calibrated
semiconductor detectors) as well as the narrowest bandwidths were
measured at the frequency of 31 GHz. Reflection coefficients of the Bragg
mirrors and, consequently, the Q-factors of the longitudinal modes
¢orresponded to the optimal value calculated from the computer
simulation. Initially a 10.8 cm long output Bragg reflector was used
which was later decreased in length to 3 cm. Calculations indicated that
FEL efficiency should increase the length of the output Bragg reflector is
made shorter At the same time the length of the central regular
waveguide section was increased from 30 cm to 70 cm. By measuring the
radiation spectrum width and power for the different Bragg cavity
configurations mentioned above it was discovered that the both remained
relatively constant. These experiments demonstrate that this type of FEL
is a flexible system which maimtams high efficiency and high selectivity
over a large range of cavity configurations.

Fig. 4. Typical oscilloscope traces of beam current (lower signal, 50 A/div) and
RF power (upper signal, 15 MW/div); horizontal scale 100 ns/div .
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The spectrum of the radiation was determined by means of a set of
waveguide cut-off filters which were used to measure the wavelength in
the band 0.7 - 1.2 cm to the accuracy of 1%. The measured spectrum
width of the output radiation in all cases did not exceed the reflection band
width of the Bragg mirrors. Comparison of the measured spectrum of
radiation (Fig. 3c) with that measured in the "cold" microwave
experiments (Fig. 3b) shows that only one eigenmode of the cavity lies
inside the measured frequency region of the radiation. Computer
simulations predict that the electron beam does not shift the frequency of
the radiation from the eigenfrequency of the cavity. Thus, experimental
measurement does not contradict the theoretical prediction of realization
of single-mode single-frequency operation of the FEL.

An atmosphere break-down was observed when output radiation was
focused with a spherical mirror placed at the distance about 1.5 m from
the output window of the FEL (Fig. 5). The break-down was observed at
all the feedback circles regimes. The measured on the break-down
photographs the wavelength was in good agreement with measurements of
the spectrum.

Fig. 5. Potograph of the atmospheric RF-breakdown.
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Conclusion

A narrow band FEL-oscillator with a reversed guide magnetic field
which generated microwave radiation at different feedback regimes of the
Bragg resonator was realized. The FEL parameters under which
microwave generation was observed were in good agreement with
numerical simulation. Measured radiation frequencies coincided with the
results of "cold" microwave experiments. At the frequency of 31 GHz the
output power was 31 MW which corresponded to FEL efficiency of
~25%. The efficiency achieved outstrips the efficiency of previous FEL-
oscillator experiments which used a guide magnetic field. It is important
to note that high efficiency was realized at the full current produced by the
accelerator (without the need to reduce the current in the beam).

The observed frequency band width was less than 1%. The radiation
spectrum most probably consisted of one resonator mode or, perhaps, two
such modes. This rather narrow spectrum width was possible because of
the high quality of the helical electron beam formed in the reversed guide
field regime as well as the excellent selective properties of the Bragg
resonator. We believe that here only upper estimation of the real frequency
bandwidth is presented. In later experiments more accurate measurement
of the spectrum will be attempted.

This work was supported by grants N:94-02-04481 and N:95-02-
05697 from Russian Foundation for Fundamental Research.

Table 1. Summary of experimental results (E,,,,, = 0.8 MeV, I;..., = 150 A)

Interaction region length (cm) 40 70 40 30 40
Output reflector length (cm) 10.8 5.4 3.0 5.4 10.8
Undulator field (G) 1100 900 610
Solenoid field (G) -2200 -1800 -1440
Radiation frequency (GHz) 29.310.3 31.110.2 38.240.9
(corresponding backward wave) TE,;, ™, ™, ,
Output power (MW) 6 20 31 23 3
Efficiency (%) 5+1 1643 2545 1914 2.510.5
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Introduction.

In recent yvears much attention has been given to theoretical con-
siderations of superradiance (SR) from space-localized non-equilibrium
ensembles of electrons [1-14]. This phenomenon includes features
which are present in both stimulated (selfbunching and coherence) as
well as spontaneous processes (absence of threshold). It is reasonable
to consider SR in a specific situation when the electron pulse length
essentially exceeds the operating wavelength (otherwise effective tra-
ditional spontaneous emission .) while at the same time is less or
comparable with the interaction length (in contrast with tradition-
al mechanisms of stimulated emission of quasi-continuous electron
beams which are used extensively in microwave electronics - TWT,
BWO, CRM. FEL, etc). Coherent emission from the entire elec-
tron pulse can only occur when a selfbunching mechanism typical for
stimulated emission develops. Another natural condition of coherent
emission is the mutual influence of different fractions of the electron
beam pulse. In the absence of external feedback such influences can
be caused by slippage of the wave with respect to the electrons due to
a difference between the electron drift velocity and the electromag-
netic wave group velocity.

Superradiance can be associated with several different mecha-
nisms of stimulated emission: bremsstrahlung, cyclotron, Cherenkov.
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etc. The first part of this report is devoted to the theoretical descrip-
tion of cyclotron and Cherenkov superradiance in waveguides. In the
second part we present results of the first experimental observation
of cyclotron, undulator and Cherenkov SR from an isolated electron
bunch in the millimeter-wave band.

1. Basic theoretical description.

1.1 Cyclotron superradiance in the group synchronism condition.

The cyclotron SR [10-14] involves the process of azimuthal self-
bunching and consequent coherent emission in an ensemble of elec-
trons rotating in a uniform magnetic field. It was demonstrated in
[14,15] that conditions of group synchronism when the electron-bunch
drift velocity v coincides with the e.m. wave group velocity v,, is
the most favourable regime for cyclotron type of SR. In fact, this
regime includes some of the advantages of gyrotrons [16] as far as
in the moving reference frame, electrons as in gyrotrons radiate at
quasi-cutoff frequencies. The regime of group synchronism is realized
during waveguide propagation of radiation when dispersion curves of
the wave, k = ¢ y/w? - w2, and of the electron flux, w — kv = wh,
are tangent (Fig.1(a)). In this case the cutoff frequency w. and rel-
ativistic gyrofrequency wy = eHg/ymc satisfy wy = wcyl'l'l, where

— (1 — 2/02y-1/2 . _ 2,2 _ .2/ 2\-1/2 _ .
Y = (1-vyj/c%) v ¥=(1-vj/c" —vi/c%) and v; = dicis
the electron transverse velocity.

It is reasonable to analyze SR under the group synchronism condi-
tion in a reference frame K’ moving with the electron bunch of length
b’. Using Lorentz transformations, we easily find that the longitudi-
nal wave number k' and the transverse component of the magnetic
field in the K’ frame tend to zero. As a result we have an ensemble
of rotating electrons, with zero translational velocity, which radiates
at a quasi-cutoff frequency (Fig.1(b)) i.e. in a gyrotron-like regime.

Under the assumption that the transverse structure of the radia-
tion EY () is the same as that of the waveguide mode, we present
the radiation field as

E' = Re[ﬁi (FLA'(Z',t') exp(iwct)],
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Fig.1. Dispersion characteristics corresponding to grazing regime
in (a) laboratory and (b) moving reference frame.
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Fig.2. Time dependence of the square of the amplitude of the
electric field of the SR pulse in the moving frame:

(a) A=0, (b) A =-0.4 ,(c) A=1.
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where the evolution of the longitudinal field distribution is described
in accordance with the dispersion relation by a parabolic equation

0%’ Od
‘222t om0

The azimuthal self-bunching is caused by the dependence of the gy-
rofrequency on the electron energy and described by the equation

= 2if(Z')G(B} ) e (1)

dﬂ+ +iBL (18412 - A -1)=id. (2)

Under the assumption that in the initial state the electrons are dis-
tributed uniformly in cyclotron-rotation phases, aside from small fluc-
tuations (r < 1), we can write the initial conditions on system (1),(2)
as follows

B, = exp[i(Bo + r cos Op)], O € [0,27], a|,.—o =0.

Here 8., = (B, + i8,)/B'Lo is the normalized transverse electron veloc-

) 2eA’
ity; Z' = 2B gwe/e, ' = t'BRwe /2, d’ = mcw f% » Jm—-1(Rowe/c),

A = 2(wy — we) /weP’?, is the detuning of the unperturbed gyrofre-
quency from the cutoff frequency,

ely 1 /\2 -1 (Rowc/C
mc3 ﬂmﬂno /” "TR? JZ(v ( n) (1 = m2/v2)

1
G=35:

is a form-factor written under the assumption that the electron bunch
is hollow with an injection radius Rp; I is the total current in the
lab frame; R is the radius of the waveguide; m is the azimuthal index
of the operating mode; J,, is a Bessel function and v, is the n-th
root of the equation dJ,,/dv = 0. The function f(Z’) describes the
distribution of the electron density along the longitudinal coordinate.
We assume further that f(Z’) is a rectangular function of normalized
width B = ¥'§ jw./c.

Based on the Egs. (1),(2) we simulate cyclotron SR with the nor-
malised parameters G = 1.5 and B = 10, corresponding to the exper-
imental values: operating mode T E3;, waveguide radius R = 0.5cm,
beam injection radius Ry = 0.2cm, pitch factor g = 3 1/B) ~ 1, total
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current Iop = 1504, pulse length b = ¥’/ = Tem. The dependence
of the radiation power in the moving frame K’ on time, for different
values of the detuning parameter, are plotted in Fig.2. Note that the
maximum growth rate corresponds to the grazing condition A = 0.
However SR also occurs for both negative and positive A. The pos-
sibility of radiation under negative A is caused by electron frequency
detuning; although wy; is less than we, the radiation frequency exceeds
the cutoff frequency. Such detuning, however, can support radiation
only in a limited range and for A < —1 the SR instability ceases. At
the same time for positive A, assuming an ideal bunch instability the
radiation persists for any A. The growth rate only slightly falls with
increasing A.

However it is reasonable to expect that this dependence will be
much sharper in the case of real bunches with a finite spread of lon-
gitudinal velocities. In the moving frame for such a bunch differ-
ent electrons can drift with respect to each other. The longitudinal
mutual displacement will essentially influence the radiation if the dis-
placement exceeds the waveguide wavelength \’ = 27 /k’. In the exact
group synchronism regime, when A = 0, k’ tends to zero (Fig.1(b))
and )’ to infinity and longitudinal displacement of the electrons is not
important. As we increase A and go away from the grazing regime &’
decreases. A’ falls and the same displacement can strongly reduce the
radiation. Such behaviour has been actually observed in the following
experiments.

Results are plotted in Fig.2 corresponding to the radiation power
in the comoving frame K’ where the electron bunch radiates isotrop-
ically in the &2’ directions along the waveguide axis. However in the
laboratory frame the situation is totally different and both compo-
nents will propagate in the same +z direction. To find the radiation
which affected the observation point (detector) it is appropriate, us-
ing Egs.(1) and (2), to determine the field on the line 2’4t = const
along which the detector is moving in the K’ frame. Using such a
method the temporal dependencies of the radiation power in the lab-
oratory frame are presented in Fig.3(a), for the case A = 0. We see
that the radiation appears as a set of two pulses. The first pulse is
created by photons emitted in the K’ frame in the +2z’ direction, while
the second is by photons emitted in the opposite direction. The de-
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tector will overtake the second packet of photons if its velocity, which
in the K’ frame equals the bunch velocity v, exceeds v, (note that
the group velocity of radiation vy, in the K’ frame is extremely low,
being proportional to the small detuning of the radiation frequency
above cutoff). Naturally due to the Doppler effect the frequency in
the first pulse exceeds the frequency of the second pulse. For the
same reason the peak power of the first pulse is essentially greater
than that of the following pulse and the duration of the first pulse is
less than the duration of the second pulse.

It is also important to remark that for negative A, the group
velocity vy, becomes so small that the divergence between photons
emitted in the 2’ direction is negligible and for a given observation
distance in the laboratory frame the signal received by the detector
will look like a monopulse (Fig.3(b)).

Experimental data presented in Sect.2.1 generally confirms the
results of these theoretical considerations.

1.2 Cherenkov superradiance.

Cherenkov SR occurs when an electron bunch moves through
a slow-wave system in the form of periodically corrugated metallic
waveguides, as well as regular dielectric loaded waveguides. In the
first case the emission is mainly associated with the excitation of
the backward wave under Cherenkov-type synchronism with a slow
spatial harmonic (Fig.4(a))

w= (-—k + kc)v”, (3)

where w and k are the wave frequency and longitudinal number re-
spectively, k. = 2w /A, and ). is the corrugation period.

In the case of the dielectric-loaded waveguide the emission is as-
sociated with a forward propagating wave under the Cherenkov syn-
chronism condition (Fig.4(b))

w = kv”. (4)

In the both cases the longitudinal electric field of the synchronous
wave can be presented in the form
E. = Re[E;(FL)A(z,t) exp(iw(t — z/v))],
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Fig.5. Dependences on time amplitude of electromagnetic field in
the cases of SR in dielectric-loaded waveguide (a) and periodical
waveguide (b)
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Fig.6. Dependence of maximal pulse amplitude on the electron
pulse duration in the case of backward SR.

798



where E$(7) describes the transverse distribution and A(z,t) de-
scribes the temporal evolution of the longitudinal distribution. The
interaction of the electrons with the radiation can be described by
the following equations -

27

(%:{:%)a:J, J= l/w/exp(—ie)deo
' ° )
0%0

ok Re (a exp(10))

with the boundary conditions

O|¢=0 = 0o + rcosOo, =0, © € [0,2r], a|.- =0.

ael
aC ¢=0
Here we are using dimensionless variables:

-1
e B N _ eAEj}(Fio)
(=p6Cz. 7= wC(t Z/v“) (1 + Ugr) 4= B3C?*y3mc?’

o = (hlEF0) )
733N,
current, Ny is the norm of the waveguide mode, © = wt — k= is the
electron phase with the respect to synchronous wave, where &k, = k. —
k for backward and k, = k for forward wave propagation. The upper
and lower signs correspond to interaction with the backward and
forward waves respectively. Note that Egs.(5) coincide with equations
describing undulator SR in the frame of a uni-directional model [1-4].

The results of numerical simulation are presented in Fig.5. In
both situations we see formation of a short superradiant pulse with
duration of approximately several HF oscillations.

In the case of backward SR, the dependence of maximal pulse
amplitude on the pulse duration is plotted in Fig.6. It is important
to note that for a short duration electron bunch the peak amplitude
grows according to a linear law. It corresponds to a squared depen-
dence of the radiation power with respect to the number of electrons.
So for short bunches all electrons radiate coherently.

is the Pierce parameter,lp is the electron
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2. Experimenal results.

A RADAN 303 accelerator with a subnanosecond slicer was used
to inject typically 0.3-0.5 ns, 0.2-1 kA, 250 keV single electron pulses
(17, 18]. These electron pulses were generated from a magnetically
insulated coaxial diode which utilized a cold explosive emission cath-
ode. A typical oscillogram of the electron bunch current is presented
in Fig.7. The fast rising e-beam current and accelerating voltage
pulses were measured using a Faraday cage strip line current probe
and an in line capacitive voltage probe respectively, with both signals
recorded using a 7 GHz Tektronix 7250 digitizing oscilloscope. To
change the electron current a special collimator was used. High cur-

(a)

)

Voltag

(b) NV

500 A

Electron current

Fig.7. Oscillograms: (a) pulse output voltage, (b) electron bunch
current.
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the signal passed through a filter with cut-off frequency 33.3 GHz.
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rent electron pulses were transported through the interaction space
over a total length of up to 30 cm in a longitudinal guiding magnetic
field of up to 2 T. For measurement of the radiation a hot-carrier
germanium detector which had a transient characteristic of 200 ps
was used.

2.1 Observation of cyclotron and undulator SR.

To observe the cyclotron emission transverse momentum, corre-
sponding to a pitch factor g of about unity, was imparted to the
electrons by the kicker installed immediately after the collimator.

Cyclotron SR was observed in a rather narrow range of detuning
of the uniform magnetic field corresponding to grazing conditions
with TEy; and TEg; modes. It was thus proven that the regime of
group synchronism is optimal for cyclotron emission.

The oscillograms presented in Fig.8. confirm the behaviour de-
scribed above. The radiaton is a monopulse with duration less than
0.5 ns, when the magnetic field is smaller than the value correspond-
ing to the grazing condition H ~ 1.2T (Fig.8(a)) and is converted to
a double pulse when the magnetic field exceeds this value (Fig.8(b)).
The fast decline of the microwave signal for smaller values of the mag-
netic field. less than 1.18 T, is obviously caused by violation of the
synchronism conditions (large negative A), while the similar decrease
in signal for larger magnetic fields, exceeding 1.22T, (large positive
A) is related to the mechanism. discussed above, of increasing sensi-
tivity to the spread of the electron drift velocities.

To prove that for the double pulse regime the frequency in the
first pulse exceeds the frequency in the second pulse, a set of cut-
off waveguide filters was used. The dashed line on the oscillogram
Fig.8(b) illustrates suppression of the second low frequency pulse for
the filter with cut-off 33.3 GHz. In general, measurements carried out
showed a very broad radiation spectrum and in this case covered the
band 28.6-36.4 GHz. Thus the relative spectrum width amounted to
20%.

Important confirmation of the stimulated nature of the observed
emission can be found from the dependencies of the peak power on
the emission distance (in fact, on the interaction time). The graphs
plotted in Fig.9. have been obtained by variation of the length of the
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Fig.9. Peak power of a cyclotron SR pulse as a function of the
interaction distance of the electron bunch, for two different values
of the electron current. The magnetic field is 1.2 T.
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homogeneous magnetic field for two different values of the electron
current. In the initial stages the peak power grows according to
an exponential law. The corresponding gain was approximately two
times less than the predictions of a computer simulation for an ideal
bunch. Such a discrepancy can be easily explained by the electron
velocity and energy spread. Note that if the emission was caused
only by the initial modulation of the electrons over azimuthal phases
(without subsequent selfbunching) near the cut-off regime the power
should grow as the square root of the emission distance.

In the case of 290 A current, saturation of the growth of the peak
power was observed. For a smaller current of 180 A saturation for
the given maximum length was not achieved. The absolute radiation
power was estimated by integrating the detector signal over the ra-
diation pattern. For the T F3; mode this power exceeded 200 kW,
which corresponded to an efficiency of energy transformation of more
than one percent.

Note that superradiance under the group synchronism condition
with the operating T E;; mode also has been observed in the case of
a bunch passing through an undulator immersed in a guide magnetic
field. Adiabatically tapering of the undulator entrance was used to
provide excitation of bounce-oscillations. The SR was recorded for
both group I and group II stationary orbits [19]. The first group of
orbits corresponds to the so called reverse guide magnetic field regime
at a magnetic field strength of 1 T while the second group of orbits
was obtained using a forward magnetic field of strength 1.3 T, which
slightly exceeded the cyclotron resonance value. The maximum peak
power was observed for the second case for the amplutude of undu-
lator field 0.2 T. A typical oscillogram for this case is presented in
Fig.10. '

2.2 Observation of Cherenkov SR.

In Fig.11 results of the observation of short pulse radiation emis-
sion from an electron bunch passing through a periodical waveguide
of total length 10 cm are presented. The period of corrugation of
the slow wave structure was 3.3 mm and the corrugation depth was
0.8 mm and had a mean radius of 3.6 mm. The observed microwave
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signal consisted of several peaks. The first small peak corresponded
to the high frequency radiation propagating in the same direction as
the electron beam (TWT mechanism), while tle second larger peak
corresponded to the designed counter-propagating emission mech-
anism. Subsequent bursts are related with reflection of radiation
from the edges of the slow-wave system. Note that the total electron
bunch length ~10 cm is comparable with the interaction length and
was insufficient for operating the normal BWO feedback mechanism
[20],[21]. R

The main peak has a duration of up to 0.3 ns. Frequency mea-
surements made using a set of cut-off waveguides showed that the
main peak had a central oscillating frequency of approximately 40.5
. GHz. While the first peak in Fig.11 had a higher oscillating frequency

of greater than 43 GHz. However the frequency of this peak was less
than predicted from the calculated Doppler up-shift in the case of
excitation of the T Mp; mode by electrons with energy 250 keV. Such
a discrepancy indicated that this peak was generated by lower energy
electrons (200 keV) at the front of the beam current pulse.

The radiation had a polarization corresponding to the T'Aly; mode
which only has a radial component of electric field. This is shown
in Fig.11 in which the comparison of the solid and dashed graphs,
illustrates the drastic decrease in the microwave signal when the re-
ceiver horn was turned through an angle of 90 degrees. The measured
radiation pattern also corresponded with good accuracy to the exci-
tation of the TMp; mode. This measurement allowed the absolute
peak power to be estimated by integrating the detected signal from
the detector over its radial position. The estimated peak power was
~1 MW. Additional confirmation of the rather high level of radiation
power was obtained from the flashing of a neon bulb panel when the
radiation signal illuminated the panel at a distance of 10 cm from the
output horn.

The typical feature of SR is the squared dependence of the radia-
tion power with respect to the number of electrons due to the coherent
nature of this radiation. The accelerator did not provide the possi-
bility for independent variation of the total electron current without
variation of the accelerating voltage amplitude and pulse duration.
However it was possible to collimate the tubular electron beam and
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Fig.12. Dependence of peak microwave power on electron bunch
current, in the case of periodical waveguide.
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Fig.13. Oscillogram of microwave pulse for forward radiation in the
case of dielectric-loaded waveguide.

Fig.14. Dependence of peak microwave power on interection
length, in the case of dielectric-loaded waveguide.
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to change, by variation of the strength of the guide magnetic field,
the current passing through the slow-wave structures. The depen-
dence of peak power on the electron beam current obtained by such
a method was close to the above-mentioned squared scaling as shown
in Fig.12.

__In a second series of experiments a slow-wave structure in the form
of a dielectric loaded waveguide was used. In this series of experi-
ments two separate dielectric inserts were investigated. The dielectric
material used was Mylar and Teflon in tubular form of wall thickness
2 mm inserted inside the metallic circular waveguide of inner diame-
ter 10 mm and total length 25 cm. The best results were obtained for
the Mylar insert which was constructed from multilayers of 0.05mm
film. The dielectric constant of this material is 2.5-3. The typical
SR pulse of duration 0.5 ns associated with the forward propagating
wave in the Mylar loaded waveguide is presented in Fig.13. The peak
power was also estimated to be between 1 to 2MW, and is compar-
atively high for the electron current passing through the cavity was
measured to be less than 200 A.

The frequency spectrum measurements using cut-off waveguides
and metallic grids with different mesh sizes showed that higher fre-
quency radiation was generated in the dielectric-loaded waveguide as
compared to the metallic slow wave structure and that this radiation
had a rather large spectral width > 10 GHz. According to calcula-
tions this frequency range correspond to excitation of the TMp; and
hybrid HEq; modes. As a result the radiation pattern had a fre-
quency dependence and thus had a rather complicated profile, which
became narrower with the increase in the frequency band measured.

The important confirmation of the stimulated nature of the ob-
served radiation is the dependence of the peak power on interaction
length, as shown in Fig.14. This figure clearly shows that the radi-
ation power is very small for short interaction lengths and increases
drastically as the interaction length is increased. This means that at
the initial stage self-bunching of electrons developed and the radia-
tion power exceeded the threshold of the detector’s sensitivity only
after formation of the electron bunches. Note for comparison that in
the case of traditional spontaneous emission caused either by density
perturbation inside the electron pulse or by radiation from the sharp
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front edge of the pulse the power should not depend on the interac-
tion length.

Conclusion.

Summarising the results presented, we believe that the radiation
observed was related with a novel mechanism of stimulated coherent
emission of short electron bunches, namely superradiance. Of course,
the results discussed here give only a rather general physical picture of
superradiance, which needs further investiga,tio[n, which would specif-
ically concentrate on more accurate measurements and comparison
with theoretical simulations. However even at, the this early stage
it must be emphasized that the radiation, especially in the case of
BWO-like regimes, was characterized by a high level of stability and
reproducibility from pulse to pulse. The efficiency of energy trans-
formation amounted to 1% for the backward wave mechanism and
up to 3% for the forward mechanism. The unique characteristic of
microwave pulses such as duration (0.3-0.5ns) ifii combination with
Megawatt power levels is encouraging for future applications in areas
such as novel diagnostics and the studying of nonlinear phenomena
in plasmas. Another advantage of the RADAN subnanosecond ac-
celerator and consequently any associated experiments is that the
whole system is in the form of a table-top system. In addition this
accelerator is capable of operation in the repetitive, up to 100 pps
regime.

This work was supported by the Russian Fund of Fundamental
Research, grant 95-02-04791 and by the United Kingdom DRA and
EPSRC.
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REDUCTION OF FOCUSING MAGNETIC FIELD IN
RELATIVISTIC CHERENKOV OSCILLATORS

E.B.Abubakirov, M.I. Fuchs, N.G.Kolganov, N.F.Kovalev, A.V.Palitsin,
A.B.Volkov

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

Relativistic Cherenkov microwave oscillators operating in the repetitive
pulse regime are attractive for different application, such as plasma
chemistry, linear colliders, radar sets and others. However, the great
power consumption for creation of required strong focusing magnetic
fields by means of non-cryogenic cooling solenoids or the use of super-
conductive ones is significant limitation for several applications, particu-
larly for radar systems [1]. To find out the possibilities of operation of
Cherenkov generators with weak focusing magnetic fields we consider
both mechanisms of electron beam interaction with electromagnetic
fields in such generators and resources of electron optics.

Reasons for influence of the magnetic field on output radiation

Operation of Cherenkov devices is based on synchronous interaction
of a straight-forward electron beam with a spatial harmonic of the oper-
ating eigenmode of the microwave electric field

EF,z,0)=) E,(F)expi(at —h,z). 1)

of the periodic electrodynamic system, when longitudinal velocity v, of
electrons and a phase velocity v, = @/h, of the harmonic are closed

|vph -v, /ve <nfkL. Q)

Here @ and h, =hy+ nh are cycle frequency and longitudinal wave

number of the operating harmonic, 4 = 2n/d ,d is period of the electro-
dynamic system , # is number of the spatial harmonic k¥ = ®/c=2n/A,

c is light velocity, and L is length of the interaction space. Cherenkov
stimulated radiation of electrons moving rectilinearly does not depend on
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the value of the magnetic field. Therefore, at a glance it seems that it suf-
fices to provide transportation of the electron beam through the interac-
tion space, i.e. to counterbalance the space charge force with the Lorenz
force. The value of the external magnetic field for suppression of Cou-
lomb repulsion is not too high:

H,>[(mcyw,[e) —H;T>. 3)
Here H,=2J/cr is azimuth eigen magnetic field of the electron beam,
@, is plasma frequency, y =(1 -v? / c=vi / c*)°® is relativistic fac-
tor, and e, m and v,, are charge, rest mass and transverse velocity of

electron. For example, in X-band generators it is sufficient to apply the
external magnetic field of 1 - 1.5 kOe for transportation of electrons tak-
ing into consideration both the characteristic diameter of the electron
beam which is of the order of the operating wavelength A in relativistic
generators, and the characteristic impedance of the electron beam which
is of the order of 100 Ohm.

However, the typical dependence of the radiation power on the
focusing magnetic field is more complicated, in particular for BWO.
Generalization of the data obtained in various experiments with relativ-
istic generators would show a dependence (Fig. 1), which has non-
monotonous character with several deep and shallow pits. It is necessary
to choice the minimum value of the magnetic field, at which the micro-
wave power achieves its maximum. Usually for an X- band BWO it takes
place when the value of magnetic field value exceeds 20 kOe [2,3].

!
current /
losses

2
/
-
z,

Hl H2 H3 H4

Fig. 1. Generalized dependence of radiation power of relativistic
generators on value of external magnetic field
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The applied magnetic field excites fast and slow cyclotron waves in
the electron beam [3] with the following dispersion characteristics
o=hy,, tio,. 4)
Here 0, =eH,/mcy is cyclotron frequency, H o =(Hy +HZL)"® is
total magnetic field, / is number of the cyclotron harmonic. The compli-
cated dependence (Fig. 1) is due to the influence of cyclotron waves on
operation of relativistic generators and amplifiers. This influence is espe-
cially great when conditions (2) and (4) are fulfilled simultaneously.

It is convenient to consider peculiarities of interaction of electromag-
netic waves with cyclotron waves and space-charge ones in relativistic
generators for characterized regions of double resonances.

Classification of resonances can be shown on the Brillouen diagram
(Fig. 2). For example, let us consider a relativistic BWO. As a rule, elec-
tromagnetic radiation is taken from the collector edge of the BWO by a
wave which is the operating backward wave reflected from the cut-off
section on the cathode edge of the interaction space. Fig. 2 show cyclo-
tron resonances with both the backward and the forward waves.

10}
oy,
N ¢
o)
@y /\\
Q
W p N
H 2
2 @ /
1
he

Wy,

H

Fig. 2. Dispersion characteristics of electromagnetic,
space charge and cyclotron waves in BWO.
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We assume that initial transverse velocities of electrons in the interaction
space are absent, therefore resonances at cyclotron harmonics (/# 1) are
not taken into consideration.

Along with Cherenkov synchronism of the electron beam with
spatial harmonic 7 = —1of the operating mode which propagates in the
direction opposite to the electron beam,

w=~—(hy—h)v, (%)
there are cyclotron resonances of the fast cyclotron wave with harmonics
of the operating mode, namely: with fundamental harmonic #n = 0 near
the value H, of the magnetic field:
o+hy, =0y ; (6)
with harmonic 7 = +1 near the value H,:
o+ (hy+h)v, 0, . Q)
There are also some regions of the magnetic fields corresponding to cy-
clotron resonances with harmonics of the forward wave:
with fundamental harmonic n=0:
- hove ~ a)H, 5 (8)
with harmonic n=-1:
o—(hy—h)v, =@, . )
At last there is resonance of a slow cyclotron wave with the harmonic
n=+1 of the forward wave (interaction on the abnormal Doppler effect)
w—(h+h)y, ~-w, . (10)

The cyclotron waves exert the strongest influence on BWO oper-

ation in the zone of the resonant (6) magnetic field, H. , - Both the experi-

ments (Fig. 1) and numerical calculations (Fig. 3) of the self-consistent
system of equations (44) - (48) (see Appendix) show the absence of the
output radiation in a wide region of magnetic field values. When the va-
lue of the magnetic field approaches this region, on its smooth slopes ele-
ctromagnetic energy transforms to transverse electron velocities. As fol-
lows from (5), (6), the resonant condition of “cyclotron absorption” [3,4],

o, =hv, (11)

is independent on individual signs of modes, i.e. this phenomenon is pre-
sent for all modes simultaneously. Achievement of the maximum output
power requires a strong focusing magnetic field which exceed sharply
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resonant value (6). It is confirmed by numerous experimental data (see,
for example, [2,3]). One should have in mind the presence of the “cyclo-
tron absorption” zone in strong magnetic field H, = 2H, near resonan-
ce (7) of the fast cyclotron wave with (+1)-spatial harmonic of the oper-
ating backward wave. Usually resonance (7) exerts the weak influence on
interaction process but some situations are found when the microwave ra-
diation disappears completely. Such deep resonance was found by auth-
ors for one of axial magnetic field directions in BWO which operates on
mode TE,, of an electrodynamic system with triple-start helical corru-

gation. In this region of the magnetic field for opposite direction there
was a small decrease of the output power only.

The fast cyclotron wave interacts with the fundamental harmonic
of the forward wave (reflected by the cut-off section) in the region of the
weak magnetic field, when resonance condition (8) is fulfilled. The zone
of interaction with the forward wave is essentially narrower than the zo-
ne for the backward wave (Fig. 3) as follows from equations (44) - (48).

off /effa eff/ effo

10 10

o8t 08+

06| 06~

0ép 04

02 0.2/

20 "0 20 4 2 0 2 P

84 8

Fig. 3. Calculated zones of “cyclotron absorption”: a): for backward wave, b): Tor
forward wave of BWO (eff; is efficiency when cyclotron absorption is absent, §, is
linear function of magnetic field - see Appendix)

In X-band BWOs the pit corresponding to condition (8) usually overlaps
the region of the magnetic field in which current losses become consider-

able (Fig.1). Here magnetic field H of the electron beam is a consider-
able part of total field H,, and so condition (8) depends on the electron

position. It is the reason of incomplete disappearance of radiation in the
zone (in experiments).
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Resonance (9) reveals itself weakly and is hardly recognized. In
X-band BOW it takes place on the slope of the zone corresponding to
condition (11).

Besides, there is resonance (10) in the region of the weak mag-
netic field but practically the whole of a high frequency field of a slow
cyclotron wave is concentrated inside the electron beam, and therefore
interaction of the wave is insignificant in the abnormal Doppler condi-
tion.

What possibilities can be used to reduce the operating magnetic
field?

Methods to reduce strength of magnetic field

1. Exclusion of resonant cyclotron interaction

A resonant cyclotron interaction can be effectively excluded with
use of method proposed in [3,4] for a mode selection in oversized mi-
crowave systems. The method of cyclotron-resonant mode selection per-
mits to operate in the region of the magnetic field corresponding to reso-
nant condition (11). Although the energy of all modes is absorbed by the
fast cyclotron wave, according to equations (37) - (43) intensity of ab-

2

sorption is proportional to factor JZ,,(17/R) where v is azimuth index

of the operating backward wave, u is root of the Bessel function for TM-
waves and of derivation of the Bessel function for ET-modes, R is aver-

age radius of the electrodynamics system. For TM-modes except TM ,,

and for TE -modes with radial indexes more than unity there are distin-
guished radii », when
J2,(ur,/R)=0. (12)

For non-symmetric rotating modes these radii are different for the oppo-
site directions of the longitudinal magnetic field (sign + or - in (12) ac-
cordingly). For several lowest modes the disposition of these radii is
shown in Fig. 4. If one of such modes is chosen as operating mode of
BWO and the radius of the hollow electron beam is chosen from condi-
tion (12), then in the region of the resonant magnetic field for the oper-
ating mode the Cherenkov interaction is provided without losses and the
same time for other modes the output power is absent owing to “cyclo-
tron absorption”. Disposition of the electron beam must be sufficiently
accurate to correspond to distinguished radius ,, deflection from the ra-
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dius or displacement from the axis of the electron beam lead to an in-

crease in the start current.

— Ho.
Hi En HypHis Eo2 Ex E2E5 EnEnEan
0.6 0.7 0.8] ~/R
H; Eoz Ep Eo
Hp, —=

Fig. 4. Disposition of electron beam radii for lowest modes
corresponding to cyclotron absorption absence.

l
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l
I
l

!
!
I
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Fig. 5. Dependence of start current on
electron beam radius for BWO on

mode 7'M ,

2. Improvement of electron optics

Fig. 5 shows the dependence of
start current J, on the electron
beam radius for operating mode
TM ;, which indicates that deflec-

tion from required radius must not
be more than 0.5 mm. In IAP the
X-band BWO with cyclotron mode
selection operating on mode

T'’M,, was successfully tested [3].

Near the resonant magnetic field
12 kOe the radiation power achie-
ves 2 GW with efficiency 10 %
when the ratio of the electromrbeam
radius to the average radius of the
electrodynamic system is 0.693.

The next step to decrease the focusing magnetic field is to im-
prove the forming system of the electron beam in order to provide its
transportation across the interaction space without current losses and to
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transportation across the interaction space without current losses and to
reduce the electron transverse momentum spread which must not be less
than

Ap, <<1 (13)
required for efficient operation of a microwave generator [5].

It would be appropriate to remember here the first Russian and
American experiments [6,7] in 1973-1974 which demonstrated high effi-
ciency (over 10 %) of high-power Cherenkov generators (namely BWO)
driven by relativistic electron beams. In these experiments the focusing
magnetic fields were of the order of 1.5 - 3 kOe and the forming systems
of the electron beam were made as planar diodes with foil anodes. In the
planar diode electric and magnetic fields are parallel (Fig. 6a). It provides
a quasi-laminar moving of electrons with low transverse velocities. Ow-
ing to the use of low-perveance electron beams in the BWO stratification
of electron energies is insignificant even in solid beams. However, such
forming systems had a significant defect. It was a short lifetime of the
foil anode which was destroyed after one or several shots.

These forming systems were not used very long and soon were
replaced by magnetically insulated coaxial diodes without foil (Fig. 6b).
So, the problem of short lifetime was solved, but there appear other
problems which hampered the use of a weak magnetic field. In the elec-
tron beam injected by such diodes one can distinguish two electron frac-
tions: one of them is born on a side surface of the cylindrical cathode, the
other fraction starts on the cathode edge.

a) Hy,
/107777
L anode b)
..: ,y foil anode , ., ... ...,.,.
_ /o A HJE o .
. asncsncem e 2 A
\\\\\\\ - — = = cathode electrons

cathode \ _ tlectrons.— = Ho

\\\ ‘\\\\ _____ > . - 0z

Fig. 6. Configuration of electric and magnetic fields in: a) planar diode and b) co-
axial magnetically insulated diode.
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Electron trajectories in typical configurations of coaxial diodes
which are used in relativistic microwave devices are shown in Fig. 7. The

first fraction forms in cross tangential magnetic H, =./(H;, +H¢,)

field (H,, is external axial component and H,, is azimuthal one pro-
duced by the inherent current of the electron beam) and radial electric

E,-field.

anode
r.cm .
transportation channel

1.809

1.202

o.ecc
®-239:53 <.009 ECEL] 10.00 13.00 7 cm
as
2.0lF
"
24577,'
/
AR
= b
) /‘\_’f
-

cathode

s 4 1 1 !
6 6.3 7 7

Z.cm

LI

Fig. 7. Electron trajectories in coaxial diode with magnetic insulation.
Top: tubular cathode (8], U=0.5 MV, J = 6.4 kA, H = 3.8 kOe, R, = 2.7 cm, radius of
transportation channel is R =2.1 cm.
Bottom: end-type cathode [9], U=1 MV, J =9.8 kA, H = 15 kOe,
R,=R=4.5cm.
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As it is evident from Fig. 7, the first fraction has the greatest trans-
verse velocity spread. Electron trajectories of the second fraction are
smoother. When the magnetic field is much stronger than the electric
one, H,>> E,, the basic part of the electron current is transferred by
the second fraction which is a quasi-laminar flow and has a small elec-
tron velocity spread. In the region of the weak magnetic field the basic
current part is determined by the first fraction. For configuration which is
shown in Fig. 7 (bottom) this part up to 80 % of whole current near cut
off regime. Taking into attention that in a homogeneous magnetic field
electron transverse oscillations are closed to Larmour diameters 2R, on
the cathode (Fig. 7), for providing of the condition (13) the magnetic
field must be

0.27(kA
H(k0)>R( )f(R) (14)

where f(y,z) = (¢ - 1)/(YR _Yo)Bo,’ Bo =(1"'Y(;2)05’

yp=1+eU/mc,y, =y, +0.25°°-05.
In the region of weak magnetic fields there is another important con-
dition to provide the electron beam transportation without current losses.

It is necessary to secure R, +2R, <R or
HZ(kOe) > 2.5J(kA[em®) f( ;) (15)
The estimation for X-band 1 MV generator shows that H, > 4kOe.
The evident method to improve the electron optics is creation of
an electron gun, in which electric and magnetic fields are parallel, for ex-

ample, when configuration of electrodes are closed to planar design
(diaphragm is closed to cathode cut).

However, even for the electron beam which is formed in the co-
axial diode with magnetic insulation it is possible to provide the low
transverse velocity spread and the electron beam transportation without
current losses in the region of weak magnetic fields by using a magnetic

decompression, when the magnetic field on the cathode, H_, is more

than the field in the interaction space @ = H,,/H, > 1. When the inho-

mogeneous magnetic field uses conditions (14) and (15) for the magnetic
field in the electrodynamic system of a microwave generator are accord-
ingly transformed to
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021(kd)

H,(kOe) >>Mf(}’k)» H;(kOe) > fre) (16)

X-band and K-band were tested on IAP BWOs with homogene-
ous magnetic fields and with an use of decompression. The previous re-
sults show that the use of decompression permits essentially to decrease
an energy expenditure on creation of the focusing magnetic field in the
interaction space. For example, radiation power of the X-band 0.5 MV
3 kA BWO is 200 MW when the strength of the homogeneous magnetic
field exceeds 25 kOe. Using decompression = 4 the same power is
achieved when in the interaction space the magnetic field strength is
2.5 kOe only. Basically the same progress is achieved by decreasing cur-
rent losses (Fig. 8). When the magnetic field is 3 kOe, radiation power
disappears because of the cyclotron absorption of the forward wave

TM ,, which is reflected from the cut-off cross section.

2.5J (kA cm®)
a

P L
N Jow ]
N s b
03 2) 0.3 )
2
0.5 / 0.50}
\\
0.25 1 0.25
! 7 R He, i :HO:
0 I 2 3 0 1 2 3

Fig. 8. Dependence of a) radiation power and b) beam current in the interaction
space on magnetic field strength; 1.- in homogeneous magnetic field, 2.- with decam-
pression O =4.

3. Modification of cyclotron absorption zone in forward wave

There are possibilities to change or to move the zone of cyclotron
absorption of the forward wave which radiates the microwave energy. It
can realize by several methods:

1.To use a jump of a cyclotron phase by change of a magnetic field
on a part of the interaction space. As calculation of equations (43) - (47)
shows (Fig. 9a), in the center of the zone a radiation appears when the
change of the phase is equal 7. For a backward wave such method is not
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effective because this type of interaction is accompanied with a strong
dynamic mismatch of the cyclotron resonance.

2.To use the drift channel of the BWO output when Cherenkov inter-
action is absent but cyclotron interaction continues. It leads to narrowing
of the zone (Fig. 9b);

To change the structure of the wave removing the electromagnetic
energy from the BWO. It permits one to move the zone to the desired di-
rection and at the same time to produce the required radiation pattern.
This method was tested at IAP on the BWO used earlier as the electron
beam modulator for X-band amplifier [10]. The cut-off cross section of
the BWO was replaced on the Bragg reflector converting the operating
backward TE,, mode to the forward mode, TE,,. Due to this conver-

sion, the experimental radiation pattern in the form of a Gaussian wave

beam is obtained.

 etffeffy [
a) eff/eff, b)

1,0} 1.0F

\ ms - 05 -
1 Va ] e ! L Il C,C 1 I
") oo 2 P < 2 0 2 4

5. _52
Fig. 9. a) Modification of “cyclotron absorption” zone Fig. 4b when the
change of the cyclotron phase is equal to 77 ; b) change of the zone

Fig. 4b when path for the forward wave is doubled.

Appendix

Non-linear analysis of the phenomenon for resonant devices with a
fixed field structure (for example, orotron) was done in [11]. In BWO the
microwave field is formed by the electron beam, therefore it is necessary
to investigate a self-consistent system of equations including both the
equation of electron motion in electromagnetic fields which are formu-
lated in [11] and the equation of the electromagnetic field excitation by
microwave current [12].
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dC,
dz
where C_ are amplitudes of eigenmodes E of an electrodynamic system
in representation of the electromagnetic field as the following sum

;. E_dS, (17)

E= ZCSEse"‘”’, (18)
=— I{[ ,1}dS (19)
1s wave norm,
. 1 2n ‘ o
Jo == [i(De™d(or) (20)
n 0

is complex amplitude of monochromatic current density. Taking into ac-
count the law of charge conservation.

pv,dtdS = p,v,dt,ds, ., (21)
the integral (17) transforms to
dc,
i J' J' JoF(F) d(wt)dS,, (22)
where
bE,
F=E, + = F(S(S,)) (23)

I
is function of electron disposition determined from the motion equation

with initial condition (z =0)=17,, j, is current density in the input
cross section S, of the interaction space (under z = 0) where electron
transverse velocities are absent, #,is moment of an electron flight into the
interaction space, p, and p, are longitudinal and transverse compo-
nents of relativistic electron momentum p=m, determined from
equation of an electron moving, £, and E, are longitudinal and trans-
verse components of the electric field E_s. Owing to representation of
the field E_: as sum (1) of spatial harmonics, function (23) can be_writ-
ten as
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F= ZF"(X’ y) e (24)

The motion of electrons can be represented as the motion of Larmour or-
bit center and cyclotron rotation

r=R +ae", (25)
where

0]
v=| —fdz + v, 26)

is phase of cyclotron rotation,
a=cp, [eH, 27)
is radius of one. The amplitude F, of each spatial harmonic is an infinite

sum of cyclotron harmonics:
F(X +acosy,Y +asiny) = ZF,,,_,,(X,Y)e"’""“ , (28)

where
Fm n(X’Y) = _l. IFneimde ¢ (29)
: 2n ;

Neglecting non-synchronous interaction, function F' can be represented
by two terms
F=F®+Fe° (30)
with slow varying phases:
cyclotron phase
O=wt-hz—-vy, (31
and Cherenkov one
o=0t—hz (32)
when double resonance (5), (6) takes place. Other part of sum (24) gives
the least contribution after averaging fast varying phases.
Following the method of [13] we find terms F,,, F,, using (23),
(29) and representing microwave fields via electric and magnetic Hertz
vectors expanded on plane waves

em 1 i e.m ig(x cosy+ysin
e (x,y)____z_n. J‘f (W)eg( Y+ W)dw, (33}_
0
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where g =(k? —h*)"? is transverse wave number. For example, using
the integral form of the Bessel function

-y A+27

1 .
J 7)) = — et(zcos¢+v¢)d 34
@)= o (34)

a

ot _ 2 .9
and denoting L = (EX—-HZ’Y—) we can write the amplitude of the

fundamental Cherenkov harmonic of longitudinal electric field which is
synchronous with the fast cyclotron wave of the electron beam:

1% .
EQ = IgéHe(x,y)e'*’d0=

2n-¢

gO If (!//)elgo()(c,osy/ﬂ'smy/) u//[ I lgoacos(O—tp)d(g ¢)]d¢-— (35)
-¢

1 4 z
=—J (g LEQ (X 1)

0
Similarly one can obtain other components of electromagnetic field. So,
the equation of the electromagnetic field excitation by microwave current
is
dC,

dz 7:N

[ Tttalsid i (gl - Hi(Rle” +

sS85 0

kpl. H]
&P

M) o

HU 80+ 5 (U810 + o (80)) 66
&oP
o

z gO
"8,
which must be solved for BWO with boundary condition C, =0 when

o (Jo(200) ~ 1, (20@) LV H] (R)] e’ }d (wt, ) dS

z = L. Here L is length of an interaction space, R(X,Y) is disposition
of electron rotation centers in polar coordinates.

Note: when electrons have transverse velocities at the input of the
interaction space it should be average the right part of equation (36) over
initial cyclotron phases.
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Besides equation (36), the total system of equations defining pro-
cesses of interaction in Cherenkov devices with non-fixed electromagne-
tic field structure when double resonances take place, includes [11]:
the equation for Cherenkov phase

ap &k
—=—-h, 37
iy (37)
the equation for cyclotron phase
a6 _pP ( CDH)
Ll p_p - ZH | _
2 & B, hy -
e . — i
£ Re [Ei”—lloqg] ol AP L gEl o s )
cf, P, &
1 . k- k dJ,
&\ P, &4 go d(goa)
the equation for electron energy
d e , i
o 2 IO(Igl’a)Ezl +lIl(|glla) 2, Hz‘ e’ +
dz mc X gll
hp, i’Ef
J1 (&) - (Jo(8oa) + J5(8,2)) - (39)
2p.& 0

. hyp ? i
_IZ;T;O(JO(goa) +J, (goa))LHf]e 0} )
equation for electron transverse momentum

ap. - Re —i],(‘gJa)ﬂ’—ﬁHz]e'“’ +
dZ ch gO

hO ﬂ 0 l(goa)" -0
go[ s J(8,@) LE? +i(k - Bhy)— === d(2.0) LHf]e } (40)

and equations for coordinates of electron orbit centers

ax _ 1 o(}g,t )[ dH'j
o —-—’Bzho Re{[ = (A, ,Bk)
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|g 1P 2p,

z

1
B2 1 g |a)%%]e"’“’ +[fﬂ(Jo(goa>H:’ R

L](goa) 0 i_ - -ig { .
g ((h ﬂk) LEZ —(k-ﬂzho)dX LHf)]e },(41)
a1 il, (Ig,la)( dE! de’)
dz —_ﬂzho Re{l: g (hl ﬂk) ~Fz dy +
ﬁp_L 1(‘ | z} -1¢+[ﬂpl(J( g, )H0+ 2(g0 )AZHO]
lalp. 2 &
+ (&) ((h - B~ PR + (k- B, )—LH")] }.(42)

In the region of weak magnetic fields where one can expect large trans-
verse oscillations it is necessary to analyze the total system of equation.
The system can be made essentially simpler when Larmour radii are

small ' &0, Ia << 1, the electron beam is thin (we neglect by inhomogene-
ous of microwave field structure on cross section of the electron beam),

all electrons have ultrarelativistic energies Y2 >>1 and energy changes
are small:

db 2n
=l [t + ofeydo, (43)
S 0
dp _ —-Re(bfe™) (44)
dg
auv _ Re(pbfe™ +be™™) (45)
dg
g(3=2U—8,+pz (46)
dg

? =8,+2U(1-€)+np’ + Re(i %Y ) (47)
o p
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1
where b= in‘i \/— =1 \/'Y_/'Yo are desired func-
hy

tions; g=%—, and parameters are 8=yf,(1—nl30), n=—I;-,
Yo

N 70
=_° JeS(E,)” =—2mi for E-waves a = |LEZ| for
me* m* 2k N, B2, 21
e z

H-waves a=—>

, Cherenkov  synchronism mismatch
mc* 2gt n

2
is 8, =7Yoq/— —1+ZI’-—~—1—— , the cyclotron resonance mismatch is
1 0 b

k 2y,

5, =y 2 l—i+li°/m—€£o— . When z=0 we consider that
2 0 b k ,YZ
0

the initial Cherenkov phases are uniformly distributed ¢, €[0,27),
normalized electron energy U =0, in the interaction space electrons fly
without transverse velocities, i.e. p=0, @ =0. The amplitude of the op-
erating spatial harmonics is equal to zero (b= 0) on other end of the in-
teraction space, when ¢ =g,
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EFFICIENCY INCREASE OF HIGH-POWER MICROWAVE
SOURCES BASED ON MULTIWAVE CERENKOV
GENERATORS

V.I.Koshelev, M.P.Deichuly, A.S.Zavyalov, A.I Klimov,
A.A.Petkun, V.M. Tarnovsky

High Current Electronics Institute, Siberian Division of the Russian Academy of
Sciences, Tomsk, Russia

Abstract

Possibilities to increase the efficiency of high-power microwave sources
based on multiwave Cerenkov generators (MWCG) due to MWCG
generator efficiency increase and power losses decrease when radiation is
taken out of generator into atmosphere and output radiation is transformed
into linearly polarized wave beam have been investigated in a 3-cm-
wavelength range.

Introduction

For practical application, high-power microwave sources with linearly
polarized wave beams and high output efficiency are necessary. The
efficiency of both in power and in energy is important. The latter condition
corresponds to the requirement to obtain microwave radiation pulses with
the duration similar to the one of the electron beam current pulse.

To generate gigawatt-power-level, centimeter- and millimeter-
wavelength-range radiation, an MWCG [ 1 ] was used. The investigations
[ 1] that have been carried out allowed to mark out problems which are in
the way of creation the effective microwave sources based on MWCG: 1)
essential part (up to 30 %) of radiation power with ¢-polarization not
transforming into the linear one resulting in decrease of microwave source
output efficiency; 2) high power losses ( < 50%) due to the reflection from
a thick dielectric window and radiation into side lobes of a pattern; 3)
essential ( 30 - 40%) power losses when O-polarization radiation is
transformed into a linear one. As usual, the important task is to increase the
radiation generation efficiency in MWCG which decreases when electron
energy decreases [ 2 ].
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MWCG Generation Efficiency

Two-sectional uniform (nonuniformity periods in the sections are equal)
overmoded (D / A >> 1, D is the diameter, A is the radiation wavelength)
slow-wave structures (SWS) [ 1, 2 ] are usually used in MWCG. A drift
tube is of great importance in increasing the efficiency of generation
radiation. It ensures : 1) more smooth bunching of electrons; 2) tuning of
a slow-wave phase of high-frequency field and electron bunch at the input
into the second section at the expense of the field phase shifting owing to
the jump of a phase wave velocity in the drift tube; 3) increase of effective
energy output of high-frequency field out of generator owing to the
decrease of the slow-wave structure Q ; 4) selection of optimum starting
generation frequency.

A shortcoming of MWCG with a two-sectional uniform SWS is related
to the difficulty of simultaneous using of all the possibilities of the drift
tube. The choice of optimum combinations of the merits mentioned results
in limitation of their efficiency. Using of multisectional nonuniform
(nonuniformity periods in the sections differ from each other) SWS in
MWCG promote not only the elimination of the defect indicated as a part
of the drift tube functions in this case is implemented by the sections but
also to the efficiency increase of the above-stated possibilities. However, for
effective optimization of a complex MWCG SWS it is insufficient to have
only a conceptual approach and experimental investigations. In this
connection a simplified nonlinear MWCG model has been developed taking
into account electron beam space charge by particle-in-cell method and
preliminary numerical calculations have been carried out.

Experimental investigations were carried out at a “SINUS-7TM”
accelerator at the diode voltage U; = 1 MV, beam current 7, = 10 kA, pulse
duration 7, = 40 ns. A hollow beam diameter varied in the limits of 10 +
11.8 cm. Magnetic field B = 5 + 15 kG. Radiation power was determined
by patterns in two (6 and ¢- ) polarizations measured in atmosphere.
Radiation power losses in a transmitting antenna were not controlled.
Radiation spectrum was measured by band-pass filters with a 0.5-percent
band width.

Several MWCG variants with a three-sectional SWS and D = 13cm
were investigated experimentally. The results of investigations of one of
them with the periods in the sections /; =1.45cm, < L >~ 1.5cm, <35>~
~1.4 cm are presented below. The sign < > means averaging of a period
along the section length. Radiation pulses with the power Py = 2.3 GW,
P,= 0.2 GW, 30-ns duration and < 1% spectrum width were obtained in

830



P,rel.units MWCG with such SWS at the

08 A a wavelength 4 = 3.35 cm. Fig. 1 ab,c
04 . presents the corresponding oscillograms,
00 V patterns, and radiation spectrum.
— 20 30 90 tns  Radiation power instability APg/ P~
08 B P ~15% at the instability of the beam
0.4 power up to 20%. The efficiency of
0.0B=d 3’ e generation radiation with GTpolaﬁzation
o8 " equals to 25%, not tahng 1pto account
: power losses in a transmitting antenna,
0.4 that is two times higher than the
0.0 efficiency of MWCG with a uniform

4Whem two-sectional SWS at U; = 1 MV
Fig.1. Pulse oscillograms (a), (radiation spectrum width is <1%) and
patterns (b), and radiation corresponds to the MWCG efficiency
spectrum (c). (by radiation taken out into atmosphere)

at U; = 2MV [ 1 ] but five times less power relation Pgp / Py and less

instability of radiation power.

Injection of Radiation from Generator into Atmosphere

As it was already mentioned above, power losses when injecting
radiation from MWCG into atmoshpere can be divided to the losses due to
reflections from a thick dielectric window and radiation spreading at hlgh
angles to a horn antenna axis (diffractional losses).

When the thickness of a plane-parallel window d=(2n+ 1) A /4"
( nisthe integer, ¢ is the capacitivity), power losses due to wave reflection
reach 14% [ 3 ]. At optimum wavelength A, satisfying the relation
d=nl,,; | 2¢"”, transmission coefficient is close to 1. Expansion of a
frequency passband is possible due to the using of layers with a smooth
changing of capacitivity in the layer thickness from 1 to the value €
corresponding to the window material. It can be achieved by turning a
triangular profile grooves with the depth ~ (0.5 + 1) A,,; and base width
~Aopt /4 in one or two mutually perpendicular directions. As a result, ribbed
or tenon-like surfaces are formed from both sides of the window.

Properties of aplane window with such matching layers were
investigated in a 3-cm range on the samples made of polyethylene which
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were placed in a 72 x 34- mm cross-sectional waveguide. Measurements

Fig.2. Experimental setup. 1 - MWCG model,
2 - lens, 3 - polarization transformer.

have shown that the wave transmission coefficientina 4 = (0.8 + 1.2) Ay -
wavelength range was close to 1.

To suppress pattern side lobes , it was suggested to use a diaphragmed
waveguide, installed after a microwave generator SWS, with smooth
decrease of the groove depths from A0/2 to Ay/4, where A, is the operating
wavelength at which the highest side lobes radiation supression is achieved.
Experimental investigations were
carried out at a MWCG model | sg/smaxd8
presented schematically in Fig. 2. |30 ..
Generator model presented a SWS in |20}
the form of =44, -diameter
cylindrical waveguide with a thin
polyethylene layer.Smooth or
diaphragmed homs with =3.54, -
length and ~4.54, -aperture diameter
were connected to the waveguide.
Wave field presenting a sum total of
surface and space waves was excited
by a short pin feeded from a standard
generator. Angle distribution of
power flow density S(6 was [olr—

P(8)/Pmax,rel.units

1 L sl 1 Y 11l
80 40 0 40 806
measured and a part of power G —prRo 5 g
P(6)/Ppa placed inside a spatial integrals of radiation intensivity on
angle corresponding to a @ angle was the patterns versus upper limit
computed in the investigations. The (2.4,6) of a waveguide open end (a),
latter allowed to compare the powers Smooth (b) and diaphragmed (c)

concentrated in the main and side horns-

lobes.
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The efficiency of side lobes radiation suppression depended on the field
structure. Essential significance had a length b of a smooth waveguide part
between a dielectric SWS and diaphragmed hom. Fig. 3 presents
measurement results at A = A, and b = 4 A,. From comparison of the
curves 2, 4, 6 , essential redistribution of power between the main and side
lobes is seen. The power concentrated in the side lobes of a diaphragmed
horn is ~ 20% less than that of a smooth one. Side lobes supression by a
diaphragmed horn is realized in a wavelength band A4/4, = 3%.

Transformation of a Multiwave Radiation Polarization

To transform MWCG radiation with ©-polarization into a linearly
polarized wave beam, it is suggested to use a device based on a metallic
mirror as well as a system of arched conductors placed at a distance of
approximately a quarter of a radiation wavelength from the mirror [ 4 ], the
angle of the mirror plane inclination to the generator axis being equal to
45°. The conductors are located on a dielectric substrate. A theory of such
transformers which takes into account the influence of the angle 6,
between the directions of radiation incidence and a normal to the mirror,
capacitivity and thickness of a substrate, the distance between the
conductors on the phase relation between the components of the reflected
wave has been developed. The conductors are a system of parabols
x=)*/4b-bcos G where b is the parameter of the system.

Investigations of the transformer were carried out at a setup presented
in Fig. 2. Radiation created by a MWCG model was collected into a
parallel beam by a 40-cm-diameter and 26-cm-focuse distance lens and
was incident to the polarization transformer with 40x60-cm cross-sectional
dimensions at the angle 6, = 45°. Radially polarized radiation powers
immediately behind the lens and linearly-polarized radiation powers after
the transformer were determined by the patterns measured. Figs. 3a and 3b
present distribution of a power flow density for a wave with the main
polarization and a cross-polarized one, respectively.

The power in a cross-polarized wave at an operational wavelength
Ao = 3.27 cm was equal to 10 + 2% from a common power reflected from
the transformer. Power losses in a substrate dielectric (a sheet of 0.7mm-
thick getinax) equaled to 8 + 2%. The efficiency of radially-polarized
radiation transformation into a linearly-polarized wave beam for a given
model equaled to 82 + 2%.Using of dielectrics with small losses should
result in decreasing of both losses and cross-polarization radiation level, i.e.
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to a marked increase of the polarization transformer efficiency.
Measurements have shown that the given transformer model preserves its
features in a 8 + 9.5 GHz-frequency range and when the angle of 6, varies
in the limits of + 2°.

Fig. 4. Distribution of power flow density for a main (a)
and cross-polarized (b) field components.

Conclusion

A complex of theoretical and experimental investigations that have been
carried out demonstrated the possibilities of increasing the efficiency of
high-power microwave sources based on MWCG from radiation generation
to obtain linearly-polarized wave beam.

The research described in this publication was made possible in part by
Grant NY 6300 from International Science Foundation and Russian
Government.
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NUMERICAL EXPERIMENT WITH THE RELATIVISTIC
BWO USING KARAT CODE

S. D. Korovin, L. V. Pegel, and V. P. Tarakanov’

High Current Electronics Institute, Tomsk, Russia
High Temperature Institute, Moscow, Russia

Introduction

The Relativistic Backward Wave Oscillator (RBWO, Fig. 1, [1])
with the operating wave TMy; is a well-accepted powerful
microwave device realized on the base of high current electron
accelerators. The necessity of its time-dependent simulations results
from the existence of non steady-state regimes of generation [2] and
from the fact that usually the RBWO is driven by high current
electron beams with nanosecond pulse duration which is comparable
with the oscillation establishment time.

[_— |
—\ Slow Wave Structure
Cathode : H

€% Ve VeV i

iabsorber
isimulated :

.............

Fig. 1. Schematic of Relativistic BWO

In the earliest 1D time-dependent BWO model [3],
hydrodynamic approach was used to describe the electron beam. This
did not allow to account kinetic phenomena like particle reflection
which actually occur in high-efficiency microwave devices. Also, all
temporal dependencies were considered averaged over the beam
transit time. The kinetic Particle-In-Cell method used in the fully
electromagnetic 2.5&3D code KARAT [4] is free of this lack.
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Formulation of the Problem

The 2.5D axisymmetric version of the code was used. Both the
BWO with coaxial feeding diode and the BWO with the electron
beam injected in the cut-off neck have been simulated. The voltage
to the diode was led in the form of a TEM-pulse through the coaxial
line like in actual experiments. A coil has been considered producing
magnetic field of up to 40 kOe.

To match the generated radiation, an absorber has been simulated
at the right edge of the device with a uniform or linearly increasing
conductivity so that the power reflections did not exceed 1%. To
avoid the high-frequency Alias-Cherenkov instability, digital
filtration of both the charge and current densities and the
electromagnetic fields has been used. In the contrary to time-biased
field solvers, this does not cause any depression of physical
oscillations. The filtration also prevented the system from the
«explosive» instability of boundary conditions at the left opemng of
diode coaxial.

The main parameters corresponded to the X-band BWO [5]
realized on the base of high current nanosecond electron accelerator
«SINUS-6», with the total length of 13.32 cm, having eight main
ripples (half-depth of corrugation 2.25 mm) and one matching ripple
(half-depth 1 mm). The coupling impedance for the (-1)st spatial
harmonics increases from 1.6 Ohm at the cathode edge of the slow
wave structure to 2.1 Ohm at the output edge (at operation
frequency) due to magnetic field profile. In the simulations, the
electron energy was about 450 keV with the beam current varied
from zero up to ~7 kA.

Effects of Space Charge in the BWO

The simulation showed that the BWO output power has a
maximum as a function of beam current (Fig. 2). As the analysis
indicated [7], this is caused by the changes in the amplitude and
phasing of high-frequency current due to space charge of high
current electron beam. This, in particular, confirms earlier
conclusions made by N. Kovalev. A lower start current value was
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obtained in the simulation than predicted by the formula for the
classic BWO obtained with the account of (-1)st spatial harmonics of
backward wave only. This is explained by the effect of
nonsynchronous but strong field of fundamental harmonics of the
forward wave [6]. Note that in the simulation the electromagnetic
field was described as it is with no separation in spatial harmonics.

A distinctive feature of high-efficiency RBWO is the backward
electron current reaching 0.1 from the injected beam current. It
appears jump-wise at some beam current level and decays gradually
along with the generation power (Fig. 2). The backward electrons
have high energies (reaching the injection energy) and transverse
velocities. The backward current curve is not symmetric around its
maximum, in the contrary to the generation power. That indicates
that its appearance is not directly determined by the high amplitude
of operating wave. The analysis showed that the reason of backward
current is the short-wavelength destruction of compact electron
bunches due to strong space charge fields. As a result of intense
thermalization, the electrons get significant energy changes, both
positive and negative. A part of slow electrons then gain negative
velocities under the action of backward and forward (reflected)

electromagnetic waves.

Iback » KA
F, GHz P, GW
10.5 i 0.5
| self-modulation
-, 404
10 | j
403
95+
40.2
9 -
10.1
|
N AAA
8'50_*604< 2 3 4 5 6 7 80
Start Current 1 ., KA
~0.45 kA "

Fig. 2. Generation power and frequency and the backward electron
current vs injected beam current
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The simulation showed that the backward current in the BWO
depends on the guiding magnetic field. It appears on the right-hand
slope of the cyclotron downfall (see Fig. 3 and also Fig. 4 for
generation power) and than decreases while the microwave power
remains almost constant. This indicates the significant role of
transverse motion in the formation of backward flow.

Passing through the cut-off neck, the backward electrons input
additional charge into the diode and this increases the diode
impedance in relation to the main electron beam. The Figure 3
illustrates the behavior of impedance of separated diode and the
diode loaded with the BWO. In low magnetic fields these curves are
coincident but to the right from the cyclotron downfall where the
backward current appears the impedance of BWO-loaded diode is
10% higher. The fact of observation of this effect in an experiment
must be a simplest sign of backward current presence.

R, Ohm Iback, KA

135

125

115

106

0
950 5 10 15 20 25 30 35 40
H, kOe

Fig. 3. Backward current, generation power and the impedance of separate
(+) and BWO-loaded (x) coaxial diode vs magnetic field

Effects of Magnetic Field in the BWO

The numerical experiment confirmed the effect of cyclotron
suppression of generation known in the BWO experiments and
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explained by N. F. Kovalev in terms of cyclotron resonant absorption
of the backward wave on its fundamental harmonics. The
corresponding resonant magnetic field is

Hy="—ky(1+B./Bp) M

where By = Vey/C, ¥ is the electron mass-factor, k= w/c, B, and @
are the wave phase velocity and cycle frequency.

In the simulation, the beam energy and the current were 450 keV
and 3.5 kA in the injection regime and, in the case with the diode, the
incident TEM-pulse was constant but the diode impedance varied
slowly with the magnetic field causing slow changes in beam energy
and current.

In both cases, an expressed minimum of microwave power
appeares at the magnetic field corresponding to (1). In the high
fields, the power saturates and the generation is steady-state in the
contrary to the slopes of the cyclotron downfall and the low fields.

12 F, GHz P,MW500

11 400

10 300
9 200
8 100
70 5 1 : 15 20 25 30 35 400

H, kOe
Fig. 4. Dependencies of RBWO forward and backward (dashed line)
emission power and frequency on the magnetic field

The low power level in the low magnetic fields is the
consequence of intense pumping of transverse velocities of beam
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electrons due to operating wave, and their dumping to the wall. This
effect is considered to be a principal limitation of generation
efficiency in the low magnetic field. A specific self-modulation was
observed here also caused by beam dumping in the cut-off neck.

On the bottom of cyclotron downfall, a high frequency TMy,
generation appears in the case when the BWO with the diode is
simulated. Note that the main portion of power is therewith emitted
in backward direction (~200 MW vs 50 MW in forward direction,
see dashed line in the Fig. 4). The anode neck does not cut the high
frequency backward wave and also it is not cyclotron-absorbed in
this range of magnetic field. Entering the diode, the wave produces a
modulation of the diode voltage as deep as 10% which results in
beam pre-bunching and therefore assists the generation excitation.
The establishment of this oscillation is twice as long as in the regular
regime. The high frequency generation (the device of which is not
discussed here) has not been observed when the diode was separated
from the slow wave structure by means of a foil transparent for the
electrons but reflecting electromagnetic waves.

Note however that the non-axisymmetric waves have not been
considered in these simulations which probably can be in a
concurrence with this high-frequency oscillation. We hope that the
results of 3D BWO simulation will be obtained in the nearest future
with the use of 3D version of KARAT code.

In the conclusion, note that the simulation results are in a good
agreement with the actual BWO experiments. The numerical
experiments are now intensively used at HCEI to design powerful
Cherenkov microwave oscillators.
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EFFECTS OF NONLINEAR BLEACHING IN
MICROWAVE RELATIVISTIC DEVICES

E.B.Abubakirov, A.V. Savelyey

Institute of Applied Physics, Russian Academy of Sciencies,
Nizhny Novgorod, Russia

There are special regimes in electron microwave devices with distributed
interaction which, when using the eigenwave description, refer to coher-
ent summing of the eigenwaves. One of the simplest examples of such
regimes is the suppression of the input signal in the TWT (Kompfner
deep condition). The absence of an output signal in this case occurs due
to coherent summing of the three eigenwaves (see, e.a. [1]). The similar
situation takes place in the BWO. Boundary condition £ =0 at the col-
lector end of this type generator can be satisfied also when coherent
summing of few eigenwaves happens. Suppression of the output signal in
the Bragg reflector filled with a relativistic electron beam [2], which may
be regarded as a modification of the Kompfner suppression, belongs to
the same class of phenomena.

All these states take place at low amplitudes of interacting waves. At
the same time, their evolution as the input signal grows is the subject of
special interest. The peculiarity of the phenomena of this type is that first
of all nonlinear effects influence phase constants of the eigenwaves [3].
That means that at the output (or input) of a microwave device the con-
dition of mutual compensation or coherent summing of eigenwaves will
be disturbed. In the case of suppression of the output high-frequency
signal (in TWT) the growth of input signal amplitude leads to bleaching
of the microwave element. For Bragg reflector with electron beam or
regenerative BWO-amplifier (BWO near the self-excitation threshold)
the opposite process will take place: the transmission coefficient of these
devices will fall down as the input signal grows.

To analyze these effects on the base of the Cherenkov-type relativis-
tic microwave devices we can use the following nonlinear equations,
which describe the interaction between the electron beam and the syn-
chronous electromagnetic wave [4]:

aw a8 1

“v_ . -i8 8 “wy _ -
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Here w=y/v,, vo= (l - (vo /c)z)—]/2 , Vo is initial velocity of electrons;
E=k/2y3, 8=2y5(n/k-1) is  synchronism  mismatch;
6= 4yOT(eI /mc? )/ n(yg - 1)—3/2 is space charge parameter, T is depression
coefficient; F = (27 oe/mcm)Ez , =2y 3Zle/ me?n is coupling parame-

ter and Z is coupling resistance.

Kompfner deep condition

First of all let us take a look at the well-known situation of signal
suppression of in TWT (Kompfner deep condition). At some values of
synchronism mismatch in a TWT there is no output signal (Fig. 1).

1Al
1)

08
06
04r

027

0

Fig. 1 Appearance of signal at the output of TWT

The increase of amplitude leads to appearance of signal at the output - to
bleaching of TWT. We can explain it by “misphasing” of eigenwaves
what happens due to nonlinear corrections to the phases of these waves,
so compensatory conditions are no longer valid and the sum of eigen-
waves which represents the field in the tube is not zero at the output.

Bragg reflector with relativistic electron beam

Considered on the examples of such classical devices as TWT and
BWO, the state analogous to the above mentioned can be discovered in
the case of the Bragg reflector with a relativistic electron beam. The
Bragg-type reflectors designed on the basis of slightly corrugated
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waveguides are well known for their ability to provide single-mode re-
gimes in oversized systems. Transportation of powerful electron beam
directly through the volume occupied by electromagnetic fields in the
reflector influences reflector characteristics and can lead to suppression
of the reflected wave. Evolution of this compensatory state with the
growth of input amplitude is considered similar to the above cases.

For calculations the following nonlinear equations, which are com-
bined with relativistic TWT equations (1) and coupled waves equations,

2n
%:i&ﬁ - (I)e"’ecﬂo, fgzl=—i8‘f2'“"“7'f1-a 3)

are used. Here d = 2}'3(5 -h -h, ) / k is signal mismatch with respect

to the central frequency of reflector, # =2n/I, [is period of reflector
wall corrugation; §=2y;(hy/k -1) is synchronism mismatch between
wave 2 and the beam; A, is longitudinal wave number; & is coupling

parameter for waves in the reflector (it is proportional to the corrugation
depth in reflector); f; » refer to incident and reflected waves accordingly.
The compensatory state in this case arises when the reflected wave is
suppressed completely (Fig. 2, point d=0).
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00

Fig. 2. Deformation of frequency curve in the presence of relativistic elec-
tron beam: 1 - “cold” reflector, 2 - reflector with a beam;

G =|AW/AW) d=(h~m-m)L.

Such a state is characterized by similar non-linear evolution (Fig. 3).
The reflected wave primarily (at low amplitude) suppressed by the elec-
tron beam starts to appear with the increase of the amplitude. Similar to
previous cases, it is caused by disturbing of the compensatory conditions
which are responsible for the zero of amplitude of the reflected wave at
the output of the device.
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Fig. 3 Dependencies of reflection (curve 1) and transmission (curve 2) coef-
ficients versus input power

TWA with a combined input signal

In the case of combined excitation of TWT both by an electromag-
netic signal and a modulated electron beam the initial amplitude of the
growing wave in TWA depends on correlation between amplitudes and
phases of the input signal, high-frequency current and its derivative. So
the situation when the initial amplitude of the growing wave drops to
zero is possible. And as the amplification is mainly defined by this ei-
genwave we can speak here about amplification blocking in TWA. Note
that such a compensatory state refer to one of the eigenwaves while pre-
viously considered states relate directly to the high-frequency field.

To explore evolution of this state when nonlinear effects appear we
will base our analysis on a sectioned amplifier where a TWT-section is
excited by the electron beam modulated in previous sections (Fig. 4).

G

A JJ
Pre-amplifier , N '
[;j,> section :\I}L Drift space [ » TWT section |

— JRp—

Fig. 4. Scheme of a sectioned amplifier

Let us estimate efficiency of excitation of the TWT-section with an
initial amplitude of eigenwave with exponential growth. This value in the
case of the combined input signal is calculated as:

A4 = (x _;l)(_xq_x ) {Ao -C'(x2 +x3)(ix,CJ+J')}, (4)
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where C=(2na)'” is amplification parameter (analogue of Pierce parame-
ter in the theory of traditional TWT), g=2no/C? characterizes space

charge, J and J are high-frequency current and its derivative at the input
of TWT section, x; is solution of the TWT dispersion equation:

(x+d)(x* —g)-1=0, (5)
d =(8-1)/C . Further the excitation coefficient is taken as the squared
ratio of initial amplitude of the growing wave to the amplitude of the
input signal in amplifier G =|4,/ A,,,|2 This coefficient characterises the

efficiency of excitation of the TWT and is a penodlc function of the drift
space length (Fig. 5).

G

Fig. 5 Dependencies of excitation coefficient G=|AI /A0|2 versus drift space
length at different values of mismatch parameter in TWT

The periodicity of the curves is explained by the fact of beating of two
eigenwaves with different phase velocity. These eigenwaves correspond
to the fast and slow space charge waves in the beam which form the sta-
tionary wave in the drift space. When changing the length of the drift
space, the input of the TWT periodically goes through a node or antinode
that corresponds to the minimum or maximum efficiency of excitation.
Considering the state with the minimum efficiency of excitation as
the compensatory state formed by coherent summing of two eigenwaves,
we can explore the evolution of this state with the growth of amplitude of
the input signal (Fig. 6). The increase of amplitude leads to expansion of
the curve, which is caused by nonlinear corrections to propagation con-
stants of the eigenwaves. When the drift space region is sufficiently long,
hese corrections may lead to significant contribution to phase of the sta-
tionary wave, so its node may be replaced with antinode. If primarily (at
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low amplitude) the system was configured to minimum of excitation
coefficient than, with the growth of amplitude, excitation coefficient can
rise up to the maximum.

2 2
Fig. 6. Evolution of G = IiCx, J(§)+ J ’(§)| / F, with the growth of input
amplitude

Considered examples are just a small part of the cases in which some
compensatory states can be realised. In fact, practically any distributed
system may have such a state. So, the appearance of nonlinear effects
(with the growth of input amplitude as in the considered cases) leads to
distortion of compensatory conditions which destroys the state. By this
such states can be called “nonrough” states which means that small non-
linearity causes disturbing of the compensatory conditions.

The analyzed effects considered on the examples of real devices may
have practical importance. The compensatory basis of above mentioned
states which determines their high sensitivity to amplitude variation
makes it possible to create special amplification characvteristics (e.a.,
threshold amplification), to provide small rise-up times in oscillators, to
increase efficiency of microwave devices, etc.
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GENERATION OF POWERFUL MICROWAVES BY
EXCITATION OF A PLASMA RESONATOR

V.I.Chelpanov, A.L.Babkin, S.M. Galkin,
V.G.Kornilov, V.D.Selemir, V.S.Zhdanoy

( RFNC-VNIIEF, Sarov, Russia)
Introduction

The variety of practical application determines constant attention to
theoretical -and experimental researches of interaction of relativistic
electron beams (REB) with plasma. For us use of plasma-beam
interaction for transformation of REB energy in energy of
electromagnetic radiation is of interest. There are all basis to believe,
that on a line of parameters (width of amplification and generation
band, opportunity of frequency tuning, progress in area of shorter wave
lengths, compactness) the plasma sources of microwave radiation are
represented more perspectiv, than vacuum analogues L2 The most
widespread real system, used as slow-wave structure, represents a piece
of smooth metal waveguide, partially or completely filled by plasma.
Just for such system a generation problem is theoretically solved and
such important parameters as generation starting conditions, frequency
of generation and its growth rate, interaction efficiency, condition of the
optimum coupling of plasma system with an output tract * are found.
These theoretical representation qualitatively and quantitatively have
proved to be true by experimental work 4. Just this on this concept of
the plasma generator we are guided in our work as on basic. At the
same time the certain interest represents filling by plasma of conven-
tional slow-wave structures (dielectric and corrugated ones).

Engineering of experiment

One of the basic technical problems of experimental realization of a
plasma microwave electronics is creation of plasma-filled
electrodynamic structures. As a rule, it is metal cylindrical waveguide
with length up to several tens of centimeters, partially or completely

filled by plasma of density of 10"...10" cm™. We have chosen, as it
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seems, more simple and reliable way of plasma creation - direct high-
current discharge in low pressure gas.

The discharge was formed in a waveguide, which can be smooth,
corrugated, with presence of tubular dielectric. The discharge cathode
was located at the electrodynamic structure output strictly on its axis.
Al5 pm copton film served for the anode, dividing high-vacuum diode
area from the discharge one. In number of cases the anode was served
by a metal round plate with a diameter smaller than the waveguide one,
located coaxial with the discharge cathode and carried with it on
distance, which determines the length of a plasma column. The disharge
was formed in a strong magnetic field about 10* G. Working pressure
needed for discharge changed from 3 -10™ up to 3 -107 Torr. Length of
the discharge gap was electrodynamic structure electrodynamic structure
electrodynamic structure usually 40cm, cathode v/l)ltage was 15...20kV.
Under such conditions the discharge stablly occured up to pressure 2-107
Torr. The discharge had the cylindrical form with the cross size,
conterminous to the cathode one, that is ﬁxed’/by photographing of dis-
charge luminescence(Fig.1). In the given experiments the waveguide
diameter was 5.2cm, diameter of the cathode - 4cm. The discharge lu-

minescence photo shows, that its diameter about coincides with cathode
b the size.

Fig.1 Fig.2
Microwave probing by frequency 10 GHz, for which critical plasma
density makes 10'? cm®, has shown, that plasma density lays just in
this region. The conclusion was made on microwave signal passing
through plasma. Oscilloscope trace of a passed signal is shown in
Fig.2. A discharge current in these experiments made 300 A, resistance
limiting a current 50 Om, pressure in the chamber 107 Torr.
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The basic way of plasma density change was determined by
dependence of plasma concentration on the discharge current, which is
in turn proportional to limiting resistance in the discharge circuit. It
was confirmed by probe measurements. They were carried out with
double Lengmure probe, working in the ion saturation regime. The probe
could move in a radial direction in a plane, laying on distance of 2cm
from an axis of microwave probing beam (Fig.4). A strong magnetic
field does not allow to speak about absolute meanings of plasma
concentration. However uniting the probe indication with data of
microwave probing, we can speak that changing resistance limiting a
current from 50 up to 10m, we receive plasma with density from 102
up to 10" cm?, Dependence of probe value on discharge current are
shown on Fig.3. Pressure in the chamber was 1- 10 Torr.
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Fig.3
In this series of experiments the cathode of the round form was made
from graphite and had a diameter 4cm. Use of stainless steel cathodes
of the ring form resulted in worse radial uniformity of plasma, not
changing as a whole above-stated dependence. Thus, researches have
shown, that the reccived plasma has good uniformity, reproducibility
and on the basic parameters is close to that, which is required for
realization of generation experiments.
The experimental stand, a schematic view of which is submitted on
Fig.4, was developed allowing to carry out plasma-beam interaction
researches not only in smooth plasma-filled waveguide, but also in di-
electric and cjrrugated ones, i.e. to look all variants of conventional
slow-wave structures in which presence of plasma can result in
advantageous effects on emitted power and (or) frequency.
In the experimental stand an opportunity of realization amplifying
systems was laid. For coupling of an external signal special section was
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constructed with four , tumed from each other on 90° waveguide vac-
uum inputs with a band 8...12 GHz. If necessary they can be replaced
by the waveguide with a higher pass band. The input of more low-
frequency radiation can be organized by a resonance cavity method,
using space between slowing down structure (5,2cm) and external
chamber (J10cm ), on which system of a magnetic field is installed.
Technically simple modification of the output microwave hom allows to
realize on the stand klystron type amplifying system, which concept is
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Fig.4. 1- cathode of the accelerator, 2- anodes of the accelerator, 3-
Rogovsky belts, 4- slow-wave structure, 5- discharge cathode, 6- copton
film, 7- sections for input of extermal radiation, 8- axes of probing
microwave beam

Experimental research

The first experiments on plasma-beam interaction were carried out
on plasma-filled corrugated slow-wave to structure, as in the laboratory
generation of microwave radiation on corrugated vacuum structures have
been already investigated ©.

Similarly to these researches, the experiments were carried out on the
accelerator "I-3000". The electron beam energy - 2.4 MeV, beam
current 10...20 kA. The beam had the tubular form with average radius
1.75 cm and thickness not exceeding 0.2 cm at the entrance of structure.
Slow-wave structure had an average diameter 5.2 cm, corrugation depth
- 0.8 cm, its period - 1.5 cm. The general ideology of realization of
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experiments was those. Dependence of the generated power level in
vacuum regime was investigated on gradual addition in the generator
constructiori the elements necessary for plasma mode regime (copton
film, discharge cathode located at the structure output, pressure needed
for discharge function). All these factors can result in essential decrease
of generation efficiency and even to its failure. Consecutive fulfilment of
these steps has revealed, that the set of the listed factors does not
influence generation power in vacuum regime. However, it is necessary
to note, that the level of capacity was 5...6 times lower, than in paper®,
despite of identity of structure.

After a preliminary stage experiments on plasma-filled structure were
carried out. The diameter of the discharge cathode was 4 cm and beam
passed inside the plasma column. The pressure did not exceed 2 107
Torr. The resistance, limiting discharge current in this series was
chosen to be 50 Om and did not vary. On our estimations, the plasma
density under such circumstances was about 10" cm™.

By carrying out a few series of experiments, consisting of 4 ...6 accel-
erator pulses (on the average, such amount of pulses maintained copton
film), appreciable influence of plasma presence on the generation power
level was found out. It expressed in decrease of the generated power.
Achieving careful coaxialness of the discharge cathode, specifying
plasma column in the waveguide, and REB with structure axis it was
possible to remove the reasons of the destructive phenomena. The level
of generation power thus has increased 2 times in comparison with that
received in vacuum experiments. Oscilloscope traces of generated mi-
crowaves, registrated in a distant zone, correspondent to the plasma and
vacuum regimes of generator operation are shown on Fig. 5,6.

e E |
=h 5
.10 ns,
Fig. 5 Fig. 6
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The generation frequency did not vary and laid in a’band 9.5...10
GHz. The signals of Rogovsky belts testify an absence of current
indemnification in plasma experiments (indirect confirmation of a
correct estimation of plasma density) and provisional equality of a
current in both experimental modes.

Numerical modeling

In the given section we represents the results of computer modeling,

with use of a code KARAT ’. A series of numerical experiments was
carried out with the generating system parameters which can be realized
on the described above stand. Complete system length - 40 cm, plasma
column length -35 cm, its diameter - 3.6 cm, waveguide - 5.2 cm. The
set parameters of the beam were close to those that could receive on the
accelerator "I-3000", electron energy - 1.5 MeV or 2.5 MeV, beam
current -15 kA. On Fig. 7-11 results of the most successful numerical
experiment are submitted. Plasma density was 2:10"> cm?®, electron
energy - 1.5 MeV (y=4), beam current - 15 kA.
The received data specifies the fact that for given plasma column length
and beam current 1.5 MeV beams are preferable in comparison with
beams of higher energy. It is well explained by the dependence of
plasma-beam instability growth rate on REB energy.
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Conclusion

We submit the first results of researches of microwave generation at
the excitation of plasma-filled electrodynamic structures by REB. Per-
formed method of filling of conventional vacuum structures with plasma
of given density and experimental stand enable us to investigate
generating and amplifying systems. Results of numerical modeling of
generating system taking into account real geometry and other
parameters of the beam and plasma are represented. The experiments on

the interaction of REB with plasma-filled corrugated waveguide was
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carried on. It was found out, that on the basic frequency of generation
laying in a band 9.5...10 GHz microwave power level has increased
about twice in comparison with vacuum variant.
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THE PLASMA INSTABILITY IN THE POWERFUL
BEAM — PLASMA MICROWAVE AMPLIFIERS

Yu.Bliokh, M.Lyubarskii, V.Podobinskii

Institute of Plasma FElectronics, National Science Center “KFTI”,
Kharkov, Ukraine

Introduction

In the non-relativistic microwave plasma electronics the most in-
tensive development get generators and amplifiers with hybrid plasma
- filled slow — wave structures [1 - 5,7]. They are vacuum slow — wave
structure (SWS) which is filled partially by plasma. In this case the
regions of electromagnetic energy propagation and beam — wave in-
teraction are separated. That allows to reduce the microwave’s fields
in the plasma under large electromagnetic energy flux in all struc-
ture. The necessity of fields strength reducing in the plasma is con-
nected with discovered experimentally [6,7] low — frequency instabil-
ities, which arise in plasma if microwave fields exceed some threshold
magnitude. In the plasma — beam microwave generators and ampli-
fiers such instabilities determine the natural spectrum line width and
spectrum homogeneity in the stochastic generation regimes [8].

Plasma may be examined as a wave decelerating medium. From
this point of view beam — plasma instability (BPI) is the same as a
charged particles beam instability in the vacuum SWS. However, it is
the set of sufficient distinctions in the physics of processes which take
place under beam — wave interaction in the plasma and in the vacuum
SWS. In this report only such specific electrodynamical properties of
hybrid structures will be considered, which has no analogies in the
vacuum ones. This peculiarities are connected with that the plasma
is the moving medium as opposed to vacuum structures.

The plasma electrodynamical properties — dispersion relations,
wave’s field topography etc. — are defined by plasma characteristics:
density, geometrical form etc.. It is sufficient that these parameters,
strictly speaking, depend on magnitude and space distribution of mi-
crowave’s fields in the plasma. This is the sufficient distinction that
is the subject of this work.
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One of the reasons, that dictates the connection between plasma
parameters and electromagnetic fields excited by beam, is the HF-
pressure. This pressure “press out” plasma from regions with in-
creased microwave fields level. Therefore HF-pressure forces may
change sufficiently the longitudinal plasma density distribution. In its
turn BPI is very sensitive to the plasma homogeneity degree. There-
fore plasma density redistribution affects excited waves amplitude
and, consequently, changes HF-pressure profile. In such a way the
process of BPI requires, strictly speaking, joint description of plasma
motion and excited fields.

The self-consistent dynamic of plasma and microwave fields not
necessarily leads to some steady — state. Under some conditions the
regular or stochastic automodulation regimes may appear. In a great
degree it is explained by that plasma density perturbations propagate
as slow plasma waves. The last preserve during some time informa-
tion about plasma perturbations and carry it over space. In such a
way the connection between plasma parameters and microwave fields
excited by beam has non-local space-time character.

Mathematical model and results of investigations

In this report we shall consider the system in which manifestations
of all other effects are minimized. Let us consider the TWT-amplifier
with plasma-filled SWS. It will be assumed that the beam current is
small and TWT operates in the linear regime. The current smallness
means also that region of a resonance wave’s phase velocities is narrow
and even small variations of dispersion properties leads waves out
from resonance with beam. Therefore the plasma density variations,
that influence on dispersion characteristics, are small enough and it
is possible to describe their dynamics in the linear approximation.

If the system is located in a strong longitudinal magnetic field,
then one-dimensional model of a plasma motion is applicable. The
plasma density perturbations, which are induced by high-frequency
pressure (HFP) of excited microwave fields, may be described by
equation:

Az v282A.z' _ e 9|E|? (1)

ot? * 022 Mmw? 0z
Here Az is displacement of plasma element from its equilibrium posi-
tion, v, is the ion-sound velocity, E is the complex-valued amplitude
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of a wave with frequency w. The plasma density is connected with
Az by expression n = no(l + ) = no(1l — 0Az/dz), where ng is
non-disturbed plasma density.

The Equation (1) describes slow long-scales plasma density vari-
ations. The typical space and time scales are defined by ion-sound
velocity vs. In the practically interest cases this velocity is small
as compared with wave’s phase and group velocities. Besides it is
naturally to regard that the time of a microwave field relaxation un-
der BPI is much short than the time of a plasma density profile
change. Let us simplify the problem assuming that plasma density
variation space scale is large as compared with reciprocal BPI incre-
ment 6k(no)~! = 6k;' (the scale of E variation). In this case it is
possible to find E(z), using WKB-approximation. It means that in-
stability increment §k(n(z2,t)) is defined by local plasma density. It
allows to express the right side of (1) as a function of a density, that
makes this equation isolated:

%u _ Pu _ D [ askoLi[f n(e'r)de'~1]
7~ 7 = o fooo

Here L is plasma longitudinal dimension, § = z/L, 7 = tv,/L, u =
Az/L, K = 6k(n(€',7))/bko, o is the ratio of densities of output
microwave energy w and thermal plasma energy noTe.

Eq. (2) remains rather complex for analytical investigation, which
allows to find connection between system parameters and conditions
of low-frequency instability rising. To this end let us consider the
case when amplification coefficient, or BPI increment, is large:

dkoL > 1. (3)

This condition means that field E reaches its final value on the short
part at the end of a system. HFP force is concentrated, in the main,
at this final part also. Therefore the model may be simplified once
more. It is possible to suppose that all distributed along system
HFP force is applied to the right boundary and in plasma this force.
is absent. In such a way connection between plasma disturbances
uo = u(0,7) and u; = u(1,7) on the boundaries can be found. Let us
adduce, omitting intermediate calculations, the equations obtained
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in this way :

auo(?')+ﬂdu°( ) 4 au(r - 1)+7d—ul—(;-;:1—)' = F(r - 1),
au1(r)+ﬂd’“(’) #au(r =)+ == = Fr). @)

Here F is the whole HFP force that acts on the plasma column:

Fo) ~ cexp {askal [ st (1 =g, rde—1) |,

a, 3 and v are some coefficients that describe plasma boundary con-
ditions. The function 7 is a solution of homogeneous wave equation
and.can be represented in the form of linear combination of ug, uy
and its time derivatives that are calculated in retarded times 7 — £,
T+ €—1 etc..

Instead of simplifications which were made the equations (4) have
preserved the main property of initial problem: non-local connection
between functions that describe it. The fact that force is removed
from volume to its boundaries allows to express the space non-locality
through time one and pass from partial differential equation to only
two integro-differential equations with retarded argument.

The results of analytical and numerical investigations of equations
(4) are presented briefly below. The automodulation of plasma den-
sity and output amplifier signal appear if the output electromagnetic
energy density w exceeds some threshold w, value:

woT. (| 6KL
Ur S koL (” Aky ) (5)

wpdD [Ow
Here A ~ oD

of waves in hybrid system, kg is the resonance wave number. The
expression (5) has qualitative character and factors of order unit are
omitted here.

Functional dependence of w, on parameters was verified numer-
ically using both Eq. (2) and Eq. (4). These verifications are in
good agreement one with another and with analytical expression (5).
Non-linear stage of plasma instability was investigated numerically
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using both these equations also. The results of calculations have
shown that if the microwave power density w weakly exceeds thresh-
old value w,, then regular periodic automodulation of plasma density
and output amplifier signal arise. Strong dependence of BPI incre-
ment on plasma density leads to deep output signal automodulation
under weak plasma density variations. Further power w increasing
leads to stochastic automodulation origin. If the boundary reflection
coefficient of ion-sound waves is small, then plasma density variations
has form of waves, that propagate in the opposite to beam direction
and practically do not change their shape. It means that distributed
along system HFP force acts, on the whole, on the short final length
of plasma column, as it was assumed under transformation Eq. (2)
to Egs. (4). The example of such behavior of a system under consid-
eration is represented on Fig. 1.

‘l ‘m

s

ws

Figure 1: Stochastical space Figure 2: Amplifier AFC, w; <
— time dynamic of the plasma wy < ws. Dotted line — AFC
density for homogeneous plasma.

The properties of the amplifier with hybrid SWS beginto change
themselves if w < w, also. Nonhomogeneity of plasma density in
the stationary state leads to amplification coefficient decreasing and
strong distortion of amplifier amplitude — frequency characteristic
(AFC) (See Fig. 2).

Conclusion

The magnitude of threshold power w, depends on used SWS. Let

us compare the set of amplifiers that are intended for operating in
859



the same frequency band and used electron beams with similar pa-
rameters. For such devices the differences in the w, magnitudes are
connected, in the main, with value of parameter A that determined
the “sensitivity” of hybrid structure electrodynamical properties to
plasma density variation. It is natural that the most “sensitive” struc-
ture is the plasma wave-guide, for which A ~ 1. If as a SWS used
hybrid one, small part of which is filled by plasma (for example, the
set of inductive connected resonators [1 - 3]), then the parameter
A magnitude may be evaluated as A ~ w?/w? . §,/S,, where §;
are the cross-sections of plasma and wave-guide. The sensitivity of
such structure is much less than for plasma wave-guide. It should be
pointed that plasma volume decreasing leads to device efficiency drop.
Therefore, in order to choice the optimal structure parameters it is
necessary to take into account both low-frequency plasma instabil-
ity and deterioration of energetic characteristics of microwave device
when the plasma role in the synchronous wave forming is reduced.

This work is supported by Sciense and Technology Center of
Ukraine (Grant No. 277).
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THE RESULTS OF 7 GHz PULSE MAGNICON
INVESTIGATION!

G.N. Ostreiko, E.V. Kozyrev, I.G. Makarov, O.A. Nezhevenko,
B.Z. Persov, G.V. Serdobintsev, S.V. Shchelkunoff,
V.V. Tarnetsky, V.P. Yakovlev, and I1.A. Zapryagaev

Budker Institute of Nuclear Physics,
Novosibirsk, Russia

Introduction

The magnicon [1,2,3,4] belongs to a new class of microwave amplifiers
— deflection-modulated devices. The first magnicon was built and tested in
the 1980’s in INP [2] During the first tests the magnicon showed efficiency
exceeding that of klystrons achieved in the course of over 50 years of its
development.

' This paper presents the results of testing the advanced version of mag-
nicon, which was described in detail at previous International Workshop
(RF94) [5] and developed in INP as a prototype of the microwave power
source for linear colliders.

A schematic diagram of the device is shown in Fig.1. The magni-
con consists of the following basic units: an electron source, RF system,
magnetic system and a collector. RF system consists of two parts: the de-
flecting system for beam modulation and the output cavity for conversion
of the beam energy into the RF energy. A magnetic system provides a
long-term interaction between beam electrons and RF fields in the cavities
as well as beam focusing.

The tube is an amplifier operating at frequency of 7 GHz in frequency-
doubling mode .

On all the deflection system cavities the circularly-polarized TM; ;o
mode (Fig.1) oscillations are excited. The drive cavity 3 is excited by the
drive generator. The passive (gain) cavities 4 and 5 are excited by a deflected
beam. The penultimate cavity 5 consists of two coupled cavities in which
the beam excites the opposite-phase (r-mode) oscillations, thereby enabling

1 The research described in this publication was made possible in part by grant NQHO000 from
the International Science Foundation.
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Figure 1: Schematic layout of the magnicon: 1 — electron source; 2 — vacuum
valve; 3 — drive cavity; 4 — gain cavities; 5 — penultimate cavity; 6 — output cavity;
7 — waveguide (x2); 8 — solenoid; 9 — collector
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the realization of the deflection angle “summing” mode of operation [1].
This enables one to attain a deflection angle o>50° (which is necessary for
reaching high efficiency) at a cavity surface RF field Ex250 kV/cm. In the
output cavity 6 the modulated beam excites the TM»;o mode (Fig.1) with
a frequency two times larger than the drive frequency. All the cavities are
located inside the solenoid 8, which produces a longitudinal magnetic field.
For an effective beam deflection and interaction in the output cavity it is
necessary for the cyclotron frequency of electron rotation in the solenoid
field to be 1.5-2 times higher than the drive frequency [2,4,7]. The output
cavity is more than 8 cm long that provides E~250 kV/cm.
The design parameters of this magnicon version are listed below:

Operating frequency 7 GHz  Drive frequency 3.5 GHz

Output power S55SMW Gain 53dB
Pulse duration 1.5us  Beam voltage 420kV
Repetition rate 5 pps Beam current 240 A
Efficiency 56 %

The results of the beam behavior simulations in the process of deflection
and deceleration are shown in Fig.2.

The design is based on the detailed preliminary numerical simulations
[8]. The physical model considers a beam of finite transverse size, real
space distribution of DC magnetic field and real RF fields of the cavities.
Those fields were calculated by SAM and SuperLANS?2 codes [9,10]. We
do not take into account space charge effects and finite beam emittance.
The numerical model is based on macro particle methods. We have created
the codes for both steady state and time dependent simulations. A self-
consistent solution during the steady state simulation is obtained by choice
of the cavity RF field amplitudes and phases to achieve an overall power
balance. Steady state simulations were used for magnicon optimizing and
stability analysis. Time dependent code has been applied for transient
process investigations.

Experimental Studies

The problems and requirements to the magnicon elements revealed and
formed during the previous magnicon versions investigation [4,5,6,11,12]

were took into account in present design.
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Figure 2: Simulation of the magnicon for a 3 mm diameter beam
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1. At the present time, the initial tests of the latest magnicon version
(Fig.1) have been carried out. The parameters obtained are listed below:

Frequency 7.006 GHz Drive frequency 3.503 GHz

Power 30 MW Gain 55dB
Pulse width 0.7 us Beam voltage 401 kV
Repetitionrate 3 pps Beam current 210 A
Efficiency 35%

The oscillo érams presented in Fig.3 are: beam voltage (U), signal from
the penultimate cavity (PC4) and output signal (OUT1). The output signal
(peak power) calibration was carried out by the calorimetric measurements
of average RF power.

The magnicon cavities consist of separated copper parts connected with
one another by indium seals. This design allows to replace the RF system
parts operatively but does not allow to bake-out the cavities up to high
temperatures. This leads to long RF condition times for the cavities.

In the described experimental studies during the deflecting cavities
conditioning the self-excitation was observed at different frequencies. After
dismantling of the tube autographs of electric discharges were found almost
in all the cavities. The discharges autographs indicate the self-excitation
of various modes (symmetric and non-symmetric). However, these self-
excitations disappeared during conditioning and were not observed at the
operating range of drive signals.

The main problems were concerned with conditioning of the output cav-
ity, waveguides and loads, that are a single vacuum chamber (there are no
ceramic windows). During conditioning self-excitation in the output cavity
appeared and after a time disappeared at various frequencies (11.8 GHz,
5.92 GHz and 12.04 GHz, one after another). The first two frequencies dis-
appeared during conditioning, however the self-excitation at the frequency
12.04 GHz is still here and limits the pulse width at a power over 20 MW
(at lower power the output signal duration is 1.5 us). Results of simulation
and measurements at atmosphere proved the presence of a resonance at this
frequency. Oscillations present also in the output cavity and penultimate
cavity. The oscillation mode has a field distribution with a quadrupole
nature. The mechanism of this mode exciting is under investigation now.
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2. The main causes of decreasing efficiency withrespect to the designed
value are a thicker beam (than the calculated one) and the non-optimal
loaded Q-factor.

In the course of work on the 7 GHz magnicon we examined 7 cathodes.
Depending on the cathode quality and gun assembling the beam diameter
varies somewhat, however the average dm.,=2.8 mm. However, in the
present magnicon version the magnetic field of solenoid (8, Fig.1) is 0.37 T
rather than 0.45 T, which is the projected value for operating gun [6].

This magnetic field decreasing by 20 % leads to the beam diameter
increasing up to dmax=4 mm. The calculated efficiency value versus beam
diameter dpax is shown in Fig.4. It is clear from Fig.4, that at d;;.,=4 mm
efficiency cannot exceed 42 % and for the projected value of 56 % it is
necessary to have the beam with dmax ~3 mm. Moreover, the coupling
between the output cavity and load was equal to 200 and was have been
chosen optimal for the efficiency of 56 %. In the case of the beam with a
large cross-size the efficiency decreases and it takes a higher loaded Q-factor
value to obtain a maximal output power.

Thus the measured efficiency is 80 % of the calculated value for the
real beam available now.

To improve the situation a new focusing electrode for the gun has been
developed, and for the best matching the beam into the solenoid magnetic
field the distance between the gun and solenoid was extended. This work
is done now and experiments proved the validity of this decision. The
measured maximal beam cross-size at the accompanying magnetic field of
0.37 T is less than 3 mm.

3. Another cause leading to decreasing efficiency is the RF fields
distribution distortion in the output cavity due to presence of coupling aper-
tures with waveguides. The field maps (2D simulation [10]) for orthogonal
TM;;0 modes, superposition of which defines the RF fields distribution in
output cavity, are presented in Fig.5. For compensation of the coupling
apertures with the waveguides 1 effect there are two protrusions 2 in the
present design output cavity, however, their effect is inadequate. One can
see that field distribution of these two modes differs sufficiently. The loaded
Q-factors of these modes also somewhat differ (180 and 220). As a result
the interaction with the beam is found to be irregular along the azimuth that
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leads to the decreasing efficiency.

This problem can be solved by increasing the number of protrusions.
The improved cavity version is being developed now. We also think that
improved cavity design can better the situation with the parasitic modes
self-excitation firstly through decreasing the coupling between the beam
and non-symmetric parasitic modes.

4. The measured dependence between the output power and drive signal
(Fig.6) is in quite good agreement with the simulation results.

It is traditional (beginning with gyrocon) for the oscillations with circu-
lar polarization obtaining that the deflection cavity is driven by two signals
of equal amplitude through two power inputs separated in azimuth by 90°
[1]. These signals must also be shifted in phase by 90°. In magnicon
the beam is magnetized and its gyrotropic properties lead to the circular
deflection “self-stabilization” effect, i.e. if oscillations with an eHiptical po-
larization are excited in the cavity, the ellipticity is reduced in the presence
of the beam [1,2]. The experimental tests have verified that in the present
magnicon version this wholesome effect shows itself so strongly that one
can drive the deflection cavity by one signal (like a klystron) without a loss
in output power and efficiency.

Summary

In the course of 7 GHz frequency-doubling magnicon amplifier investi-
gation a peak power of 30 MW and efficiency of 35 % have been obtained in
a pulse of 0.7 us width. The drive frequency is 3.5 GHz and gain is 55 dB.
This performance establishes the magnicon as an attractive candidate for
linear collider applications.

During investigations many effects interfering with normal device op-
erating were revealed. They are: self-excitation of the penultimate cavity
(TMy10 and TM, ;o modes), harmonics generation, instability in penultimate
and output cavities [5,11,12].

After eliminating these problems the device behavior is in good agree-
ment with theoretical predictions and simulation results. The main causes
of the difference between obtained efficiency and design value of 56 % are
the relatively thick beam (diameter is 4 mm instead of 3 mm) and RF fields
non-symmetry in the output cavity. We are going to eliminate these draw-
backs and obtain parameters approaching the designed ones in the nearest
future. 868
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VIRCATOR WITH A PLASMA ANODE

A.L. Babkin, V1. Chelpanov, A.E. Dubinov,
V.G. Kornilov, V.D.Selemir, A.V.Sudovtsov, V.S. Zhdanov

RFNC - VNIIEF, Sarov, Russia

Since 1994 the experimental investigations, aimed at the rising of
microwave radiation of generators, based on vircator effect, by changing
metal ‘anodes with plasma layer, are carried out in VNIEF. First
experiments with plasma anode diodes [1] is showed the possibility of
high-voltage (up to 350 kV) high-current (up to tens kiloamperes)
electron beam generation in microsecond duration range. However, it is
not clear, if vircator regime of generation is possible with plasma anode,
what are its properties and if numerous plasma instabilities suppress it.
This work is devoted to the solution of this problems.

Computer simulation

Authors carried out the computer simulation of vircator with plasma
anode. The passage of applied progtams on the basis of 2.5-dimensional
“KARAT” PIC-code, created by V.P.Tarakanov and described in [2] was
used.

Model of region geometry: diameter of plane cathode - 70 mm, diode
gap - 30 mm, plasma layer depth - 20 mm, diameter of diode anode and
tube drift - 180 mm. The plasma concentration in simulation was equal to
7-10" em?, ion mass corresponded to carbon ions. It was assumed, that
the voltage of 300 kV with the front in the shape of step was applied to
the diode gap. In this case the diode current was 35 kA.

The evolution of phase portrait of all particle group is shown on fig.1,
and it is clear, that the virtual cathode, vibration of which could be the
source of powerful microwave radiation, is formed behind the plasma
layer. The flight current here has oscillating component.

Also the dynamic of plasma ion component is very interesting: part of
ions is captured by virtual cathode to collective motion. The analysis of
fig.1 allows define the law of motion of the virtual cathode motion, as
whole, as together with it the law of motion of front of captured ion
beam. The diagram, with shows the laws of motions of
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virtual cathode and ion beam front is shown on fig.2. It is clear,
that both motions happen approximately uniformly, however the front of
ion beam outruns the virtual cathode. The similar results was obtained in
[3] on one-dimensional numerical model of electron injection with ultra-
density gas. Besides, the analysis of
evolution of spatial distribution of ions testifies to the effective focusing

ultimate current into moderate

of captured ion beam.
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Hence, the results of

simulation of vircator type = 2
with plasma anode tell e A

vg q- . 8 v
about the possibility of its s o
use as for microwave é :_,//
radiation powerful pulses R R R AT
generation, as for 0

collective acceleration of Fig.2. The diagrams of a movement laws:

positive ions 1 - virtual cathode, 2 - front of ion beam.

Experimental investigation

“KOVCHEG?" facility (see fig.3) consists of capacity storage 1 on the
basis of four Marx generators of total capacity 1.28 uF, coaxial
transferring line 2 with inductance up to 1 pH, diode section 3, plasma
anode unit 4, dnift tube 5, with radiation turn mesh 6 and output window
11. At the accelerating diode plasma layer substituted flat anode, and
electron beam is injected to the drift chamber. The flange, positioned
between accelerator output and drift pipe was used as a body of plasma
anode. Radial channels - external electrodes of coaxial plasma sources ,
were drilled in this flange. Gas is fed with the help of high-speed
electrodynamics valve, and through the channels at the second electrode
goes to injector discharge gap. The formation of disk-shaped plasma
structure is made with the help of two ring-shaped plates of special
profile. Double Langmuir probes were used to measure the plasma density
distribution in plasma jets. Maximum plasma density, which corresponds
to the current of saturation, at subaxial region on the distance of 115 mm
from the nozzle was 6-10' cm®. . Plasma density on the distance of 15
mm from the center on the direction to the small axis is 15 times less,
than at the centre. The jet speed on the axis of coaxial plasma source in
this conditions is equal 1.2:10° cm/s. Central hole of plasma anode unit
with diameter 160 mm limits the transversal dimension of accelerator
anode plasma part. At the described series of experiments there were three
symmetrically positioned injectors. The current on the transmission line
input I,, diode current Id, “vircator” current I, overflight current L on
the input into radiation turn unit were monitoring by Rogovsky belt
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(7,8,9,10) correspondingly. The signal recording was performed in
KAMAK standard with the discrete 25 ns.

Fig.3. The
“KOVCHEG”
scheme.

The delay between triggering of injector battery and Marx generators,
fed the electron diode, influence on the character of device operation.
Experiments with diode gap of 80 mm are discussed below. Nitrogen was
as a plasma-forming gas in injectors. Long (> 2 ps) current impulse is
generated. With small delays (11...13 ps). In this regime the current Iv
appears with small delay relatively to I, and I;, With big delays (220 ps)
on the initial stages, the accelerator works in the regime of plasma-filled
diode with the subsequent disconnection and generation of high-voltage
(up to 500...700 kV) electron beam.

The instability of electron current generation is found out at the
intermediate delays. Current Iv is similarly modulated in the area of x-ray
signal modulation. Nonstationary work of the diode with plasma anode at
high speeds of accelerating voltage rising is found out in the work [4] for
conditions of electron beams generation with energy up to 40 keV and
current up to 2 kA. In our experiments nonstationarity was not connected
with speed of accelerating voltage change. Optimum delay, at which the
largest microwave radiated, was ~ 16 us.

The signals chronograms at generation experiment with diode gap 80
mm are presented on the fig.4. The behaviour of current oscillograms in
the vircator with plasma anode is similar to, investigated by us, regime of
vacuum diode with anode mesh, i.e. physical processes in the diode with
the metal mesh are identical. However the duration of current impulse of
accelerated electrons in the diode with plasma anode is more, then in
usual diode with mesh anode. So, the influence of anode plasma is the
first case is essentially reduced. It is clear from the fig.4, that the
formation of virtual cathode in the drift tube and returning electron
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current leads to the appearance of regions with stabilised impedance on
the current chronograms. The value of current L, is move than 10 times
exceeds the limiting vacuum current. It is possible to explain by the
compensation of electron charge of overflight current by plasma ions,
accelerated in virtual diode. At that the differential signal of electron and
ion current is monitored. The generation of accelerated ion beam from the
anode plasma by the relativistic electron flux, was investigated in [5].

The chronograms of microwave signals, obtained with the different
delays of Marx generator triggering relatively to the triggering of injector
batteries, are presented on the fig.5. It is clear, that at the delays <14 ps
the microwave radiation appears with the delay up to 800 ns relatively to
current signals (the zero time of chronograms is corresponds to the
beginning of current flow in diode). The increasing of the delay leads to
the appearance of microwave generation on the initial current region. At
delay more than 18 us the microwave radiation ends for the time <2 us
from the beginning of current flow. The maximum duration of microwave
radiation was not less than 2.5 ps.

At investigated regimes with the use of other plasma-forming gases
the general character of the device work was similar to described above.
The decreasing of diode gap leads the necessity to decrease the delay of
accelerating voltage triggering.

The work performed according to the project RFFI 96-02-17047a.
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CONVERSION OF “PARAXIAL” WAVEGUIDE MODE TO
GAUSSIAN BEAM

S.V.Kuzikov, M.I.Petelin

Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod,
Russia

1. Introduction

Some microwave generators produce at their output high-order
modes, the cut-off frequency of which is much below the carrier fre-
quency. For example, this may happen in a high-power electron device
having a collector space much broader than an interaction space.

Such a kind of modes is composed of paraxial rays which propa-
gate at a small angle relative to the waveguide (this angle is called the
Brillouin angle). Thus, the distance between two subsequent ray reflec-
tions from the waveguide wall, called the Brillouin length, must be large:

L, =2R- ‘/1 ~ (ﬁ'—)’ -ctg(B), 1)

where B is Brillouin angle, Lp is Brillouin length, R is radius of
waveguide, m is azimuthal index of mode, and p is root of an equation
Jn' (W=0. So, any converter based on conversion by means of a
waveguide wall deformation [1,2,3] must be the longer, the smaller is
Brillouin angle.

Nevertheless, a small parameter (Brillouin angle) for the given
problem may play positive role, if one uses a mirror installed across the
waveguide [4]. This way allows, in principle, to transform the fields us-
ing the length less than one Brillouin length.

2. Quasi-optical wave converters based on conical reflectors

The main idea is based on two-stage conversion. In order to ob-
tain a Gaussian beam for a case of the circular waveguide it is necessary
to convert initial mode into a wave with enough large Brillouin angle,
using a transverse mirror in the form of a conducting axis-symmetrical
cone. Then the reached wave has to be converted into a Gaussian beam
by means of any traditional method.
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Let us introduce one of possible schemes (Fig. 1) which is based

Fig. 1. Principal scheme of the converter based on the conical reflector: 1 -
input circular waveguide, 2 - reflecting cone, 3 - barrel, 4 - conventional
vizor converter

on this idea. The cone (2) changes the angle of initial ray propagation
essentially. The barrel (3) returns a wave flow to the next waveguide (4)
compensating the field divergence caused by flow propagation from the
initial waveguide to the next waveguide. It is assumed that the last
waveguide has at the output a converter based on a vizor with a quasi-
parabolic mirror [2]. In this case the mentioned converter is efficient
because it operates with the wave having acceptable Brillouin angle. At
the output of the converter the field structure is to consist of a beam of
parallel rays which is close to the Gaussian beam. For the presented
scheme the Gaussian content of the beam power may reach up to 80%.

In order to increase the efficiency it is necessary to prepare in-
side the required converter a Gaussian-like amplitude field structure
which will be radiated to the free space. For these goals it is certainly
natural to apply the dimpled converter [3] behind the cone and the barrel.
This converter consists of an alternating set of focusing and defocusing
deformations. It bunches a field along both coordinates (longitudinal and
azimuthal ones) providing at the output a quasi-Gaussian amplitude dis-
tribution. Therefore, the proposing converter should be assembled of
three parts, as it is shown in Figs. 2-3. The first axis-symmetrical part is
the cone with the barrel, the second asymmetrical part is the dimpled
converter, and the last part is a quasi-parabolic mirror which compen-
sates radial divergence of the final Gaussian beam.
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Fig. 2. Principal scheme of the converter based on a conical reflector
and a dimpled converter: 1 - input circular waveguide, 2 - reflecting
cone, 3 - resonant window, 4 - barrel, 5 - dimpled converter, 6 - quasi-
parabolic mirror

Fig. 3. Principle of operation of the quasi-parabolic mirror
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The described principle has a sufficiently common character and,
probably, it may be applied for a wide class of modes with electric and
magnetic fields closed to zero at the top of the cone to avoid scattering
losses.

In this point of view, among the most convenient modes are TE,,
waves. First of all, they satisfy the mentioned requirement. Besides,
these waves are scattered weakly into modes of the TM type providing a
low level of cross-polarization at the output of the converter. So, let us
consider some examples of converters which operate with TE, modes.

3. Converters of the TE(; mode to Gaussian beams

The lowest TE(, mode has one unique property in comparison
with other modes with n>1. In the simplest scheme (Fig.1) a given mode,
which has transverse distribution of the electric field described by Bessel
function J,(jur), after the barrel excites a field structure which has been
bunched already along the longitudinal coordinate. The TEj wave is
well matched with the eigenmode of axisymmetrically corrugated
waveguide (see Fig. 4). The mentioned eigenmode consisting of TEg,
modes of the cylindrical waveguide has a quasi-Gaussian field structure

caustics

Fig.4: Field structure of corrugated waveguide eigenmode which is ex-
cited by TE,, mode behind the cone

at concave sections of the corrugated waveguide. Efficiency of power
excitation for this mode may reach 97%. Therefore, to convert the TEy,
mode it is necessary to bunch a field in the second part of the converter
(dimpled converter) along its azimuth only. The bunching along the
longitudinal coordinate must be kept by means of constant corrugation
for which the given field structure is actually an eigenwave.

The calculations were performed by the method of coupled
modes [5] for two kinds of the output field structures:

a) converter of the TE,, mode to a single Gaussian beam
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In this case the profile of wall deformation in the second part of
the converter has to be chosen in a form containing two terms:

o(r,z)=1-cos(2n-z/d,)+1,-cos(9)-cos(2n-z/d,), (2)
where z is longitudinal coordinate, and ¢ is azimuthal angle. The first
term corresponds to the corrugation that retains the existing longitudinal
field structure, the second term leads to mixing of TE;, modes which
provide bunching on the azimuth.

The result of calculation of the field at the wall of a dimpled
converter is presented in Fig. 5. At the input the field has longitudinal
bunching only, but at the output it has quasi-Gaussian distribution on
both coordinates.

2n

© © © © © © =

Lo
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© 5 N w a2 0 & N ®» © o

0 kz 230

Fig. 5. Distribution of field (H,) on the wall of the TE,, - single Gaussian
beam converter. kd,=58.1, kd,=174.2, kl,=0.77, kl,=0.39
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Fig. 6. Distribution of field (H,) on the wall of the TE,, - double Gaussian
beam converter. kd,=58.1, kl;=0.77, ki;=0.10

b) converter of the TEy; mode to a double Gaussian beam
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For some cases extraction of radiation in the form of two inde-
pendent Gaussian beams is more preferable. In order to provide such a
kind of output it is necessary to use the following deformation in the
second part of the converter:

o(r,z)=1-cos(2n-z/d,)+1-cos(29), 3)

This deformation can provide the field distribution at the output
in the form of two Gaussian beams (Fig. 6) due to partial conversion of
the initial axis-symmetrical wave into modes with m=2 azimuthal indi-
ces.

The described converter being one of the simplest was tested at
frequency 92 GHz. The converter started from the TEy mode in the
waveguide 30 mm diameter. The resulting quasi-Gaussian beams propa-
gated at relative angle ~80°. Measured field distribution of one of the
resulting beams at the distance of 100 mm from the waveguide end is
shown in Fig. 7. Converter efficiency obtained from analysis of mutual
convolution of the measured field distribution and the calculated one is
92% with accuracy 2%.

Fig. 7. Measured field distribution of one of output beams. Contour levels:
0.1,0.2,..,0.9

4. Conversion of high-order TE,, modes

Highest TE, modes have more complicated field structure, so
that in the simplest scheme with the quadratically profiled shape of a
cone and a barrel the exciting wave in the input of the second part is far
from the Gaussian field structure on the both coordinates. Of course, this
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wave can be converted to the Gaussian beam using a dimpled converter
with corresponding complicated deformation. However, a simpler way is
to convert the initial wave into the same eigenmode of a corrugated
waveguide as the previous case using axisymmetrical small perturbation
of surfaces of the cone and the barrel. These perturbations should play
the role of phase correctors. Their profile may be found, for example,
using the synthesis procedure suggested in [6]. If the necessary profile
has been found, the second part of the proposed converter may be pro-
duced using the same way as for the converters of the TE;, mode (see
part 3).

Input data for the synthesis procedure are initial amplitude distri-
bution at the window, the final amplitude distribution at the barrel, and
the operator, which couples fields at the window and the barrel. Since
distance between the open end of the initial waveguide and the window
satisfies condition L<<kR’ (k=w/c), one can take amplitude distribution
of a given TE,, wave as the required initial amplitude distribution at the
window. It is natural to assume that the desirable amplitude distribution
at the barrel is Gaussian in accordance with the field distribution of the
corresponding eigen wave of corrugated waveguide (see Fig. 4). The
operator which allows to calculate the field U(r,z) at one cross-section
from the field U(r,2) at another one can be obtained using expansion of
the given field on cylindrical waves. In particular, for the axisymmetrical
case it leads to the following formulas:

Utr2)= [A®)-HO® (I _ 12 1) - exp(ihz)dh,

] . “
- [U(r,,2) - exp(~jhz)dz,
- HOOWE - p) =
where Hf')’m is Hankel function (upper index 1 corresponds to condition
r>ry, index 2 corresponds to case r<r;).
a) converter of the TE,, mode to the Gaussian beam
Basing on the described method the converter of TEy, mode was
calculated (Fig. 8). Maximum power convolution at the barrel between
the desirable field and the achieved one is about 99%. It is provided by
the shaping of the cone and the barrel in the following forms:
R(2)=1g(©)-z+ A (2)
R,(z) = Ry + A, (2),
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Fig. 8. Scheme of conversion of the TE;;, mode to the bunched
axisymmetrical field structure
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Fig. 9. Synthesized perturbations of the cone (a) and barrel (b) profile to
provide desirable field distribution at the output

correspondingly, where © is angle of the unperturbed cone. The calcu-
lated dependencies of A;(z) and A,(z) are shown in Fig. 9.

5. Summary

The method proposed is acceptable for a wide class of paraxial
modes, and it may be used for high-power electron devices. The method
allows to reduce converter length essentially providing various possible
output Gaussian structures. The tested converter of the TE; mode
showed the possibility to achieve high efficiency using a sufficiently
simple electrodynamic system. The new hybrid technique of converter
design for highest TE,, modes based on the synthesis procedure makes it
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possible to achieve high efficiency, and it may be applied for a wider
class of wave converters.
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ABSTRACT

The detection of small, fast moving targets travelling just above the
sea surface poses particular difficulties for microwave radars. This
paper describes an experimental equipment designed and built by a
consortium of Russian organisations, under contract to the United
Kingdom, to collect data relevant to such a task. The radar experi-
ment is novel in that it provides high range resolution, and ade-
quate energy for detection, by means of a short duration pulse (5ns)
of high peak power (500 MW). Operating at a pulse repetition fre-
quency of 150 Hz, clutter returns are suppressed by subtracting the
returns from adjacent pulses, although a variety of signal process-
ing algorithms are available to be applied to the signal. The equip-
ment has a comprehensive data recording and display system, and
has recently been deployed at a UK coastal test site to gather data
on clutter and targets for further analysis.

British Crown Copyright 1996/MOD. Published with the per-
mission of the controller of Her Britannic Majesty’s Stationary
Office.

1. INTRODUCTION

Conventional pulse-Doppler radars encounter problems if used for the
detection of low cross-section targets approaching at low level. These
problems arise from the conflict between minimising the radar range cell
to reduce the masking clutter, whilst ensuring that the range cell is suffi-
ciently large to contain the target during several coherent bursts of illu-
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mination. The latter are required to overcome aliasing of the Doppler-
processed returns and target fading effects. The generation of short du-
ration pulses in space, of sufficient energy to provide useful detection,
has not been a practical option until the advent of a suitable transmitter in
the form of a microwave relativistic backward-wave oscillator.

As has been reported by Mesyats (1,2) and Osipov (3), in 1985 a ra-
dar experiment, using a 10 GHz generator as the transmitter, was con-
ducted at the Kulyman test range overlooking the Ob river in Western
Siberia. The experiment was the outcome of a joint effort between the
Russian Academy of Sciences and industry. Due to logistical and finan-
cial problems the test programme was severely curtailed, but sufficiently
encouraging experimental results were obtained to demonstrate proof of
concept.

Under a collaborative arrangement between the UK MoD and GEC-
Marconi, the main participants in the original radar programme were
contracted in early 1993 to design and build a second system, incorpo-
rating improvements to the original design, for delivery to the UK as an
experimental test bed.

2. PROGRAMME OVERVIEW

The Programme was contractually started in March 1993. A phased
approach was taken, and the work successfully progressed from the ini-
tial feasibility study (which relied heavily upon the 1985 experiment),
through equipment design, sub-system manufacture, and integration
phases, to the delivery in May 1995 of the two containers (transmitter
cabin and operations container) to a specially prepared test site at Bez-
vodnoye, some 20 km east of Nizhny-Novgorod. Here, system integra-
tion, commissioning, safety checks and a limited trials programme were
carried out. The trials demonstrated the essential characteristics of the
equipment, and showed the resolution and target detection potential of
the radar against static targets, boats and a helicopter. The trials were
witnessed by a UK delegation, and the equipment accepted for transpor-
tation to the UK.

After careful documentation of the equipment for customs clearance,
in the autumn of 1995 the containers were placed on board a chartered
Ilyushin 76 heavy transport aircraft, which flew them, with the chassis
and turntable for the transmitter cabin, to Stansted airport in the UK.
From Stansted the equipment was conveyed by raod to a DERA test site
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near Portsmouth. From January to March 1996 an Anglo-Russian team
then assembled and commissioned the radar, with GEC-Marconi engi-
neers being trained to operate and maintain the equipment. Formal ac-
ceptance of the radar by the UK coincided with a visit by Prof Gennady
Mesyats (Russian Academy of Science) in May 1996, and a programme
of UK measurements and trials is now underway.

3. CONCEPT

The heart of the experimental radar is the transmitter, which employs
a high efficiency backward-wave oscillator operating at 10 GHz, capable
of producing a peak power of 500 MW with a pulse duration of 5 ns. To
avoid Doppler-aliasing, incoherent detection is used, and to suppress
slowly changing clutter returns, over-period subtraction is employed. By
using a wide transmitted bandwidth, the range cell is reduced such that
the principal scattering centres of the target are resolved, considerably
reducing the interference effect causing target fading, as well as reducing
the clutter return. Target detection is a function of the total energy on the
target, i.e. the product of peak power, pulse duration, and number of
pulses. Hence if the pulse duration is reduced, the peak power must be
correspondingly increased to compensate.

In more conventional radars, in order to decouple pulse duration and
range resolution, use is often made of a long transmitted pulse having
intra-pulse coding. By using a matched filter on reception, the range
resolution inherent in the transmitted waveform can be largely recovered
at the expense of processing complexity and the presence of range side-
lobes. The sidelobes of the matched filter process, and the apparent range
of the target, can also be degraded by target motion during the extended
pulse width. The use of a high peak-power transmitter obviates the need
for pulse compression and its attendant limitations. To emulate, by pulse
compression, the energy and resolution of the waveform of the experi-
mental system described in this paper would require a 50 kW transmitter,
a 40 ps pulse, a 250 MHz frequency excursion within the pulse, and a
10,000:1 pulse compression ratio.

4. SYSTEM OVERVIEW

The experimental system has been kept very simple in radar terms, as
it is designed to be a vehicle for research into propagation, clutter and
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target characteristics, and not a prototype for any specific type of radar.
Consequently it has few of the features of a modern radar system, and
the block diagram is very basic. This is shown in Fig 1, and can be par-
titioned as follows:

— Transmitter power supply

— Microwave source
Microwave antennas
Receiver
Data capture, signal processing, and display

These are each discussed in more detail below. A schematic of the
transmitter cabin is shown in Fig 2.

Transmitter power supply

The mains supply to the transmitter comes via a motor generator,
which is needed to provide isolation from adjacent equipment and a low
impedance source.

The power supply must produce a stable train of high voltage, high
current pulses to the cathode of the microwave source. These are pro-
duced by a modulator (a SINUS generator), in which a Tesla transformer
charges a coaxial pulse-forming line to 660kV. The line is discharged by
a triggered gas-gap switch into an oil-filled transmission line. The re-
duced impedance of the connected circuits produces a voltage on the
transmission line of one-half of the charging voltage. The transmission
line has a slowly changing impedance so that at the cathode end it has an
impedance of 120 Ohms, matching the impedance of the diode formed
by the cathode, and delivers a 600kV negative pulse with a duration of
10 ns.

Microwave source

The microwave source is a relativistic backward-wave oscillator de-
signed to operate at 10 GHz, and using Cherenkov radiation to supply the
electromagnetic field. The periodic structure is realised as a circularly
symmetric quasi-sinusoidal corrugation of the stainless steel waveguide
wall, close to which the tubular beam of electrons propagates at near the
velocity of light. The interacting electromagnetic wave is the Eg] mode,
which propagates in the opposite direction to the electron beam. By
placing a cut-off waveguide section between the interaction space and
the cathode, the wave is reflected, and passes again through the corru-
gated waveguide, but without interacting with the electrons. Using a
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relativistic electron beam, the phase velocity of the synchronous elec-
tromagnetic wave needs to be slowed only slightly, and the increased
electron mass means that substantial energies can be transferred to the
electromagnetic wave with small changes in electron velocity, enabling
relatively high efficiencies together with high output powers to be
achieved.

The electron beam generated by the tubular cathode carries some 2.5
GW of pulse power. To sustain the explosive electron emission involved
in these power levels, a graphite cathode is used. Micro-points on the
cathode surface are vaporised by the current, and a plasma is formed
from which the large operating current can be drawn. After about 107
pulses, sufficient material has been removed from the cathode to affect
the cathode-anode gap, the diode impedance, and hence the operating
regime of the generator.

In order to constrain the electrons to a trajectory close to, but not
connecting with the periodic structure, a high axial magnetic field of 3
Tesla is required. This is generated by a low-temperature super-
conducting magnet. The use of too low a magnetic field would have two
deleterious effects. One would be to encourage cyclotron resonance in-
teraction between the electrons and the electromagnetic field, resulting
in power transfer back into the electron stream. The second effect would
be the introduction of inhomogeneities in the emission from the cathode
surface, which results in an axially asymmetric beam current.

Having passed through the interaction region, the electrons are de-
flected onto a water-cooled surface of the anode, where they generate
intense X-rays, which are absorbed by lead shielding.

The output electromagnetic wave then traverses a precisely con-
toured section of waveguide (the mode-converter) where the mode is
changed from E(y1 to Hj1 with a conversion efficiency in excess of 95%.

Microwave Antennas

The oversize waveguide terminates at a vacuum window through
which the Gaussian-shaped excitation illuminates an offset, underfed,
1.2m parabolic reflector, forming a pencil beam with a nominal beam-
width of 3 degrees.

The receiving dish is a similar offset-feed parabolic dish, 0.9m in di-
ameter, with a pyramidal horn feed, shielded from the transmitting dish
to reduce feed-through into the receiver. The isolation is in excess of 50
dB.
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Both transmit and receive feeds are fixed, with vertical polarisation,
but limited azimuthal scan of the radar beams is achieved by turning the
two reflectors in synchronism over +7.50 via a stepper motor, allowing
+150 of scan, which is sufficient for experimental purposes. A video
camera with zoom facility is also coupled to the mechanism, so that op-
erators can observe local activity around boresight.

As has been noted, the radar suppresses clutter by subtracting the
signals from adjacent pulses. However, the transmitter and receiver
chains introduce timing and amplitude jitter which limit the cancellation
which can be achieved. To ameliorate this, a sample of each transmitted
pulse is taken by means of a small probe aperture in the transmitter dish,
and amplitude detected to form a reference pulse.

Receiver

Even with the provision of an isolating screen, the high peak-power
levels result in several kW of power entering the receive horn. To protect
the receiver, a special protection device is used. This has two sections, a
vacuum-beam device followed by a solid-state amplifier. When the input
power exceeds 200mW, the electron-beam coupling between input and
output is disrupted, resulting in progressive attenuation of up to 60 dB.
The solid-state section also provides blanking. Since saturation effects
are avoided, the front-end attenuation is removed within nanoseconds of
the transmitter pulse falling below the threshold level.

The receiver downconverts the main signal with a balanced mixer to
a 2.25 GHz IF where it undergoes amplification and filtering prior to
rectification and video amplification. The nominal bandwidth of the re-
ceiver chain is 300 MHz. Computer-controlled attenuators are provided
within the IF path to enable the overall receiver gain to be controlled
either by the operator, or to provide a time-varying swept gain according
to a pre-defined law.

The video signal is passed from the transmitter cabin to the control
cabin along specially shielded cable, after which it is combined with the
reference video pulse and applied to the data capture unit.

Data capture, signal processing and Display.
The video signal is converted to digits by a commercial 8-bit 500

MHz analogue-to-digital converter which resides in a PC slot. Due to the
limitations of on-board storage and data transfer, data processing is lim-
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ited to a 2.5 km window, which can be either static or set to move in
range to follow a target of interest.

In parallel with being processed and displayed, the data is written to
hard disk, and can be transferred to magnetic tape for off-line archiving.

As well as the 'raw' signal, a variety of processing algorithms can be
applied to improve target detectability. The two most commonly used are
the MTI algorithm, using simple subtraction of returns from adjacent
pulses, and the compensated-MTI algorithm, where the data from the
synchronisation pulses are used to compensate for amplitude fluctuations
and timing jitter.

Two real-time displays are available to the operators: the first is a
conventional “A”-scope display, and the second is a waterfall display
with sequential A-traces being scrolled downwards. These are shown in
Fig 3 and Fig 4 respectively.

A third display, showing a map of the surveillance area with the su-
perimposed radar beamwidth, is also available for use in post-trials
analysis.

5. RADAR PARAMETERS

Power

The power output of the generator, within the pulse, is a strong func-
tion of the tube operating parameters, both electrical and mechanical.
For a given mechanical configuration (cathode condition and spacing
from the anode, the profile of the slow-wave structure etc), the tube op-
erating voltages and currents can be adjusted to provide maximum effi-
ciency, but these parameters also have an effect on the spectrum of the
radiated pulse. In a radiating experiment, such as the one described here,
the operating frequency must be constrained in order to meet local fre-
quency allocation criteria (10 GHz in this instance), and this results in
the tube being operated at slightly less than optimum efficiency.

The power was measured in two ways: by a simple calorimeter
swung in front of the transmitting antenna, intercepting 60% of the
power, and by a calibrated vacuum diode detector placed on the rear of
the transmitting dish, fed through a small aperture. These measurements
indicate a peak output of 400 MW, although somewhat less than this is
available for radar detection, due to the extended nature of the rf spec-
trum, and the band-pass characteristics of the receiving chain.
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Radio-Frequency Spectrum
The pulse rf spectrum was measured during the Russian trials phase

using an HP 8562A spectrum analyser, and the measurement was re-
peated in the UK during the commissioning checks on the equipment.
Whilst in both cases the spectral peak had been set to 10GHz, to match
the receiver band-pass, and the spectral spread was similar, the shape
was different in the two cases, arising from the different tube geometries
(different cathodes, and different slow-wave structure profiles). F1g 5
shows the spectrum measured in the UK.

Pulse Characteristics

a) Shape. The transmitted pulse shape is a function of the tube oper-
ating parameters, and small adjustments were made in commissioning to
provide the optimum for radar operation. The received pulse is a good
replica of the transmitted pulse, and the shape can been seen in the fig-
ures in the echoes from point targets. The rise time is approximately half
that of the decay time, and the 3 dB width from the tube in the trials con-
figuration is 7.3 ns.

b) Amplitude Stability. Variations in the pulse amplitude from pulse
to pulse are to be expected in a tube of this nature due to variations in the
emitting surface of the field-emission cathode. Amplitude variations
have been kept to less than 2% through careful design, and the measured
rms power stability is also better than 2%.

c¢) Timing Stability. The energy from the pulse-forming line is trans-
ferred to the cathode via a high pressure (20 atmospheres) nitrogen gas-
switch, fired by a triggatron. The gas is circulated to remove the ionisa-
tion products, and restore ambient conditions for the next pulse. Above a
prf of 150 Hz (6.7 ms intervals), the ionisation is not completely re-
moved between pulses, and the timing stability approaches 7 %. At the
50 Hz prf used for the majority of trials, the stability is better than 4 %.

6. OPERATING THE RADAR

Setting Up
The major factor in setting up the radar after transportation or stor-

age, is establishing the vacuum system and cooling the cryomagnet from
ambient. The latter exercise can take 48 hrs, as it involves liquid nitro-
gen and helium, and requires specialist handling procedures. Once the
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cryomagnet is established, the radar can be brought to operation within
20 minutes, which is the time to establish the waveguide vacuum.

Safety Aspects

Before the equipment could be operated as a radar, extensive envi-
romental checks were carried out, particularly with respect to X-rays and
the rf field strength. The X-ray emissions were measured at full power
and at the highest prf (150 Hz) using TLD (integrating) dosimeters, and a
Eberline R 010 ion chamber dosimeter. The emissions were found to be
well contained by the lead shielding of the tube, but a 20m exclusion
zone was placed around the transmitter cabin to provide a safety margin
and allow for any “hot-spots”.

The average rf field was measured using a NARDA isotropic probe
and electromagnetic radiation monitor, and the ground level safety zone
for biological hazard was found to be contained within the X-ray exclu-
sion zone.

Transmitter Control
The run-up of the transmitter is under computer control, with safety
locks on all critical functions. All parameters are monitored and dis-
played in the operations cabin. The prf is set at this stage.
The start-up sequence is simply:
— Prepare vacuum
— Switch on Motor Generator
— Secure doors and interlocks
— Switch on transmitter power supply
— Activate transmitter from control computer

Radar Operation
The operator can select a number of screen options, among which the

following are the most useful during trials activity:

a) A-scope Display. This display showing either the linear signal as a
function of range, or a logarithmic version of it, see Fig 3. The operator
can control the range at which the 2.5 km processing window is set; the
automatic range-rate for keeping moving targets with the processing
window (the rate can be adjusted at any time); and the range and ampli-
tude display scales. Different MTI processing algorithms can be selected
at any time.
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b) Waterfall Display. This has similar operator options to the A-
scope display, but shows a time sequence of A-scope traces superim-
posed. See Fig 4.

¢) The Antenna Pointing Display. This display enables the operator
to set the pointing direction of the radar beam, relative to boresight, in
the azimuth plane. Elevation cannot be remotely controlled by the op-
erator. This display is used in conjunction with the video camera moni-
tor, which is slaved to the antennas, and gives an indication of the field-
of view of the radar.

d) Analysis Displays. The A-scope and waterfall displays are avail-
able to the operator for post trials analysis of recorded data. In addition,
a geographical display is available which shows the radar track of a tar-
get superimposed upon the downloaded GPS data, if available. In the
majority of trials, a global positioning system (GPS) receiver was used
on the target vehicle to record the absolute position of the platform at 1
sec intervals during the trial. The GPS log can then be down-loaded into
the display computer together with the trials data file, and the actual
flight profile plotted. The data for specific points in the flight can be
called up and displayed. The map display with GPS data is shown in Fig
6.

7. INITIAL TRIALS ACTIVITY

The experimental trials that have been undertaken in the UK can be
separated into five groups:
Detection and resolution of static targets
Detection of fixed wing aircraft
Detection of helicopters
Detection of boats
Gathering of clutter data: land, sea and precipitation.

Static Targets
In the static tests, two 10 m2 Luneberg lenses on posts were de-

ployed on a sandbank some 2 km from the radar. The A-scope display is
shown in Fig 3. The horizontal scale is 5 m/div, and the two lenses can
be seen on the extreme left. The small target some 8m behind the lenses
is a dog being exercised on the beach, with a person about 8 m to the rear
of the dog. The responses on the left half of the display are from vegeta-
tion to the rear of the beach.
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Fixed Wing Aircraft .

Two types of aircraft were deployed in the initial trials phase, a sin-
gle engined light aircraft, a Piper PA 28, and a twin propeller short-haul
transport aircraft, a Pilatus Britten-Norman Defender. Two-way com-
munication was maintained with both aircraft, and GPS data-logging was
used to assist with the trials analysis. Due to airspace restrictions, nei-
ther aircraft was able to fly to the maximum range of the radar, but initial
calculations show the detection range of the radar is in keeping with the
measured parameters.

Helicopter Trials
Helicopter trials included a flight by a Bell JetRanger The A-scope

display of Fig 7 shows a single-pulse range profile with the helicopter
approaching the radar. The strong returns from the cockpit and rotor can
be seen together with the rear rotor, the total extent of the return of 9m
being consistent with the physical dimension of 9.5m.

Some 20 km from the radar there is a large fixed tower, and in Fig 4
a waterfall display of the helicopter returning past the tower can be seen,
the tower being the vertical trace on the right. The acceleration of the
helicopter can be clearly seen. What is not so clear, is that the range pro-
file of the helicopter changes markedly from pulse to pulse. At the low
prf used in the data-collection, the main-rotor and tail-rotor blades will
be randomly oriented pulse-to-pulse, and large ﬂuctuatlons in radar cross
section are to be expected.

Ship Detection
The cross-channel ferries have proved to be very convenient targets

of opportunity, and have been observed out to ranges in excess of 50 km.
A range profile of the Portsmouth-Le Havre ferry is shown in Fig 8,
measuring some 140 m in extent. The masking of the longer range super-
structure due to the end-on view can be clearly seen.

A dedicated trial was also held, using a high-speed inflatable power-
boat. Two Luneburg lenses were attached across the boat, with a separa-
tion of 2 m, and these could be clearly resolved when the boat was side
on.

Clutter and Precipitation
The radar site is sheltered, and sea-states greater than sea-state 3

were not observed during the initial trials phas¢. The radar antennas are
situated about 8 m above mean sea level, and clutter was rarely observed
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beyond ranges of 10 km. Data were collected during a number of rain
storms, but have not yet been analysed. The recorded data will provide
the basis for future MTI algorithm development.

7. FUTURE UPGRADES AND DEVELOPMENT POTENTIAL

It is apparent from the above discussion that the experimental system
described provides a unique opportunity for radar and propagation ex-
perimentation, but that further development work in a number of areas
would be beneficial. A number of Research and Development options
are being considered at the present time, most of them aimed at micro-
wave generator. The following sections briefly outline the development
areas where changes would bring the greatest benefits from a radar per-
spective.

Microwave Generator

The current design of the gas switch limits the maximum pulse repe-
tition frequency of the generator to about 150 Hz. Improvements to the
cooling and to the gas flow would allow higher prf to be sustained. High
prf is not essential with the staring configuration of the current experi-
ment, but would be needed in surveillance or tracking environments.

The cathode life needs to be extended beyond the current figure of
108 pulses. This may be possible through the use of improved materials
for the cathode, replacing the current graphite material. Stainless steel
and ceramic materials have been tried in the past, but composites may be
the more promising way ahead.

From a logistics point of view, perhaps the cryomagnet is the area of
greatest inconvenience, but direct replacement by a more conventional
electro-magnet would only be possible if the magnetic field requirements
of the tube could be reduced at the same time. This would need a redes-
ign of the tube geometry, to avoid the problems mentioned in Section 4.

Antennas/Scanning
The current experimental system has the very simple antenna con-

figuration of a fixed, overmoded, feed, and moveable antenna dish. A
more flexible radar configuration requires a high-power rotating joint, or
some other method of scanning the beam, such as a passive array of
phase-shifters. A number of options are currently being considered.
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Receiver/Signal Processing
The PC-based system used on the system is adequate for experimen-

tal purposes, but limited to a processing window of only 2.5 km, due to
the very large number of range cells to be processed. The current prob-
lem is one of data transfer during the radar-off periods, rather than the
data acquisition rate. There is little doubt that an economic solution to
these problems will be available in the near future.

8. CONCLUSIONS

This three-year programme has culminated in the successful delivery
and commissioning of a unique Russian radar on the UK trials site. Ini-
tial UK trials have started to gather data which will enable the effective-
ness of this type of radar in detecting small targets to be quantitatively
evaluated, and further research objectives to be identified.
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MICROWAVE PULSE COMPRESSORS

M.1. Petelin

Institute of Applied Physics of Russian Academy of Sciences,
Nizhny Novgorod, Russia

It is known that the cost of pulses produced by microwave generators
and amplifiers depends not only on the pulse energy: if the latter is fixed,
the cost grows rapidly with the pulse power. So it seems attractive to
produce a long pulse of relatively low power and then compress it (if, of
course, the compression method will be not too expensive).

This obvious idea was realized at first in the radar: a patent for use the
pulse compression to enhance the space resolution without reduction of the
target detection range was given in Germany in 1940 to E.Hattmann who
proposed to emit a chirped (frequency modulated) pulse and after reflection
from the target compress it in the receiver at the intermediate frequency.

Today there is a need to compress pulses immediately at the radio
frequency: ultra-high-power microwave pulses are used to study nonlinear
phenomenae in the plasma, are planned for use in a new generation of the
particle accelerators and would be applicable to high range resolution
(clutter rejection) radars as well, if the compression were not accompanied
with side lobes (some versions of compressors discussed below have a
good chance to satisfy the last condition).

Microwave pulse compressors are divided into passive and active.

Passive compressors

Passive compressors do not contain elements with time dependent
(externally controlled or non-linear) electrodynamic parameters; but any
compressor of the sort implies a special modulation of the primary pulse.
As an example we can take a piece of usual metallic tube (Fig. 1). The
wave group velocity in such a tube is known to depend on the wave
frequency. So, if the input microwave pulse is frequency modulated, each
part of the pulse travels with its own velocity. With a proper modulation
(monotonically growing frequency) we can arrange a situation when all
parts of the pulse will arrive to the waveguide output simultaneously.

Such a compression process is analogous to the electron bunching in
the klystron (analogy universal for all passive compressors) and to the
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Fig.1. Cylindrical waveguide (a) as a pulse compressor: the input pulse
should be frequency- modulated (b) so that after travelling through
the tube, all frequency fractions arrive to the output simultaneously
(c) and compose a pulse of reduced duration (d).

wave beam focusing (photon bunching) by the lens (Fig.2). The latter
analogy gives a spectrum criterion for the pulse compression: (Fig.3) the

ideal compressor should conserve intensities |f, P of all spectral

components f;, of the primary pulse (no ohmic losses and reflections) and
only “rectify” the spectrum phase on frequency dependence, i.e. to

minimize dargf, /do® at all frequencies.

The cylindrical waveguide (Fig.1) possesses a large frequency
dispersion only near the cut-off, which limits its use to relatively low
frequencies, low powers and relatively short primary pulse durations.
However more complicated” waveguides are capable for a better
performance. For example let us mention about an irregular adiabatic
mode converter proposed for the pulse compression by N.F. Kovalev. The
device (Fig.4) represents an axisymmetric waveguide corrugated with a
period d slowly changing in the axial direction z. The waveguide cross
section is chosen so, that in the operating frequency band there are only
two propagating modes: e.g. TE,; and TEy. In a region, where the
propagation wave numbers A; and A, satisfy resonant scattering condition

h-mh=2r/d, 1)
the primary mode, let it be 7E,, is converted to the secondary mode, in
this case TEy,. As h; and h, depend on frequency and d depends on z, the
conversion region position determined by (1) is a function of frequency. As
the group velocities of the two modes are essentially different, fractions of
different frequencies travel from the input to the output during different
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Fig.2. Propagation of converging flow (1) in the free space; after the focal
spot (2) the wave flow expands (3).

Il

FenV
Q) 1,3
argf, 2
2 =
Q) t
3

Fig.3. Spectrum evolution of the pulse propagating through a lossless
dispersive medium: the spectrum intensity remains coserved,
whereas the spectrum phase changes; in an intermediate cross

section (2), where d? arg f, Ido*=0, the pulse duration is
minimum.

. d(z
a) '\/Ii_—(jj\_/\_/

2-nd mode high group velocity

b)

1-st mode

low group velocity

Fig.4. Irregular adiabatic mode converter (a) and schematic trajectories of
different frequency fractions (b).
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times, which, basing on the “klystron” method, can be used for the pulse
compression.

To compress very long (narrow band) pulses, it is necessary to use
either sufficiently long waveguides or, to keep the compressor in a limited
volume, highly dispersive elements, namely, resonant cavities.

A convenient version is the ring cavity exemplified with a system of
three mirrors, one of them being semi-transparent (Fig.5). If the loaded Q
is much less than the ohmic one, losses are negligible and, so, the
microwave energy incident to the cavity is reflected totally, only with a
delay, in a direction different from the incidence one; the delay time being
proportional to Q. Neglecting losses, for the spectrum transmission
coefficient K(w)=F(w)F.(w) we have ‘

| K(w)|=1. 2)
On the other hand, the transmission coefficient should have a resonant
singularity in the complex frequency plane at the cavity eigen-frequency
w,=w((1+i/2Q;). The latter condition combined with (2) gives

K, =(w-o%)/ (0 -0y, 3)
which corresponds to the following equation
dF./dt —iSQF, = dF./dt —iQ* F. (C))

for the complex amplitudes F: and F. of input and output pulses,

fi=Re{Fiexp(iwot)} in Eq(4) 2~w,~w, where @, is a reference
frequency close to w.

Single ring cavity compressors (equivalent to that shown in Fig 5
[1,2]') are usually fed with a pulse which has the resonant frequency

w~a%, the IT-envelope and one 7-step of the RF pulse. In this case, as
follows from (4), the maximum power gain is equal to 9, but (because of
the precursor losses and a part of the microwave energy remaining in the
cavity) it would be achieved at zero energetic efficiency. A reasonable
compromise is realized, with efficiency near 70%, at the power gain 4-5
[1, 2].

A better combination of parameters can be obtained with a chain of
ring cavities (Fig.6) which O-factors compose a monotonous function of
eigen-frequencies. The input pulse should be frequency modulated so that
each fraction of the pulse delayed by its “own” resonant cavity arrives at

' Options for concrete type of ring cavities are quite numerous .
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Fig.5. Ring cavity: a quasi- Fig.6. Microwave pulse compressor
optical version. representing a chain ofring
cavities.

the chain output simultaneously with other fractions. The compressor with
3 cavities at efficiency near to 70% has the power gain 8-10.

Active compressor

If the microwave energy is injected into a cavity (Fig.7) during a long
time’ and then extracted during a short time, the microwave power is
obviously enlarged. For such a performance the Q-factor in the
accumulation phase should be much higher than in the extraction phase
and the both should be much less than the ohmic one.

2 If a cavity is filled from a waveguide with a IT-shaped pulse, the
maximum energy accumulation efficiency is known to be 81.4%. The
efficiency can be enlarged to 100%, if the pulse envelope is exponential:
Pocexp(wit/ Q) - the proof based on the reciprocity principle is so trivial,
that an article by N.F. Kovalev, M.I. Petelin and I. E. Ronin on the subject
(with some generalizations) was not accepted by a magazine.

Note that the amplitude modulation of microwave source does not
reduce its efficiency only if a multy-sectioned depressed collector is used.
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The simplest output switch represents a T-junction of standard
waveguides with a gas discharge gap in one of elbows (Fig.8). In the
microwave energy accumulation phase, the standing wave structure in the
shirt-circuited elbow is orthogonal to the eigen-mode of the output
waveguide and, so, no energy is radiated. When the gas in the gap is

microwave

Electrically
controlled switch

a) " spark
switch
aVaVid NS
JL
b)
Fig.7. Microwave pulse Fig.8. Output switch of microwave pulse
compression by compressor and structures of RF
Q-modulated cavity field during accumulation (a) and

extraction (b) of energy.

broken and tumed to plasma, the RF field structure in the shirt-circuited
elbow becomes shifted to allow radiation into the output waveguide. This
method was successfully used in experiments performed in Tomsk, where
power gains up to 70 in the single compressor and up to 600 in a three-
stage scheme were obtained [4, 5]. It is extremely important that in one of
Tomsk experiments the mutual phase coherence of two pulses produced by
two parallel compressors was demonstrated.

The compressors based on standard waveguides undergo obvious
limitations on the carrier frequency, feeding pulse duration and output
power. A better performance can be expected with compressors composed
of oversized electrodynamic structures and distributed switches. Two
options are discussed [6]:

- the ning mirror cavity with an array of gas discharge tubes
distributed over one of reflectors (Fig.9)
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and

- the quasi-cylindrical cavity with Bragg reflectors containing a system
of gas discharge tubes impregnated into the corrugated surface (Fig.10).

The breakdown in the gas discharge tubes

- in the first case (Fig.9) enlarges the effective corrugation depth of the
controlled reflector,

- in the second case (Fig.10) shifts the wave propagation number to
outside of the Bragg reflection band, thus providing the necessary
modulation of the cavity Q-factor.

Energy accumulation: Energy extraction:
high Q low Q

Fig.9. Pulse compression by a mirror cavity with electrically controlled
reflection.

mode N mode
cylindrical
converter cavity converter

VAVAVAVANEERERGNC . - - -2 S

load

\VAVAVAVAREENNNE -2 Ce 20 B
Bragg electrically

reflector controlied

Bragg reflector

microwave
source

Fig.10. Schematic diagram of microwave pulse compressor with Bragg
reflectors.

909



Problems to solve

For all pulse compressors projected to produce enhanced microwave
powers basing on use of oversized electrodynamic components, there are
common problems of coupling to input and output waveguide systems.
Such a coupling can be provided with mode converters similar to those
developed for the microwave plasma heating experiments.

The active pulse compressors need electrically controlled switches
which would realize a reasonable compromise: to be breakdown-proof at
the energy accumulation phase and provide a short breakdown time at the
transition to the energy extraction phase.

From the last viewpoint passive pulse compressors seem more simple,
but they cannot produce the same high gains as the active compressors.
Thus, at this stage it seems likely that in future the both classes of
compressors will have separate application domains.
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POWERFUL MICROWAVE
COMPRESSORS OF RF-PULSES

Yu.G.Yushkov, V.A.Avgustinovich, S.N.Artemenko
V.L.Kaminsky,S.A.Novikov, 8.V Razin, P.Yu.Chumerin

Scientific Research Institute of Nuclear Physics
of Tomsk Polytechnical University, Tomsk, Russia

The report introduces main results of the investigation of high power
microwave pulse compressors carried out in Scientific Research Institute
of Nuclear Physics. A simplified version of the compressor operation is
the storing of eclectromagnetic energy in a resonant cavity and the
following rapid extraction of this energy to a some kind of a load. The
attractive feature of resonant microwave compressors (RMC) resides in
that a travelling wave power in a common single-mode copgper cavity
having double travelling time per length of a cavity 10° - 10¥ s can ex-
ceed a power of an exciting generator as 10 - 20 dB and in multimode
cavity 20 -30 dB or more. In superconducting cavitics the increase may
achieve 50 - 60 dB and 60 -70 dB respectively. Best present technologies
permit to obtain an electrical field strength in microwave elements or
systems up to several hudreds of kV/cm and the travelling wave power
corresponding to this electric component could be the order of 10°W in
single mode copper cavities and of 10°W in multimode cavities. These
levels of power will be followed by an output pulse power if one makes
available an extraction time close io a double travelling time per length of
a cavity. An increase of an extraction time will lead to a decrease of out-
put pulse power. Therefore short extraction times are main objectives for
elaboration of microwave compressors.

Now two methods support a rapid energy extraction. The first is
implemented in SLED system having the switching in the microwave ex-
ternal circuit, the second in resonant systems supplied by interference
switches which are the output elements designed for example as a wave-
guide T-junction with a short circuited straight arm or a side one. Here
the second method is considered as it provides higher power gains and
operation schemes of compressors having a single- or multimode storing
cavity and the ones integrated with an exciting tube are considerd as an
examples of its realization.
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Single mode cavity RMC

Usual schematic design of the single mode cavity RMC is presented on
fig.1a. The cavity has the output tee element one of its arm being short
circuited and the switch located at the distance of fourth of a waveguide
wavelength from a short circuit plate. The switch changes the storing re-
gime of a compressor into the one of extraction. RMC of this design can
operate within wavelength interval 3 - 100 cm. Storing cavities for 3 cm
and 10 cm wavelength bands are manufactured of standard waveguides of
a correspondent frequency band and for 30 cm and 100 cm bands of co-
axial lines with a coaxial interference switch.

Decoupling of the cavity and a load during energy accumulation pro-
cess is achived by the choice of a defined length of a short circuited arm of
a tee when phases of waves propagating to a load from a cavity volume
and the tee arm are reversed. If the switch is turned on it changes the
clectrical lenth of the arm by fourth of wavelenth which results in waves
to be in phase and consequently in extraction of energy. Switches are usu-
ally gaseous waveguide ones. Electrical isolation is maintained by a gas
(nitrogen, argon, SF, air) of excess pressure of several atm. Table 1
presents typical parameters of RWCs of the geometry of fig.1a.

Table 1.

fGHZ Pu, P, Tow» M, Q 0,% L,m
MW MW ns B x10

1.0 0.3 20 10 18.5 2.0 21 1.5
28 13 190 42 216 12 22 09
2.8 1.0 22 20 134 14 18 25
94 0.05 25 32 17 14 18 0.35

Here f -frequency, P, -input power, P, -output pulse power, Ty -
output pulsewidth, M? - power gain, Q; - intrinsic quality factor, 1 - effi-
ciency, L -length of a cavity.

As Table 1 shows for output pulsewidth values 3 -20 ns P, can reach
of several megawatts in 3 cm wavelength band and tens and hundreds
megawatts in 30-cm and 10 -cm bands respectively. The transient atte-
nuation of the cavity output element during the process of exciting makes
up - 40 -45 dB. The relativly low 7 of this type of RMC can be attributed
to the reflection of energy during a transient process of exciting, to the
losses in cavity walls and in the switch. Typical envelopes of microwave
pulses shaped by this way are shown on fig. 1b.
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Fig.1a. Single-moda cavity. Interference switch,
1- cavity, 2 - T -junction, 3- switch, 4- output arm.

Fig.1b. Envelopes of output pulses.
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For some applications of high power nanosecond RF -pulses the cohe-
rent summing of output pulses of different RMC in a common load is of
definit interest.The study of this question was begun by experiments of
summing up output radiation of two compressors fed by the single com-
mon generator. The scheme of laboratory set is presented on fig.2a. the
magnetron driver was used and it had the output pulse power of 1.3 MW
and the pulsewidth of 3.5 mcs. Construction of the two cavities were
identical and each one designed as a double symmetrical waveguide tee
(“magic tee”) with two short-circuited arms. The gaseous microwave
switch was located in one of the arms. Synchronized starting of the
extraction regime was maintained by voltage pulses having the risetime of
5 ns and amplitude of up to 10 kV which were applied to triggering gaps
of the switches. Output sygnals of the compressors were summed up in
phase in the load by H-plane tee as the phase relation was matched by
lengthes of this tee arms. Cavity volumes were filled by argon at the
pressure of 5 atm. Oscillograms of one of summand pulses and the total
one arc shown on fig. 2b. The peak output power of each cavity was 5
10'W and their summation gave a bit less IO%V. The increase of the total
pulsewidth was due to statistic dispersion of microwave switch startings
but nevertheless the jitter was within several nanoseconds. The spread did
not exceed 1 - 1.5 ns with the probability of 70 %.

This experiment showed the possibility of coherent operation of syn-
chronized RMC which may lead to developing of multiple cavity system
under condition that exciting generators are phase locked.

The peak power of short microwave pulses with the pulsewidth of se-
veral cycles of field oscilations can be increased over the thresholds of a
single ‘cavity by another procedure. One may decrease the energy storing
time along the corresponding increase of input pulse power or use the se-
ries compression the last stages of which operate under said condition.
The scheme illustrating series compression is presented on fig. 3a. The
first stage cavity was made of standard waveguides but the design of fol-
lowing stages was affected by desired output pulsewidth. Here the second
and third cavities were coaxial as a coaxial tee has wider frequency band-
width than the waveguide one. The first cavity operated with the sti-
mulated switchout but selfdischarges were used for switching in coaxial
cavities. The first stage gave the peak power of 21 MW and pulsewidth of
30 ns, the second - 310 MW and 1.4 ns, the third - 630 MW and 0.4 ns.
Fig.3b shows output signals of the second and third stage. The total effi-
ciency was about 7%.
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Fig.2a. Schema of parallel comprassors oparation.
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Fig.2h. Microwave osclllograms.
a- output pulse of separate compressar, b- total pulse.
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Fig.3a. Serias compressors operation.
1- genarator, 2- circulator, 3- phasa shifter,
4, 5, 6 - compressors, 7- matched load
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Fig.3b. Microwave oscillograms.
a- output pulse of compressor 5, b- output pulse of compressor 6.
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The results showed this prosedure may allow to gain a microwave
pulse power of the order of 1 GW using standard generators of 10 cm
wavelength band.

A relativistic generators can serve as a 7pumping ones in RMC in spite
of their usually short pulsewidth 10® - 107 5. In this case RMC might im-
prove the coherence of radiation of a relativistic tube as it becomes
coupled to a high Q -value circuit. The experiments were done with the
vircator developed in the institute laboratory as well.

The scheme of the installation is shown on fig.4a. The vircator gave
microwave pulse power of 350 MW and the frequency range ( 2.7 - 3)
GHz and at -3dB level. The envelope of this pulse is presented on fig.4b.
The part of the vircator output power was transmitted through the horn
into the input guideline of the storing cavity. By this way the maximum
value of input power was 20 MW. The mode Hy;, was exited in the cavity
at the resonant frequency 2.83 GHz. Electrical isolation of input line of
the cavity was supported by SFs. The cavity was designed as a double
waveguide tee and had the loaded Q. value 4 10°. Tts volume was isolated
by the mixture of nitrogen and SF; at the pressure of 1.6 atm. The vircator
pulsewidth and consequently the storing time were 25 - 30 ns and at the
end of the transient the switch came into action due to selfdischarge. The
compressor output power was 400 MW and its oscillogram is shown on
fig4c. So the power gain was not less than 13 dB and the relative
frequency stability defined by Q. was 2.4 10*.The efficiency did not
exceed 6%. .

Multimode cavity RMC

The devices described above give the high peak power but relatively
low energy in a pulse. The pulse energy may be increased only by using
large cavity volumes which are multinode ones. If the electric field
strength 150 - 500 kV/cm is achicved in a cavity of the volume 1 m’ then
the stored energy will be of several kilojoules. Microwaves of this energy
extracted by 10 - 100 ns would have given the pulsepower of 1 -10 GW.
But that raises the problem of the rapid energy extraction.

Evaluations showed that the system of fig.5a is capable to provide the
power gain 10 - 15 dB with the output pulsewidth 20 - 200 ns and the
peak power 1 -100 MW. It is assumed that the cavity volume is 10 -10™
m® correspondently.

The cavity of this configuration was tested in 3-cm and 10-cm wave-
length bands. The storing cylindrical copper cavities had the volume of
2 10%- 5102 m® and intrinsic Q value of (0.7 - 1.1) 10° of working
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1- cathode, 2- anode, 3- virtual cathode, 4, 5, 8- dialectric windows, 6- an
tenna, 7,10- directional coupler, 9- storing cavity, 11- matched load.
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modes Hy, () or Hyymy .The interference switch made of a standard wave-
guide was attached to one of end plates in the region of maximum of the
magnetic component. The drive microwave pulse has the power of 1 MW
and the pulsewidth of 3 10%. The switch was triggerd by starting voltage
pulses. The typical envelope of the pulse obtained is presented on fig.5b.
Its pulsewidth is 100 -150 ns at -3 dB level and the power 5 - 10 MW.
The power gain was 7 - 10 dB and efficiency 40 - 45%. The compressor
of these dementions and configuration allows to encrease an output power
up to 40 - 50 MW by propotional increasing of an input power.

The similar compressor of 3-cm band operating at Hy; gy mode had fol-
lowing parameters: volume 1.5 107 m’, pulsewidth 20 ns at -3 dB level,
pulse power 1.3 MW and microwave efficiency 48%.

~ The another procedure of energy extraction for multimode cavities is
the transformation of a working mode into a one strongly coupled with an
external load. Practically one can use the Hy,,, working mode and modes
E\) 1y 01 Hyyn to transform into. The energy could be transmitted through
an output cylindrical waveguide which critical frequency of Hy;, wave is
over working frequency and of Hy, is under it. The waveguide is attached
to, one of the end plates as shown on fig.6a. The high but resonable
tolerances of dimentions give a transient attenuation at storing regime not
higher than the traditional waveguide tee. The procedures for an instant
increase of the amount of intermode coupling may be different. In
particular it may be done by the microwave discharge spark on the finite
length of angular (¢) electrical component in the region of its maximum.
This type of switching was experimentally studied in 3-cm and 10-cm
wavelength bands. The microwave discharge arc was triggerd in the cavity
volume at the maximum of ¢ electric component at the first longitudinal
variation nearest to the output port. The cross section diameter of the
output waveguide was 0.2 - 0.3 that of the cavity. The obtained power
gain was 9 - 13 dB for normal conducting copper cavities of Q= 105 and
27 - 30 dB for the superconducting niobium cavity at the pulsewidth 20 -
80 ns. An output envelope is presented on fig.6b. The efficiency did not
exceed 35%. This procedure benefits from the distruction of many stray
modes by the output aperture and the attached waveguide.

The developing of the construction presented on fig.7a is attributed to
desire to extract energy of a multimode cavity by possible shortest times
10 - 100 ns. Studies were made to obtain switching in axial symmetric big
volume cavities by the multimode coaxial line. Fig.7a shows field distribu-
tion charts as well. Here the axial wave (Hy, or TEM) of the line interferes
with the axial wave travelling out of the radial gap in the internal coaxial

conductor.Diameters of coaxial line conductors and dimentions of the the
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Fig.5. Multimode cavity. interference switch.
a. schematic configuration, b- output pulse envelope.
1- input waveguide, 2- cavity, 3- T junction, 4- switch.
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Fig.6. Multimode cavity. Mode transformation.
a- schematic configuration, b- output pulse enveliope.
1- input waveguida, 2- cavity, 3- output waveguide, 4- switch.
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gap should supply the equality of amplitudes of these waves and their
phaseshift 180° during energy storing. Besides the diameters have to pro-
vide a single mode operation of the coaxial line. Switching occurs due to
inversion of the phase of the wave travelling from the radial gap. The
microwave arc in the gap is formed along ¢ clectric component for Hy,
wave and along the axis for TEM wave.

Experimental testings were made. The cavity in 10-cm band had Hyy,
working mode, 2.84 GHz resonant frequency and the volume about
7102 m®. Diameters of internal and external conductors were 0.16 m and
0.3 m respectivly. The gap had length of 0.07 m and was excited at Hy;,
mode. The mesured Q- value was 3 10* at the calculated one 8 10*.

The cavity in 3-cm band of fig.7b was excited by falling TEM mode
through the circle coupling aperture around internal conductor. At the
resonant frequency 9.31 GHz the working mode was TEMyq2;) in the ca-
vity avd Egy, in the radial line of the gap. The Q- value was 1.2 10* and
that is 20% less than for ordinary coaxial cavity dead shorted on both
ends. The switching was brought about by the arc of microwave selfdis-
charge along the axis of the gap. The envelope of the microwave pulse is
drawn on fig.7¢. The pulse power was 1.2 MW which is 15 times as the
input pulse power.

RMC of direct storing of electron beam energy

it is known any generator is some kind of storung oscillation system
which is strongly coupled to an external load. Such storing system does
not principally differ from the one of RMC. So it was interesting to inte-
grate a tube and RMC in a single device where an oscillation circuit might
be opened rapidly for energy extraction. This approached was induced by
low efficiency of ordinary RMC, by circulator to be used and so on.

The schematic drawing of the integrated tube and RMC is on fig.8a.
The coaxial self sustained oscillator was in 30-cm band and well matched
to coaxial RMC. The cathode-grid circuit was the quarter-wavelength co-
axial resonator. The tube was fed by voltage pulses of 5 kV and of
pulsewidth 5 mcs. The anode current was 1 A. After the switch gap was
broken down the pulses were detected at the output of the device. Their
peak power was 50 kV and pulsewidth 5 ns at -3 bB level The envelope
is presented on fig.8b. The power gain was 10 dB, the efficiency 30 -
35%. A more powerfull tube will allow to increase the output power up to
1 MW. If the coaxial tee is opened partially the device can operate in
standard regime of continuous oscillations or regime of microsecond
pulse generation. The distinctive feature of the integrated device is in-
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Fig.7a. Multimode cavity. Mulimode coaxial switch.
1. cavity, 2- radlal line of switching gap.
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Flg.7b. Experimental model of coaxial compressor.
1- cavity, 2- multimode coaxial switch, 3- coaxlal-waveguide coupler.
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Fig.8a. Intagratad system of tube and comprassar.
1- vacuum tube, 2- cathode-grid circuit, 3- anode-grid circult (storing cavi-
ty), 4- coaxial tee, 5- switching gap, 6- output load.
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Fig.8b. Output puise oscillogram,
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Fig.8c. Integrated system of monotron and compressor.
1- electron beam, 2- cavity, 3- waveguide tee, 4-load, 5- switch.
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Fig.8d. Plots of afficiency - working currant relations.
ne- efficlency of monotron. r- efficiency of integrated system,
lg - starting current.
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Fig.8e. Integrated system of vircator and compressor.
1- cathode, 2- virtal cathode, 3- cavity, 4- muitimoda coaxial line, 5- radial
line of switching gap, 6- anode.
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creased dementions of an output oscillation circuit. Therefore problems
may rise in exciting of oscillations as a life time of electromagnetic field
fluctuations is finite and an increase of the time for reaching the steady
feedback state causes increasing the time for reaching the steady state
oscillations. A lot of high power generators operate in the pulse regime
and an increase of transient excitation time may lead to oscillations in
resonant circuit to have no chance to begin during an action of high
voltage pulse applied. But in this case the device does not need a long time
operation in the steady state and the coming up to this state is enough to
switch at the moment to an energy extraction. That means that efficiency
of nanosecond pulse shaping will be considerably affected by transient
dynamics of an excitation and supression of the oscillations and not by
characteristics in the steady state. Studying of the device of fig.8¢ showed
that it should have the current pulsewidth an order less than a generator
for ordinary pumping of the cavity. The short current pulsewidth may
allow the device to operate with a higher feeding voltage. According to
evaluations the power of a travelling wave in the resonant circuit could be
0.1 - 10 GW at the current 10° - 10° A, working voltage amplitude 10° -
10° V and efficiency 0.4 - 0.5. The average power consumed by the
device will be equal to that consumed by a generator with output mic-
rowave power 1 - 10° MW and total efficiency 15 - 20%. Fig.8d showes
an electron efficiency - working current relation of the monotron and the
same for a monotron integrated with a compressor. Stationary region
values of 7). are 3-4 times smaller than the maximum value of n, and are
depent on decrease of the efficiency due to current increase and on de-
crease of the part of the electron beam energy dissipated on a collector due
to decrease of the time of oscillation excitation.

Fig.8e gives the example of possible configuration of the relativistic
tube integrated with the compressor.

So the microvave devices using the accumulation of external generator
energy in a resonant cavity may be suitable and efficient sources of pulsed
radiation. They have the simple design and might be installed to operative
generators for uncreasing the pulse power without considerable expenses.
Technical difficulties of compressors with direct storing of electron beam
energy are the same order as of common tubes.
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