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PHASE CONJUGATION IN PLASMA
BY FOUR WAVE MIXING

Y. Ben-Aryeh
Technion-Israel Institute of Technology, Haifa, Israel

1 Introduction

Four-wave mixing (FWM) and phase conjugation (PC).in plasmas,
using the pondermotive force and other nonlinearities, have been ex-
tensively studied[1]. Phase conjugation is a process by which we get
an exact inversion of the propagation vector k and of the phase ¢ for
any plane electromagnetic (em) wave. A reflected beam from a phase
conjugating medium is tracing back the original beam, so that the
process of PC can be considered as “inversion in time” of the original
beam.[2]

There are many non-linear optical processes which can be used
to generate PC including especially stimulated Brillouin scattering
(SBS) and stimulated Raman Scattering (SRS). SBS is produced by
Bragg scattering of an em wave from the grating of ion densities
produced by an acoustic wave[3]. The possibility of getting PC by
exposing the plasma to more than one wave has been studied in
various works[4,5]. Especially interesting is the possibility of gener-
ating PC reflections in plasma by Brillouin enhanced FWM. In this
case two contra-directional strong pump waves are propagating in the
plasma. A small signal em beam is incident upon the plasma with
its frequency slightly shifted relative to a pump wave, so that the
frequency difference is tuned to match a Brillouin resonance (i.e. ion
acoustic wave)[6,7]. For SRS a similar process occurs with plasma
waves taking the role of acoustic waves(8]. The scattering of the sec-
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ond pump from the excited plasma generates, via phase matching
conditions, em wave conjugate to the signal.

Plasmas are efficient FWM and PC media, especially at long
wavelengths (far infrared), where they have large non-linearities com-
pared to other materials. PC can be used for many applications (e.g.
dispersion compensation, plasma diagnostics, etc.)

The present article on FWM in plasmas is developed by studying
the effects of the pondermotive driving force, enhanced by Brillouin
scattering, for a quasi-neutral plasma in which the Debye length Ap
is much smaller than the laser wavelength A. The present theory
gives results which are in agreement with recent experiments on PC
of microwaves in unmagnetized hydrogen plasma[9]. It is also in
agreement with theories based on the use of Vlasov ‘equations [10],
but it gives another physical insight to the problem and for certain
cases it gives more general results.

2 Theory

For simplicity, the em fields in FWM are taken as plane waves with
the same polarization

1] . -z
E; = 3 > Aj(r) exp(—iwjt +ik; - F) + c.c.| , (1)
=1
where l::l = -12:2, l::s = —124 and c.c. denotes complex conjugation.

Also it is assumed that the amplitudes A(r) are time independent,
the two strong pump waves A; and A; are undepleted, and the four
frequencies w; have small detunings:

wi=w-Auw; wy=w+Ad; ws=w-Aw"; wy=w+ A" (2)

The present theory is developed under the general conditions of Eq. (2)
but later the analysis is specialized to the case Aw' = 0 (i.e. the two
pump waves have the same frequency)[11].

For simplicity of discussion a homogeneous fully ionized plasma
is assumed. Conventional notation is used: an ion charge is denoted

436



by Z, ion and electron densities are denoted, respectively, by n; =
np, ne = Zngo and temperatures by T; and T, . m and M are the
masses of the electron and ion, respectively, and S is the velocity of
sound.

The time dependent momentum equation is given by [12,13]

dv

01+ 2m) o524 05 9)5] = =50+ 5 - mBT(E) ()

where n is the ion perturbed density, p; and p. are the ion and electron
pressures, respectively and

b= (4)

is the pondermotive constant(12].

Here { ) denotes the time average on time scale of 1 so that the
pondermotive force which represented by the last term of Eq. (3)
remains time dependent on time scales of Kl‘y and Alld,. .

The continuity equation is also time dependent

on - o
T () =0 5)

By neglecting terms that are of second or higher order in An and
7, Egs. (3) and (5) can be written as:

ov

o5 + 52gn = —nofov(|E[?) (6)
where 8 =~ -1%,
an - .
E?-i-nov-v:o. (7)

In deriving Eq. (6) from Eq. (3) the relation {12,13]

(pi + pe)

~ 2-‘
M+2Zm = S§'vn ®)
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is used, where S is the speed of sound. By differentiating Eq. (7)
with respect to time and performing the 7 operation on Eq. (6) an
ion density wave equation can be obtained

3%n

w—sz V2n= —noﬂg V2 (lEP) . (9)
Substitution of Eq. (1) into the expression for the pondermotive force
gives under the approximations of strong undepleted pump waves [14]

4
noﬂg v2 (IE'2> = —noﬂo {Z q;‘-’FJ- exp(—iﬂjt + tq; . f-') + c.c.} (10)

i=1
Gu=rky—ky; o =2k; =2k qu=h1— ks (11)
Q) = Aw' + Aw”; Q; = —2A0"; Q3 = —2Aw"; Oy = A" — Au',(12)

F, = A;A.; + AzA;; Fy = AlA;; F; = A;A,;, Fy= A1A§ + A;A4 (13)

One should take into account that the acoustic waves have large
wavevectors but small frequencies (since S << ¢). In using the
phase matching conditions small shifts Ak in the wavevectors are
neglected in the present analysis since they can be compensated by
slight charges in the directions of the wavevectors I?,-(AI: << E,)
This has been explained in a previous work [14] by comparing the
enhancement of PC in degenerate FWM in a flowing plasma with
that of nondegenerate FWM in the plasma frame of reference.

The phase matching conditions can be used to present the solution
of Eq. (9) as [14]:

4
n=ny+An=ng+ Z njo exp(—in:,-t +1q; - i-') + c.c. (14)
J=1



By the use of Eq. (14) and by the inclusion of damping mechanism
[Q,- - Q;(1 - 523)] Eq. (9) can be rewriteen as:

[ﬂj(ﬂ- —4T) - quf] njo = fonog; Fj ; (T << Q)

o —nOﬂJ ﬂo .
njo=——gz Fj; Bi= 1- M} +i(M;T/q;S)’
n.
v 15
2 (18)

Resonances with acoustic waves are obtained under the conditions
Q; = g¢;S.
The em wave equation may be written as
2 n? 3’E 2 _ 2 An eomw?

E-Gam =0 n'=m~- "1 n=—3 (16)

where 7o and 7 are the zeroth order and the perturbed index of
refraction, respectively.

In order to simplify the above equations additional approxima-
tions can be made which usually correspond to the conditions under
which experiments are made: a) Aw' = 0 (the two pump waves have
the same frequency) so that Q; = Q4 = —(%)ﬂs, N, = 0. b) A reso-
nance is assumed under the condition 0y = Aw” = @S = |k1 - k3|S
k1 — k3 is the wave vector of the acoustic wave produced by the pump
A; and the signal A3 and Aw” is the frequency of the acoustic wave
which for resonance is equal to the frequency shift of the signal rela-
tive to the pump. Under this resonance condition

Bu=po (2 ‘95 ) (17)

while 8, =0, g; ~0, B3 ~0.
c) the two strong undepleted em waves have constant intensities:

A;Al =1 ; A;Az =I. (18)
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Substituting Eq.(1) into Eq. (16), using the slowly varying approx-
imation and the phase matching conditions, and by taking into ac-
count only the terms that are first on zeroth order in the relatively
weak fields As and A4, we get [14]:

dA

5 53 =iy} [A] A14s + A1 A2 AY],

a . * *

5-‘2:; = inB [A} Az Ag + A1 Az AY], (19)

where v = (kno/2n0n.S?) and §; is an axis parallel to E;.
Substituting

As = Agexp [i1Bi Al A1€3]; As= Agexp[i7BsA3A2€&4];  (20)

and assuming that the two pump waves have equal intensity ([; =
I, = I) Egs. (19) become similar to those derived by other authors
[6-7,15-17]:

d‘zs )T d(&4 . T

— =1k A,; — = —1kA 21

d£3 4 dE3 3 ( )
where

Kk =7BsA14As; K =4BjA1A; ) (22)

Assuming A4(L) = A4(L) = O where L is the length of interaction
region we get:

A4(0) = () tan(sal) £5(0) (23)

where kg = 441 is the complex amplitude of the backward generated
field and A3(0) is the complex amplitude of the input incident field.
The phase conjugate intensity reflectivity is given by

=144(0)[*/|43(0)|* = | tan® ko L] . (24)

For |koL| << 1 we get R = |xo|2L2.
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3 Discussion

It is interesting to compare the present analysis with the recent anal-
ysis made for observations of PC of microwaves in an unmagnetized
hydrogen plasma [9]. Simple two-fluid theory was used to calculate
the low frequency plasma response to the beating of two transverse
em waves(10]. In the limit of small §; the quasineutral steady-state
response for the maximal change in the ion density, under resonance
condition, was given according to Ref. 9 [using our notation]:

. . \2
An = (2M> q;' (mwS) {E1E;3sin(gr — Awt)
+E3 Eysin((g + Agq)r — wt]} (25)

By using Egs. (15) for j =4 and My =1 (0y = Aw =4S =
{kl - k3]S) Fy =~ (A1A5 + A3A4) and the value §o = 4mM —t—— we get:

_ (o) () (uS
Ineol = (52) (4me2) ( r )
[exp(—tAw”t + igar)(A143 + A3A4) +c.c]  (26)

We find that Eq. (25) written with a real notation for the em
fields is equivalent to our result represented by Eq. (26) with the
complex notation (for the em fields), when we neglect the small shift
Agq in Eq. (25) [this approximation was made in the present article
by neglecting Ak in Egs. (10-13) as explained previously]. The use
of complex notation for the em fields is essential for obtaining the
physical effects of PC. Eq. (25) or (26) is obtained under the resonance
condition. The effect of deviation from resonance can be related to
the use of the explicit expression for f4 as given by Eq. (15) for My #

LQi=Aw #qS = ]kl - k3|S] For deviation from resonance the
expression for An obtained in our analysis is in complete agreement
with the analogeous expressions given in Refs. 9 and 10.

For the signal and the PC reflected beams the equations used in

Ref. 9 are similar to Eq. (19) of the present article. The constant
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(9/2) of Ref. 9

HEOE)E) -

is equal to the corresponding constant in Eq. (19)

set= (o) (F) () (i) @

Since the em amplitudes in the present article are complex (as it
should be) the constant of Eq. (28) is larger by a factor 2 relative to
that given in Eq. (27) derived [9] for real amplitudes. Here again we
have neglected in our analysis small shifts Ak which have been taken
into account in Ref. 9. Although the present analysis is specialized
to the recent observations of PC in unmagnetized hydrogen plasma
it can be easily applied to other cases.
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INSTABILITY AND DYNAMICAL
CHAOS IN A WEAK NONLINEAR
INTERACTION OF WAVES.

V.A.Buts, O.V.Manuylenko, A.P.Tolstoluzhsky
Naticnal Science Center
”Kharkov Institute of Physics and Technology”,
Kharkov, Ukraine

Introduction

It is well established now that investigation of dynamical systems
with complicated, chaotic trajectories in most cases is possible only
rumerically. There are some well developed asymptotic methods
for investigation of regular dynamic, but as to chaotic motion, the
analytical criteria for defining of stochastic regions in phase space are
of paramounti importance because they give an analytical description
of a dynamical system in this region by means of statistical physics
methods. In the present report we formulate conditions if being
fulfilled the dynamics of the wave-to-wave type of coupling turns
out to be chaotic. These conditions are verified via the system which
describes conpling of high-frequency (HF) and low-frequency (LF)
waves in nonlinear media.

Criterion of stochastisity

As known the energy transfer from one wave to others in nonlinear
interaction bears the character of an instability. Therefore one may
assume that the dynamic of this coupling will be chaotic when pa-
rameter K = 2I'/6 becomes greater then unity, where T' is the growth
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rate of this instability which plays the role of width of a nonlinear
resonance, § is the distance between resonances of different waves.
Observe that value of § usually corresponds to a minimum frequency.
Let the wave of amplitude a1 wave number k; and frequency w; de-
cay into two waves (a3, k2, ws) and (a3, k3,w3) One more wave is
assumed to exist with the following parameter (a4, kq,ws), ks = ks,
wy — w3 = A << w;. Suppose at first that forth wave do not influ-
ence on the decay. Then the amplitudes of three interaciing waves
change with time according to [1}:

&l = ‘%_*0283,
. o »
a2 = ""/19143) (1)
43 = —iVijaia3,

Where V; is the matrix element of interaction. On the linear stage
(la1)=const) of decay the amplitude |a;| and |as| growth exponen-
tially with increment T’ = |a1}{Vi|. The phase @ = 2&;+2P; éhanges
obeys equation of mathematical pendulum:

& + (2|61 ||Vi|)*sin® = 0 (2)

It is-seen from Eq.(2) that the half width of nonlinear resonance
equals 4I'. If we replace third wave by forth wave we obtain that
on the linear stage phase ¥ = 28, + 28, + 261 satisfies Eq.(2) too,
where I'; = |a1||V2| This means, that the distance between nonlinear
resonances is equal to 26. Assuming the width of nonlinear resonance
for forth wave is small I' << T'; we obtain the condition of the
nonlinear resonance overlapping and, correspondingly, the criterion
of stochastic instability: 2I'/6 > 1.

Basic equations and results

The formulated above conditions of tramsition to stochastisity we
checked on different physical models. First of all, this is a model
described nonlinear coupling of HF and LF waves in nonlinear media
with the second order nonlinearity. Assume, that only one LF wave
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" take part in the interaction in the none dissipative case, one can
obtain following equations for coupling modes [2]:

idn = bay—1ezp(3AT) + b any1ezp(—iAT),
(3)
b+ Q% = Z an_1anexp(—iAT),
n

where b - i8 the complex amplitude of LF wave, a,, - i8 the complex
amplitude of HF wave with number n, A = Wy, ~ wp—1, Wy frequency
of HF wave with number n; Q -the free frequency of LF oscilla-
tions. The set (3) describes a variety of nonlinear processes nf wave
coupling. It also comprises, in particular, depending on initial con-
ditions, the processes of coupling or decaying, dynamics of a large
number of aggregate oscillators. We studied the decay of wave, which
is propagated in a magnetized compensated by charge electron beam
on the electromagnetic and beam waves; cascading processes at the
decay of the HF wave on HF and LF waves in plasma (for example
?beat-wave”); the decay of HF electromagnetic wave in magnetized
plasmas wave guide on electromagnetic and langmuir waves. Note
that due to the presence radial modes in last case, the amplitude of
the pumping wave necessary for onset of dynamical chaos may be
significantly lower then in the case of an unbounded system. Let
us consider the decay of the HF wave (i) in a magnetized plasma
on langmuir (p) and HF (8) waves. On the linear stage of the de-
cay, when we can assume, that the amplitude of incident wave is
constant, we can obtain from (3) the dispersion relation and growth
rate of the decay instability. Then, by means of formulated above
criterion we may obtain following condition for arising of the chaotic
dynamic of the decay:

2 5 64 w; w2 EP._
E; 33/2 327rmeno,, k2 k, (4)

where we used standard variables.
The set of equations (3) bas been solved numerically for the dif-
ferent valnes of the amplitude of incident wave. Time-dependent
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dynamics of amplitudes of coupling waves, spectra of obtained real-
izations and auto correlations functions we show in Fig. 1,2. When
the condition (4) is not satisfied,the dynamic of the decay is regular

(Fig.1)
a_;
0.75
0.50 -]
0.25 - \

O.w LI S 4 ' T T 1 ’ ] T T ’ T LS e
0
Su

fig.1

In the opposition case the behaviour of the decay is chaotic
(Fig.2).
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fig.2

Let us consider one of the simplest model of the nonlinear media,
which is the aggregate of the nonlinear oscillators. Hamiltomian of
such system is:

H= & 3 (ki +wimy—s)+
P

'™

Lo

E Vi ka ka Uy Yka Uky 6(k1 + k2 + k3) + (5)
k1,3, ks

Z Viy ko oo s Dy Dk Uks Dky (K1 + ko + ks + ke) + ...
ky lkﬁtkl ’kl

TN
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Let the cigenfrequences of nearly all oscillators are equidistant and
high (wx = wi + kS, w; >> ) and one among them (yo) has low
frequency Q. In this case.ihe interaction of high-frequnency (HF)
oscillators has place through the low-frequency (LF) one; coefficients
of the matrix of interaction are like each other Vi, z, 1, = V and by
physically the process of the oscillators interaction are analogous to
cascade process of the decay HF wave on the HF wave and LF, which
are described above. Substitation in (5) yr = ax()ezp(iwrt), yo =
b(1) , where ag,b - amplitudes of HF and LF waves, which have
time of the alteration less then period of HF wave, afier averaging
by high frequency, from the Hamiltonian (5) by taking into account
only cubic items one can obtain the set of equations (3). From this
result one can conclude that the dynamic of the coupling oscillators
with cubic nonlinearity in Hamiltonian may became chaotic when
their amplitudes are enough large.

After all we can to do following statement: these are gemeral
criterion of the dynamical chaos arising in the systems with cubic
items in Hamiltomian. It is necessary to notice that the process of
the chaos arising, which has considered above, }s main process if
basic small paramecter are the amplitudes of the coupling modes. If
the matrix elements of the interaction are such, that the main items
of the Hamiltonian are items of the forth order, then the process of
chaos arising will be determined by self-influence effects.

This work was supported by the Ukrainian State Committee
of Science and Technology.
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THE POWER LIMITING MECHANISM OF
THE PLASMA-BEAM UHF GENERATOR

Yu.P.Bliokh, Ya.B.Fainberg,
V.0.Podobinskii, M.G.Lyubarskii
Kharkov Institute of Physics and Technology,
Kharkov, Ukraine

Introduction

Vacuum slow-wave structures which are used in TWT-generators and
amplifiers have a disadvantage, which concerns with surface nature
of excited waves. Decreasing of a longitudinal component of a wave
electric field from periphery to axis cause diminishing in the coupling
coefficient of electron beam with excited wave. It leads in its turn
to increment decreasing. This disadvantage is most displayed in the
high frequency band.

In this connection the plasma slow-wave structures have a spe-
cial interest. Slow wave in such structures are space-like and has a
maximum of longitudinal electric field on axis of system where, as a
rule, the electron beam is propagated. Theoretical and experimental
investigations of possibility of using plasma as a medium, where the
interaction of charged particles with waves is most efficient are carried
out for many years [1,2]. But only in the last decade the attention
to this field of physics, namely plasma electronics, strongly increased
due to a significant successes in the experiments with charged par-
ticles acceleration in plasma and plasma-beam microwave generators
and amplifiers design.

We consider in this report the electrodynamic properties of the
hybrid plasma-filled slow-wave structures which promise to be very
perspective as an element of a plasma-beam microwave generators or
amplifiers.
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1. The hybrid plasma-filled slow-wave struc-
tures.

The simplest plasma slow-wave structure is a metallic waveguid, filled
completely up with a plasma. The slow plasma wave in such sys-
tem is space-like and efficiently interacts with an electron beam. The
characteristic disadvantage of the plasma waveguide consists of quasi-
longitudinality of the plasma waves. It leads to some difficulties for
lead-in and out a microwave energy whithout using the special trans-
forming and matching devices. This disadvantage will be weaker if
the plasma fills in only a part of a crossection of a waveguide. In
such system the plasma wave field topography provides the marked
power flux whithout plasma and facilitates the matching with ex-
ternal waveguide. Exactly such structure was utilized in powerful
plasma-beam generator of TWT type described in [3].

The question of matching, injection and extraction of the mi-
crowave energy for the hybrid plasma-filled slow-wave structures are
almost completely settled by traditional methods of vacuum electron-
ics. These systems consist from a vacuum slow-wave structure with
the transit channel filled by plasma. The results of the investigation
of such structures are described in [4]. In this article we shall give
only a short description of their properties.

If the volume occupyed by plasma is relatively small, the field
topography of waves is following: outside the plasma the field struc-
ture differs little from the one in the vacuum system. In the plasma
channel the field’s topography changes radically — the wave becomes
space-like and quasi-longitudinal in this region. The main flux of the
microwave energy propagates outside of the plasma channel. Thus,
for instanse, from hybrid slow-wave structure in form of resonators
which are coupled inductively and transit channel filled by plasma,
the proprtion between energy fluxes external to the plasma and inside
it runs up 102 — 103

Such structure of the waves leads to the possibility of using the
traditional vacuum devises available for microwave energy extraction.
On the other hand, a great increase of the longitudinal component of
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electric field in the beam region leads to the increase of the instability
increment. In its turn the efficiency of the transformation of a beam
energy into a microwaves increases also. Moreover, the neutralization
of the beam’s space charge allows to use the beams with essentialy
greater current. The distance between beam and metallic surface
reduces the thermal loads and requirements to the accuracy of beam
adjustment.

So, the hybrid slow-wave structures filled by plasma combined the
advantages of vacuum and plasma system and in a high degree are
free from inherented to them disadvantages. ~

2. The automodulation plasma density in the
presense of powerful UHF fields.

For the realization of advantages UHF plasma devises the homogene-
ity of plasma density along axis is very essential. It is important in
order to maintain the synchronism between the beam and an excited
wave. There is specific peculiarity of the plasma structures: their ini-
tial uniformity may be disturbed by wave fields. It leads to the change
of electrodynamic properties of structure and may limit the utmost
attainable power in plasma-beam UHF generators and amplifiers.

Amongst the causes which result in the appearance of inhomo-
geneities in plasma HF-pressure forses play the essential role. They
lead, in particular, to the appearance of the modulation instability,
which in case of unbounded warm plasma is well investigated [5]. In
reference [6] the mechanism of the increase of larg-scale plasma in-
homogeneityes in presence of the powerful waves in the waveguide
is explained. It is assumed, that density of the wave energy W is
large, i.e. W > nT, (here n, T, are the plasma density and electron
temperature) and the phase velosity V5 is mach smaller than light
velosity c. It is assumed also that the group velosity V,; exceeds the
ion-sound wave velosity C, to a marked degree:

Ve>C, (1)
This condition is natural for devices in which particle accelera-
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tion or powerful microwave generation takes place. The mechanism
of the arising of large-scale plasma igomogeneities is following. Let
the plasma density have in some place a local minimum. Then in
the plasma waveguide the slow wave field has in that place a local
maximum, although in the warm unbounded plasma it has a local
minimum. The HF-pressure’s forces in the first case aspire to make
a “hole” more deeper and vice versa in the second case. If the HF-
pressure forces exceed the forces of the ordinary pressure, the plasma
inhomogeneities beginn to increase.

In this paper the mechanism of the inhomogeneity plasma growth,
which was described in [6], is cosidered, but now we did not assume,
that the waveguide isfilled completely w1th a plasma and the phase
velocity is much smaller then c.

For simplicity the plane magnetized plasma waveguide bounded
by metallic surfaces |z| = b is considered. The layer |z| < a is filled
with plasma which density is n. We assume that the characteristic
scale L of plasma inhomogeneity is much larger than wavelength A.
This condition together with inequality (1), which allows to neglect
the plasma density variations during the time L/V} (in this time elec-
tromagnetic wave passes through the mhomogenelty region), lea.ds to
the law of microwave energy flux cdnserva.tlon

- (Vzvg/ahz )/ e(z)Eﬁ(z)dz:const (@)
7 (V3/c a

where € = 1 — w?/w?, wi(z) = 4xe’n(z)/m.

The influence on the dynamics of plasma density disturbance 6n
by microwave field inhomogeneities along Z-a.ms is descnbed by the
equatlon

II=

d%6n 20%n _ ne? 3%
ot? -G 322 4mMuw?a 382 659 ' (3)
where M is the ion mass, §, is the variation of the quantity
9= f s E? 2(z)dz when the plasma density changes.
Assumptlons about large scales of the characteristic time and dis-
tance plasma density variations make possible to determine local field
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topography and dispersion for different plasma density. These as-
sumptions along with the condidion (2) make possible to reduce the
equation (3) to the form

dn  ,,0%n _

4
at? 922 0 (4)
where C* is a modificate velocity of ion sound

C** = C(1 +IIF) (5)

Here F is a complicated function which depends on all parameters of
the system (we do not present it here).

As follows from (5), if F < O then the limiting value of power
exists. If the microwave power goes over this limit, then the plasma
density ihomogeneouses begin to increase with the time increment
7= [C"|/L.

Analysis of the function F for two oscillation modes (plasma and
electromagnetic waves) shows that the instability under consideration
is possible only if w < w,. The plasma wave instability is always
possible and the limiting power grows if the Vp,, or ratio b/a increases.
The electromagnetic wave instability is possible only in some range
of parameters. This range is cutting down when the part of waveguid
volume filled with plasma decreases. At that time the limiting power
increases.

The rise of plasma density automodulation is one of the possible
mechanism of power limiting in the plasma-beam UHF generators.
Really, the exitation of the plasma system by an electron beam is
resonant by its nature, but the plasma inhomogeneity has influence
on the wave velocity and it disturbes the wave-beam synchronism.
It leads to decreasing of increment right up to break-down of am-
plification or generation. Later on the plasma homogeneity will be
restored and UHF oscillations grow again. In such a way the low fre-
quency instability arises. Estimations show that in plasma waveguid
with cross-section about few cm, plasma dencity n ~ 10*! cm~3 and
electron temperature T, ~ 3 eV the limiting value of power is about
10 kW. If the value of power exceeds this level the plasma density au-
tomodulation arises, the UHF oscillation become impulsive and the
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average power drops. For inhomogeneities with the scale ~ 10 cm
the characteristic time of automodulation growth is ~ 107% s (it is
also the duration of UHF pulses).

Some more once quality of the hybrid plasma-filled structures
follows from above-mentioned. Because the part of volume filled with
plasma is small, then the connection between dispersion properties
of system and plasma density is loosened. It leads to the growth of
limiting power value.

Conclusion

The understanding of the above-mentioned instability mechanism al-
lows to increase the maximum power in plasma-beam devices. For
this purpose it is necessery to weaken the influence of plasma density
on the phase velocity or let pass the main part of UHF power out of
plasma. The slow-wave structure which consists of the sequence of
connected resonators and plasma-filled channel represents an exam-
ple of realisation of both methods. Another possibility is to operate
with short pulses.

This work was supported by the Ukrainian State Committee of
Science and Technology.
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STOCHASTIC HEATING OF PLASMAS
BY LASER RADIATION

V.A4.Buts, K.N.Stepanov
National Science Center

”Kharkov Institute of Physics and Technology”,
Kharkov, Ukraine

1 Abstract

A new method for fast heating of plasma is proposed. It is based on
the stochastic instability of charged particles motion in the fields of
three or more high frequency (w >> wp) large amplitade electromag-
netic waves. The normal (Compton) or anomalous scattering is the
elemhentary mechanism of the resonance interaction between waves
and particles in this method. The heating rate for equal power levels
may exceed considerably those inherent in other well-known methods.
1. Electromagnetic waves may heat plasma (e.g., in controlled
fusion devices) in two regimes. When the wave amplitude is small
linear mechanisin of the wave emergy absorption is at work. The
particles gaining the energy from the wave have time to distribute
this encrgy among other particles during the heating period. The
deviation of the distribution function from the Maxwellian one is
small. Moreover, if the amplitude of the electromagnetic wave is high
enough, the beam-plasma like and parametric excitations of natural
plasma waves occur resulting in a turbulent plasma heating {1-3].
We propose here a new mechanism of direct heating of plasma
particles by strong electromagnetic waves. Interaction between elec-
trons and beat-waves under the Cherenkov resonance condition re-
sults in electrons being trapped by beat-waves. These resonances
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overlap if their widths are sefficiently large. The consequence of this
overlapping is the development of the stochastic instability and the
diffusion of particle in energy space. The method proposed here is
close to multiwave heating (see ,e.g., [4-5]). In the case considered
the nonlinear beat oscillations are similar to those in free electron
lasers. Another opportunity exists to heat plasma particles directly
with noise electromagnetic fields. Below we will compare stochastic
and noise methods of plasma heating and show the first one to be
more efficient.

2.Consider a charged particle motion in the field of several (N +1)
plane electromagnetlc waves B = Re En—o En, E, et in H=
R,eEn__o Hn; Hp = clbnEn]/wn where ¥, = knfy — w,,t
It is convemenﬁ to mtzodnce the following dimensionless variables
p1 = ffme, E,; = En/mcwm kn,i = kpcfw, T = wgr, =
Fwofe, wn) = wpfwo, % = ¥/c. In this variables (we omit the
subscript ”1”) the equations of motion assume the form

,’-;-_’- -~ [ReZE (Wn — kn?) + ReZk,,(rF,,)] (1)

n=0 n=0

where z = ﬁf.

The wave vectors are assumed to be collinear, the wave amplitedes
being small (|£,|) << 1). Then the motion of particle has two tem-
poral scales, the fast one and the slow one.

Averaging over fast motion yields the set of equations for slowly
varying quantities:

d7 Z(t’m En)(wm F Wn)cosbimy
demn/d'r = (km ¥ kn)'u - (‘”m F wn) (2)

where v is the particle energy, Omn = ¥m F ¥y is the beat-wave
‘phase. The summation in the first equation is performed over those
.pairs of waves whose phase sums ,,,, are slowly varying. The upper
sign refers to the normal scattering (N'S), whereas the lower sign is
for the anomalous one (AS) (according to Ref.[6]).
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Consider now the sxmplest option when only three waves are ap-
plied, the first (wl,kl,t'l) and second (w2, kz,gz) ones moving op-
posite to the zeroth wave (wo,ko,t'o) ( NS scheme ). Two beat-
wave waves (i = 1,2) arise with phase velocities 7,5, = Awy; /(ko +
k; i), Awg, =1-—w;.

ky ks ko k

The figure shows the dispersion diagram picturing the beat-wave
waves. The condition for the overlapping of nonlinear resonances
is the condition for the occurrence of the stochastic instability

(Vphy — Vphy ) < \/k—[\ﬂ'lAwo‘ + \/82A“’02] (3)

where v, vo are the initial energy and velocity values. In this case one
can retain in Eq.(2) only the term responsible for the above two beat
waves. The phases of these waves may be regarded as random. Then
after averaging over random phases and random initial positions of
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particles one can obtain the following expression for the mean square
of the deviation of energy from its mean value

4 sz

443

< (AP > EBY, )

where

1
<z>= g | d(k?o) fim T/ Ldt

On deriving Eq(4) we assumed that 7 >> 7., 7. being the
decorrelation time amounting to some periods of the waves. Besides
we put for simplicity that Awg; = Aw, & &~ F.

In order that all plasma particles were heated stochastically, the
inequally Av > vy, should hold. In the nonrelativistic limit this
condition is £ > 0.25v/ Awv i.e., moderate laser fields are suffiecient
to trap and heat stochastically all plasma electrons.

Let us compare now the efficiency of stochastic heating of particles
by coherent fields with that for heating with noise field. Consider a
particle moving in a noise field. From the following equation for
enerfy changes

., = vEﬂ.ouc

with the above assumptions one gets easily

<(AY) >p= 02627

Let the enetgies of the coherent and noise fields be equal, i.e.,
£2 .. OWnoise = E26w The spectram width of the noise field is large,
&um,e > w, whereas that of the coherent field is narrow 6w = w/Q,
where Q is the quality factor of the optical resonator (Q ~ 10°+ 107).
Then the ratio of energy gains of particles in these fields determining
the heating efficiency is

< (A7) > _ E(Aw)Q 5)
< (A7) > Av3v}

For the most cases K >> 1.

Let us compare the mechanism considered with other ones. There
exist two main scenarios of plasma beating with strong electromag-
netic waves. In the first scenarii the wave incident on the plasma

K=
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excites in it turbulent pulsations of electric and magnetic fields due
to parametric processes (decay ones, Raman scattering etc [2]) lead-
ing to the turbulent heating. The time of turbulence formation may
exceed the time of stochastic heating. Besides, the energy of the in-
cident wave is distribute in a broad spectrum of natural oscillations.
In this case, according to Eq.(5), the heating efficiency is less and
the heating time is more than the respective values for the stochastic
heating. The second scenario is related with Conlomb collisions of
particles. The collision freqnency v is proportional to the plasma den-
sity and at n = 10%2cm ™ and T = Tkev it is equal to v = 1025, If
w=5-10%5"1 and £ = 0.1, then the heating of electrons up to 7kev
will occur during the time At;. = 210571, this time being con-
s1derably less than the collision time. Thus there exists a domain of
plasma and laser radiation parameters in which the stochastic mech-
anism of heating is more efficient.

Consider now the application of stochastic heatmg for laser con-
trolled fusion. The stochastic heating of ions is weak because 73 o
(m.)*. They are heated faster as a result of collisions with hot elec-
trons heated stochastically. Under the action of the laser field with
£ ~0.1, w=>5-10%s"1 plasma electrons with » = 10*2cm ™2 during
the time ¢ < 10735 are heated to T = Tkev. The heated electrons
transfer its energy to ions during the time t ~ 10~%s. Dauring this
time the target of the radius r = 0.1cm will have no time to fly off.

Fast heating of electrons will prevent the development of most
instabilities because their growth rates I' are not large TAf, < 1. In
this case the absorbed energy of laser radiation will go éfficiency to
electrons and ions.

This work was snpported by the Ukrainian State Committee
of Science and Technology.
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THE EXCITATION OF A PLASMA-FILLED
SLOW WAVE RESONATOR BY AN
ELECTRON BEAM

V. A. Buts, V. I. Miroshnichenko, V. V. Ognivenko,
I. N. Onishchenko, Yu. A. Turkin
Kharkov Institute of Physics and Technology,
Kharkov, Ukraine

Introduction

The employment of a plasma as an electrodynamic structure element
has revealed a number of advantages connected with the peculiarities
of plasma-waveguide dispersion characteristics and plasma nonlin-
earities [1]. A rise in efficiency of powerfull HF-oscillation excitation
by an electron beam in plasma-filled slow wave structures [2-4] has
been widely discussed [1,5-8], yet the problem is still remained to be
unsolved.

The present paper is concerned with the investigation of the evo-
lutionary electrodynamic characteristics changing due to the nonlin-
earity of the plasma being in strong fields of excited waves. The
amplification and generation regimes are considered.

It is known [9] that the beam-wave energy exchange limitation is
caused by beam trapping in the wave well. To get over this restric-
tion, the space nonuniform structures with decreasing phase velocity
or beam reacceleration are commonly used. It is alluring to find
an inherent nonlinear mechanism, which leads to self-maintaining of
resonance between the bunch velocity and the phase velocity of the
wave [10].
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Amplification regime

In the case considered, as a result of nonlinear wave interaction lead-
ing to plasma density modulation, a distributive radiation removal
from the system is possible, this being equivalent to dissipative ener-
gy losses by the excited wave [10]. Therefore, the problem may be
investigated using a simple model of the dissipative beam instability,
described by a set of nonlinear self-consistent equations for amphli-
tude ¢ and phase a of the wave and the equations of motion for beam
electrons in the following form:

de 1 [
A sin(7 + a)drg — ve (1)
da I
-a—c- = 5-;; A 005(1' + a)d’l‘o (2)
d*r )
o —esin(7 + a). (3)

We have used the dimensionless variables 7 = —w (t — z/vg), { = acé,
e = E/E;,. Here # = w/yg (nlvo/rz.ovg)”3 is the space coefficient of

amplification; E;, = [-Mnlmvg (nw{,/nw,)ll 3] H2 is the amplitude
of trapping; n;, no are the beam and plasma densities; w is the wave
frequency; vo is the beam velocity; v, is the group velocity; v is the
effective dissipation coefficient.

The main special feature of this problem is the nonlinear self-
consistent closeness of the phase velocity (vps) to the beam velocity
(vph & vg), which does not require any particular external steps to be
taken. The dependence of the wave phase on its amplitude (2) during
the wave evolution is the cause of vy, decrease over the interaction
length, while for the dissipativeless case (v = 0) the average phase
velocity remains constant (Fig. 1a). i v # 0, successive phase jumps
(decrease and increase in vy, obeying the bunch beating in the wave
well) become nonsymmetrical, because the amplitude is essentially
damped during a bounce period. Hence, during the whole trap oscil-
lation vy, is not reestablished, becoming the smaller, the greater is v
(Fig. 1b,c for v =0.1; 1)
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The efficiency n = aW/W;, (here aW denotes the beam energy
losses over the distance { of AW saturation, aWj is the initial beam
energy) as a function of v is presented in Fig. 2. It is seen that with
growing v the efficiency 7 rises, reaching its maximum value 7, = 0.72
for v, = 1.5 and further falls down slowly. Phase plane (r, g%) shows

that the beam particles are divided into two groups, namely, trapped
and transit particles. The trapped bunch loses its energy the more
intensely the greater is v. The number of trapped particles decreases
with v growth. The competition of these two factors leads to the
existence of maximum 7, for the optimum parameter v,.

Generation regime

The plasma-filled electrodynamic systems for HF-generators and par-
ticle accelerators seem promising owing to the “flexibility” of their
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dispersion characteristics. For high power levels, because of the
plasma density deformation, they can change their electrodynamic
properties so that particle-wave resonance lasts longer than in the
vacuum case [10]. To verify these considerations for generating opera-
tion, we solve the problem of oscillation excitation by the electron
beam in a resonator filled with a plasma, which is being modulated
in the HF-potential of the excited waves [11].

Suppose that the longitedinal components of the synchronous and
reflected waves have the following form:

Fa(1) = Re{Aa(F, t)exp [—i(wt F k2)]} 4)

The synchronous E,-wave, excited by the beam, is in nonlinear in-
teraction with the reflected F_-wave and the low-frequency plasma
oscillations. This process is described by a set of Maxwell’s equations
for the wave fields, the hydrodynamic equations for electrons and ions
of the plasma and the equations of motion for the beam electrons.
The boundary conditions at the entrance (z = 0) and at the exit
(z = L) of the resonator can be written as

A(z=0,t) = R1A_(2=0,1)
A_(z=L,t) = RyA.(z= L,t), (5)

where R; ; are the reflection coefficients at the resonator ends. Let us
consider the static approximation, when the velocities of slow plasma
motions are small comparing with the ion thermal velocity, e.g.,
|8%6n/81%| < c2|8%6n/822|, here 6n is the plasma modulation, c, is
the sound velocity. After averaging over HF-oscillations and using the
dimensionless variables { = 2z, r = w(t — z/vo), § = wii(z,45) — kz,

2 .3
= 2w, = wipB% g1 % wm e
A= W ) = % [2_57-1%)‘] 1 0= m—éﬁ (_UQ) &

g — beam-wave coupling coefficient, §y = 6(z = 0), we obtain the
following set of self-consistent nonlinear equations

8 8 _ . 1
(8—T+v+b—)a—wlbla+-2-;/o dfoe (6)
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(-;1-_- - v_a%) b= ic|al?b )

d¢

E = Re (aew) R

dé
= (8)

Here the group velocity of the synchronous wave is supposed to be
positive v, > 0 (travelling wave tube). For the backward-wave oscil-
lator it is necessary to replace v, by —v, and A4 = A_.
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Equations (6-8) were solved numerically for the following para-
meters: a9 = b9 = 0.01, L = 2, R; = 1, R; = 0.3. The temporal

466



evolution of the synchronous wave amplitude a(r) for the amplifier
(TWT) (vg/vo = 0.1, X = 1, o = 0.005) and for the oscillator (BWO)
(vg/vo = 0.8, A = 0.5, ¢ = 0.03) are presented in the Fig. 3 and
Fig. 4, correspondingly (a — vacuum case, 0 = 0; b — plasma case,
o # 0). It is seen that the straight and reflected waves coupling due
to the plasma modulation leads to more complicated temporal be-
haviour a(7) approximately at the same power level. The threshoulds
of multiperiodic and stochastic modulations are lowering with plasma
filling. A slight power enhancement is noticed for BWQO. The further
investigations will persue the quantitative coincidance of the numeri-
cal results with experiments [1-4] for the experimental parameters.

This work was supported by the Ukrainian State Committee of
Science and Technology.
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WAVE - BEAM INTERACTION IN THE
PRESENCE OF INHOMOGENEOUS
STATIC MAGNETIC AND ELECTRIC
FIELDS

G.M.Fraiman and I.Yu.Kostyukov
Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

1 Introduction

The influence of perturbation on dynamic system motion being the
solution of the integrable problem, is the traditional problem of hamil-
tonian mechanics [1-7]. In canonical action-angle variables, this task
can be formulated as follows. Let us consider the time-dependent
hamiltonian system with N degrees of freedom, given by Hamil-
tonian: H(I,®,t) = Ho(I,t) + H.(I,0O,t), with initial condition:
Lt =0) = I?, 6;(t = 0) = 6). Here, Ho(I,t) is the Hamiltoni-
an of the unperturbed problem and H.(I,®,t) is the perturbation,
being the 2x - periodical function of angle variables 61,...,8y. In
the unperturbed problem (u = 0), all action variables are the first
integrals. The problem is to calculate the variations of the action
variables during evolution of the system.

In application to celestial mechanics a number of methods to take
into account the perturbation were suggested. (The analysis of the
methods is given by Poincare [1]). However, they have serious defects,
related to the existence in the solutions of the “secular” term, infinite-
ly increasing in time (the so-called problem of small denominators).
To formally overcome the divergence new methods of perturbation
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(the Poincare method [1], the averaging method [2,3] and the others
[4-7]) were developed. Usually, the smallness parameter of the per-
turbation theory is u. Despite the fact that the solution obtained by
means of these methods are the formally divergent series they can
describe the real system motion good enough under some conditions
(which determined by the intense of the perturbation and required
‘accuracy). Many problems have been investigated with the help of
‘the methods (variation of adiabatic invariants [3], etc.).

Unlike the traditional problems of classical mechanics, for the
problem of collective phenomena physics (interaction between a beam
of charged particles and HF field etc.) the solution obtained for one
particle must be averaged over all particles. It will be seen further
that in the problem of interaction between the charged particle beam
and HF field, the averaged variation of one of the action variables
corresponds to the variation energy of the beam and the averaging
over the particle ensemble corresponds to the averaging over all ini-
tial angle variables. The action-variable variations averaged over all
69 to the first order in u equal zero and the second order of pertur-
bation theory corresponding to the usual methods is difficult enough
for analytic analysis (the multiple integrals, etc. [5,7,8]). Therefore,
it is important to develop a method, allowing us to obtain a more
convenient form of averaged variation to the second order in u.

In this paper we shall derive general relations within the frame-
work of hamiltonian mechanics and discuss their possible applications
to the plasma physics problems. Since they have the hamiltonian na-
ture, the range of their use is wider than we discuss here.

In the first section, the some expressions of classic mechanics are
adduced (the relative integral invariants, the Lagrange bracket and
so on). Taking these expressions as basis the general relations for the
action variables variation averaged over all 89 to the second order in
4 are obtained. The form of the relations is compact and physically
clearer for the analysis. It is shown that obtained expressions are
the generalization of relation between the factors in Fokker-Planck-
Kolmogorov equation known in stochastic dynamics. In the one -
dimensional case, the limits of validity of the relations are found.
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In the second section, the one - dimensional problems are dis-
cussed. The expressions for the problem of interaction between a
charge particle beam and HF field in the presence of a static field
are derived. The results are generalized for the nonlinear field regime
(consideration of the ponderomotive force action). The known and
new problems of beam-plasma interaction are solved.

In the third section, the obtained results are applied to analyze
the many - dimensional problem: the interaction between the charge
particle beam and microwave in the presence of an inhomogeneous
magnetostatic field. It is shown that the inhomogeneity of the mag-
netic field can change not only the rate of microwave absorption but
the sign of the effect. It means that the HF field can be pumped
by the beam due to the action of the inhomogeneity of the magnetic
field.

2 General Expressions

Let us consider the dynamic system with N degrees of freedom, hav-
ing the Hamiltonian H(I,®,t). The evolution of the system described
by the Hamiltonian equations: .

dl,  8H  de; 4H

E__?a—e—;’ -d—t-=a—Ii’ l=1,...,N. (1)
The initial condition are added to Eq. (1) :
K(t=0)=I¢, 6,(t=0) = 6. @)

On the other hand, the hierarchy of the Poincare invariants can
be taken as a basis for the Hamiltonian system theory [4]. For the
first time, these invariants of various dimension were investigated by
Poincare [1]. He showed that some quantities that he called relative
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integral invariants do not vary during the time ¢:

N
Z I;d8; = const,
901 =1
N
Z L;1;d8;d6; = const, ... , (3)

Bo2 i j=1izi

f LI,...INd©1dO;...dON = const.
don

It is integrated through the corresponding “fluid ” hypersurfaces
at a certain moment of the time. The first invariant corresponds to
conservation of the vector I circulation along the fluid closed line 9o
consisting of the particles moving according to the equations (1) and
(2) and the equation for the last N-th invariant expresses the well-
known Luiville theorem of the conservation of phase volume bounded
by the arbitrary closed surface doy.

The main idea of the present paper may be formulated as follows.
The Poincare invariants give quantity averaged over this hypersur-
face. Therefore, we can hope that if we choose a good hypersurface
and the averaging quantity, we can obtain the relation, which will
useful for physical applications. To obtain this relation for an arbi-
trary function of the canonical variables we should use the differential
form of Equation (3). In the general case, the connection between
the integral invariants and the differential forms was shown by, e.g,
Arnold [4]. However, in our case it is more convenient to use a more
concrete method, in which the differential form of Egs. (3) is the
corresponding expression of the jacobian of the transition from the
initial variables I°, ®° to the variables I, ®.

For the first integrable invariant we have the known relations of
the Lagrangian brackets:

a0 i I}, 84
{1?’81'} = Z det 0 a0 = 51’1'7 (4)
k=1 LR |
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{Pr}}=o, (5)
{e2e?} =o. (6)

For the N-th integral invariant we have the well-known conse-
quence from the Louiville theorem: the jacobian of the transit from
the initial variables to the I, ® variables I°, @° is equal unity:

Ilyela'”sIN’eN _
det{]{’,eg,...,lg,,e% =1. )

Let us derive the expressions of the action variables variation
defined by Eqs.(1) and (2) and averaged over all initial angle variables:

INE /" [0, €0,1) - 10469 e
E e— . t)— cee . 8
(2’_) N 0 0 [ ( ’ ’ ) ] 1 N ( )
Here and further, << ... >> means the averaging over the all ini-
tial angle variables. We assume, that there is an infinite set of the
dynamic system, having the equal volume of the action variables and
evenly distributed in the all angle variables at the initial time mo-
ment ¢ = 0. Due to the periodicity with respect to @°, the solution
of problem (1), (2) at an arbitrary time moment ¢ can be written in

the following form:
L= +AL+I7, 6,=6]+A6;+6]. (9)

In definition << I~ >>=<< @~ >>= 0 averaged over all 67.
Because the derivation of expression for AI is unwieldy it is given
in Appendix A. Here, we give the final result:

1% o _—
<< AL >>—§,Z___:lﬁ‘; <L >>. (10)

For the present, we can define the limits of applicability of this
relations only in the unidimensional case. To find these limits we
shall now obtain an exact relation. Let us multiply equation (7) by
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N

5
dl...0In
and integrate it over I®. As a result, we get:

an arbitrary function f(I,©), then, average it over ©°

[R5 2 aean...an
<< cee mf(, ) 1.8l >>=

Il’ 61) IN, eN aN
/ det { Io’ e,’---, IR,,GS’V } aIl---aIN f(I) e)dI?..dI?v >SS
(11)

Using the Green-Stocks-Poincare theorem [4], we integrate the right
part of Eq. (11) over I and ©®. Then we differentiate the obtained
expressions over I° and as a result we get:

aN

<<n .oy (1) >>=
aN (3] 2) (1)
= ———— << f(I,0)det —I-&—E}>>.
oo, ~<11.9) {eg,...,eg,
m+1

In the unidimensional case, having substituted f(I,®) for rf&+ 1

we obtain the following relations between the moments < I™ > and
< I™t! > (<...> we denote the averaging over 6°):

_ 1 3 +1 08
<I™>= 13m0 <rm 260 - (13)

By means of Eq. (13) it may be shown that there exists the following
relation between I~ and AI:

I 9 Ir ;]
Al = —exrp (—'X 5—1'6) X —X, A= '870' (IO+AI). (14)

Let us assume again that I is small. Then, using the theory of
perturbation and expanding in a series according to I™ in Eq.(14) we
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can write AT as function of I*. We find with an accuracy to (I~)5 :

AI_la<(I"')2> 1< (M)} > +_1_63<(I“)4>
T2 are 6 9(I°)? 24  9(I°)3
1 83 o2 o2, 1 d ;) ~\2 2 ~\5
- 33 <> 455 (313 < () >) +o((I"))

(15)
Therefore, in the one-dizmensiona.l case the relation (10) is correct
. 1 9 13
with an accuracy to & 3(I) < (I™)° >.

We would like to discuss the connection with the known results.
An expression similar to Eq. (10) was known in stochastic dynamics
[6,7]. In this case, the evolution of the dynamic system by means of
the distribution function F(I,t) is given by Fokker - Planck - Kol-
mogorov equation:

oF d 1 o?

FI _a_I; AR+ 2 oL;d1; Bi;F,

(16)
1 1
A; = 7 << 6; >>, Bij= T << SL;6I; >>,

where 81 is the variation I during T'. If the dynamic system is hamilto-
nian, the equilibrium state is constant F(I,t) = const. The following
expressions follow from this fact:

_129 2 _
<bI>=g o2 <(8)?>, SI=1I L. (17)

Another derivation given by Landau is based on expanding in Tailor
series according to the interaction time and consequently it is correct
at a small interaction time [7]. It is seen from Eq. (15) that the limit
of applicability is determined by the smallness of the action variable
variation and therefore it is not necessary the chaotic behavior of the
motion and the smallness of the interaction time. Essentially, our
result is that the nature of these relations is pure dynamical and,
therefore, the range of their application is greatly extended besides
stochastic dynamics, to the regular mechanics.
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To use formula (10) in physic application we have to give I~
the concrete form. Let us assume that the Hamiltonian consist of
integrable part Ho(I,t) describing the unperturbed motion and the
perturbation H.(I,0,t) : H(I,0,t) = Ho(I,t) + H.(1,0,t). Thus,
the problems of searching for the action variation averaged over the
entrance phases is reduced to relation (10), in which the value of the
oscillatory part is found in the first approximation:

~ __ ¢ aH~(IO’ '/’?(Io’ f) + 6?: f) 0 __ ¢ aHO(IO: 5)
(18)
It is the main result to use in the next section for the analysis of the
beam-plasma interaction problem.

Egs. (10) and (18) can be generalized to consider “averaged” pon-
deromotive force. In this case, the oscillatory action component in
Eq.(10) is found in the first order of the perturbation theory along
the trajectory defined by the effective Hamiltonian:

+o00 ~ ~ .

N
y dm = Z miws,
ol m=-00 9m i=1

+o00
H.(1,8,t)= > Hp(It)e™®, w.-=a—Iigg¥l,
1 1

m=-—00

(19)
where m® = m;0; + ...+ myOy, m; is the integer over which is
summed.

3 The Application to the One - Dimensional
Problems

3.1 The Finite Motion

We shall consider the problem of the interaction between weak vary-
ing electric field and the charged particles oscillating in potential well.
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The particle motion is described by equation:

d’z dU oV (z,t)
R T
where q is particle charge, m is particle mass, U(z) is potential of the
static field, E(z, t) is varying electric field. The motion of the system
is given by the Hamiltonian

, (20)

p?
=5+ U(z) — eV (z,1). (21)

Let us make transition to new canonical angle-action variables, I
and O,:

Zye —_ 2
=1 [T e, o2 v,
Trefl (22)

e+e°£5"7 /’\/2—5(”;—2”(’514:, e(t=0)=0,

where z,.s; and z,.s2 is the coordinates of the reflection points, ©
and 60 is the current and initial phases of the oscillations. As a result
of the transformation the Hamiltonian acquires the following form:

H=E(I) - eV (2(I,0 + 8°),1). (23)

We assume that the particles are evenly distributed in initial phas-
es of the oscillations. Then, according to expressions (10) and (18),
we find the variation of the action variable I averaged over the initial
phase of the oscillations:

2 + 0 2
< Al >= —_< / i av(z(IO,WO(I)t+e )7t) dt) >,

e 9
2 dhp —00 o869
wo(I)=d€/dI. .
(24)
Using the relationship (22) of energy £ to action variables I and
periodic dependence of the coordinate z on the oscillation phase 6
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z(I,8,t) = z(I,0 + 2x,t), we find:

< AE >= 4xzezz::;kwo(£)§g ko (€) Vi (€, wo(€) 2,

00 +00
V(z(€,wo(€)t),t) = Z ‘/-.-oo Vi(€,w) ezp(skwo(€)t + twt)dw.

k=-00

(25)
The expression (25) completely coincides with the expression, ob-
tained by A.V.Gaponov et. al. [9]. The relation was used by these
authors to analyse the induced radiation of excited oscillations and
to apply in HF electronics. They have shown that the possibility of
induced radiation (absorption) is defined by the relation of the natu-
ral oscillation frequency to the energy of the natural oscillations and

the form of the spectrum of the varying force.

3.2 The Infinite Motion

However, if we consider interaction between the transit (not trapped)
charged particles and HF forces in the presence of the static field, it
is difficult to introduce canonical angle-action variables because the
infinite motion of the particles takes place along coordinate, being
parallel to the velocity of the particles. In this case, it is more conve-
nient to go.to description, within which this coordinate plays a role
of the time and the time is a canonical variable. To do it we make
the transformation described further.

Let us assume that H(p, q,t) is the Hamiltonian of a system with
N degrees of freedom and the periodical function of the time ¢, g, is
the coordinate along which the infinite motion takes place. Taking
H and t into the set of the canonical variables we broad the phase
space up to N + 1 degrees of freedom: gn41 =¢, pp+1 = —H. As
result we have the following Hamiltonian: Hy(p,q,pn+1,9n+1,t) =
H(p, q;9n+1, t) + Pn+1.

Then we reduce the phase space down to N degrees of freedom.
Then py, is a new Hamiltonian: H = pa(p1,91,-- -, Pn-1,qn-1,Pn+1,
9n+1,4dn), gn is new time: t = g,. We also assume: p, = pp4+1 — Hi,
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dn = gn+1. We thus have the Hamilonian, in which the coordinate
describing the infinite motion plays a role of the time ¢ and the time
t is one of the canonical variables.

As an example, we shall now find the work of the HF forces
¢E(z)e* on the beam of charged particles in the presence of the
static field. The Hamiltonian of this system is the same as in the pre-
vious task. However, in this case, we consider transit (not trapped)
particles. Making the procedure, describing above, we go to a new
Hamiltonian:

H= \/2mw(€ — U(z)) + eE.(z)cos(8 + 8°). (26)

In obtained Hamiltonian, the coordinate z plays the role of the
time t and the particle energy in the static field, £ = 2%2; + U(z),
and the normalized time, wt = © + 69, is the canonical conjugate
variables. Here, 8° = wt(z = 0) is the input phase. The beam
particle is evenly distributed in ©°, if the beam is not bunched. Then,
using relations (10), (18) and assuming that the action of the HF force
is weak, we can obtain the beam particle energy variation averaged
over the input phases 6° along the route of length L per particle [10]:

_ _es=19 ;12
< A€ >=< E(L,po, €0) — €0 >= 196 |I.|%,
L .
I.= / eE,.(z)e'®oEo2) gz, (27)
0
dz mV?

z
6 = / — = —— +U(2).
o0(€0,2) = w o V(eo,2)’ &o ) + U(z)
According to Eq. (18) the Eq. (27) can be generalized for the
nonlinear field regime. In the calculation of 8¢(&,z) it suffices to
take into account the averaged ponderomotive force. Le. V(&,z)
may be determined from the following energy conservation law:

mV? e2E2
£°—T +U(z)+4mw2 . (28)

478



For an arbitrary beam energy distribution function f(&p) the dis-
sipating power is expressed through:

+oo 1
Q= '[-w om ny < AE(Eo) > f(€o)déo. (29)

It is seen from Eq. (29) that sign of Q depends on the sign of A£.

The application condition of Eqs. (27) is the weakness of the beam
bunching due to the action of the HF force. It means the follow-
ing. An electron travels a distance without the action of HF force.
The transit time is changed under the effect of the HF force. Then,
Eqs. (27) are correct when the periodic component of this transit
time variation is- much smaller than a period of the HF force.

3.3 A Problem of Beam - Plasma Interaction

The interaction between a charge particle beam and HF field in the
presence of an inhomogeneous static field in general case has not been
considered analytically. This is due to the following fact. Usually, the
expression for the beam current is obtained from Vlasov equation
by means of the perturbation theory and it is the double integral.
Consequently, the expression for beam work is the triple integral that
is very difficult for analytic analysis [8]. However, as we show in
Eqgs. (27), this expression can be transposed to a more compact form,
where it is necessary to take only one integral I... Moreover, since
it is proportional to the derivative of |I.|? with respect to the initial
energy o the search of dumping (pumping) zones reduce to the search
of increasing (decreasing) region of |I..(£o)|. It allows us to analyze
the beam-plasma interaction problem in more detail.

It has been shown in experiments [10, 11] that clusters of Lang-
muir oscillations with a monotonically decaying spatial Fourier spec-
trum can be easily excited by electron beams both in the layers ad-
jacent to an electrode and in the region of plasma resonance. At
the same time, it is well known that in the framework of the tradi-
tional model of Landau damping of plasma waves, the similar fields
damp due to the interaction with beams having an arbitrary distri-
bution function. Indeed, when a monoenergetic electron beam with
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the initial velocity V passes through an HF field cluster E(z,t) =
E..(z)sin(wt), time-averaged work at the beam is described by the
relation:

ew 98

< A€ >= ~ 1V Ok

+o0o0
IEklz, k= 2 » Er =/ EN(z)eikzdz,
Vv ~00
(30)
where n; is electron beam density, < AI > is time-averaged ener-
gy gain. This value is positive for the fields with a monotonically
decreasing Fourier spectrum.

According to Egs. (30), a stationary Langmuir soliton cannot be
pumped by a monoenergetic beam with arbitrary energy [12]. The
presence of the static electric field in the layers adjacent to an elec-
trode which slows down or accelerates electrons is the most prominent
feature by which the interaction of electron beams and HF clusters
differs from the Landau model. The similar distinction of the inter-
action of the electron beams and Langmuir soliton in a cavern. This
permits one to expect that even when the structure of a HF field is
constant, electrons may give up their energy, since due to the pres-
ence of the static field, the time of their existence in the retarding
phase can increase.

Using Eqs.(27) we will analyze the problem of interaction of the
beam having the velocity V' and the stationary Langmuir soliton.
Unlike the previous problem where the electrons had no initial energy
(Io = 0), in this case the beam electrons travel to the interaction
‘region with some initial velocity (V # 0). Note that if in (27) we

have:
Eo Uo

E.(z) = ch(koz) ’ U(z) = hi(koz) ’ (31)
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then we can obtain an analytical result:

x2 3 1
<AI>_TA-8_VCh2(_I_£)x
2ko V
2 _y2 ]
cos? %%arech(v2+“;3) , —V‘%Zl, (32)
x . )
sin? Lﬁarech(v's-——‘{—z-) X—<l
| 2k V Viivie _’ V. ’

For the runnin’: soliton we have: E.(z) = Ejexpikz/ch(kof),
U(z) = Uop/ch*(ko€), € = z — Vot when: ko> k, V > V. one
should substitute w for w — kV,,, Vior V —V,, and w/V for
w/V —k in Eq.(32).

The first relation in set (32) corresponds to the transit beams
of electrons, the second one corresponds to the reflected ones. It is
readily seen from here that if Up = 0, i.e. the potential energy of
the static field specified by the conditions of quasineutrality is com-
pensated by the potential of the averaged motion, we have ordinary
Landau damping of a stationary soliton [12]. In the general case
(Uo # 0) the asymptotic formula of Landau damping can be applied
for beams with the energies:

mV? Uymw?

(33)

For the beams with the energy satisfying the inverse inequality,
there exist generation zones alternating with absorption zones (see
Fig.). In this case, the width of the zones diminishes, while the incre-
ment maximum (in our approximation) increases without restriction
as the beam energy approaches Up (the minimal energy corresponding
to the transit regime).
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Fig. (a) The normalized increment of the stationary soliton pumping
y[w,(ny/ny)]"! a function of the normalized beam velocity VIV, =

JmV32eU,, at kyr,, = 0.38 (a solid line). (b) The same dependence .for the
stationary soliton in the absence of the static field U, = 0 (a dashed line)

The boundary between the generation zone and the absorption
zone Iy ~ kT, does not depend on spatial width of the soliton.
Therefore the distribution function of plasma electrons is deformed
at Ip ~ kT, during relaxation of strong langmuir turbulence.

We would like to emphasize that unlike the Cherenkov pumping
mechanism of the moving soliton [12], which is realized for sufficient-
ly epithermal electrons, qualitatively new effects (the possibility to
pump solitons) are achieved at low beam energies.

4 Example of the Many-Dimensional Prob-
lem

In this section we shall use expressions (10) and (18) for the study
of a many-dimensional problem. Particularly, we shall consider the
interaction between a beam of charged particles and an HF field in
the presence of a smoothly inhomogeneous magnetostatic field. In
detail the problem are discussed in paper [14] of this book. Here we
present the main results.
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Let us suppose that a charged particle beam propagates through
the region of the inhomogeneous magnetostatic and the HF fields.
The motion of a particle in electromagnetic fields is given by the

Hamiltonian:
2
H= c\/(p - %A) + m3c?, (34)

where c is velocity of light, mo is the particle’s mass of rest, ¢ is
charge of the particle and A = A%+ A~ is the vector potential of the
electromagnetic field. In our problem A is the vector potential of

the magnetostatic field, A~ = g c( )

potential of the HF field.

Let the “guiding center” of a “Larmor circle” move along the
force lines of the magnetic field. Reducing the Hamiltonian to the
necessary form [13, 14] and using relations (10) and (18) we can
obtain the mean variation of the beam energy per particle in drift
approximation:

Re{xo + fyoe“*} is the vector

<A£>=l§ S 8 |Fi? + | Fy)?
16 &~ \a& " g )M T

[ Vi(ED,2)  ieo(£0,e0 )
F _/o qE_?.(z)V“(gO,e_?_,z) ¢ s,
L . 0
F= /; g Ef (z)e*®o (€L ) g,
(35)

6o(o,7) = ,/: V;}%go(% dg,

V(€% €3,2) = \[—'2; (50 wB(a:) 6'_,_)

Vel =2 (28 g),

w
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where Eh’ and E9 are longitudinal and tranverse (relative to the mag-
netic field lines) components of HF field.

More detailed analysis of expressions (34) is given in [14]. Here
we adduce the main conclusions.

By analogy with the unidimensional case the term 3’;,(51 &9 plays
the role of “effective® potential energy. The resonance points w =
wp(z) give the main contribution in the integral F. If there is one
resonance point and the beam particle pass it once, the HF oscilla-
tions always damp due to the interaction with the electron beam. In
order to form the generation zones of the HF field the beam particles
must pass several reflection points. It is possible if the magnetostatic
field has the nonmonotonic spatial profile or the beam is reflected
at “magnetic mirror” for the case with the monotonic spatial profile
of the magnetic field. Thus, the nonlocal nature of the beam-wave
interaction plays a important role in the energy exchange.

5 Conclusions

Two main results presented here seem , in our opinion, most advana-
geous for application. The first is that one can write down a compact
expression for the time-averaged effect variation which is calculat-
ed through perturbations of the first order. The second is that the
relations obtained are of the purely dynamic origin independent of
whether the arising representation of the (9) type is a dynamic or
stochastic one. The main consequence of these relations exemplified
by the problems considered is the possibility to control the process of
energy exchange of particles with HF fields by means of introducing
static fields into the interaction zone.

However, it should be noted that a number of the points inter-
esting applications remained beyond the scope of our consideration.
To some extent this is caused by the fact that application of some
relations (of the (12) type in the multi-dimensional problem) is not
yet completely clear. On the other hand, one can make a note of
some clear problems that have not been solved yet, though. That is,
first of all, the quasi-linear theory of particle beam interaction with
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many clusters with static fields and ponderomotive forces taken into
account. Another group of questions is connected with application of
the results obtained to wave interactions, etc.

In a more general aspect we are of the opinion that the research
should go on to investigation of the possibility to obtain useful gen-
erally physical results based on the Poincare’s invariants for Hamil-
tonian systems.

Appendix A

Let us assume that I~, @~ and their derivatives are small. Then we
can develop the theory of perturbation. For convenience, we multiply
I~, ©~ by factor u which will equal unity in the final results. Using
the relations for the Lagrange brackets (4-6) we can obtain some
useful expressions.

1) We average Eq. (4) over all 82. As a result we obtain:

~

N 087
AL=-p*) " << I = >> . (36)
J=1 et'

2) We multiply Eq. (4) by I ~; and average over all 69:

'~ ~

<<I;,"%{'1— >> 4 << I —L >> +

1;? 96;
., &)
0A8,, ar,
+ Y S <<z >>40(p) =0.
m=1m#k 81}" ae‘
3) We multiply Eq. (4) on 8} and average over all 6:
oI ) id
<< 6} 360 >> - << 6, 3l >> +0(p) =0. (38)
4) We average Eq. (6) over all 6:
0AB; OJA8; 2\ _
o~ Ol =0 (39)
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5) We multiply Eq. (5) on Iy’ and average over all 6J:

or; aI;
<< Igsé >> + << I;;‘a—e'ﬁ_ >> +0(u) = 0. (40)
s J

Inserting Eq. (36) into Eq. (35) we find:

AL = E«’a;f' >> +

=1

(41)

N N
A8, ~8I"'
MDY 370 <I; 260 >> 4+0(p).
I=1m=1,m#k J

Using Eqgs. (36) and (37) expression (41) can be reduced to the fol-
lowing form:

1 208 _ 1 , & X ane,
AL = az° << I}I; >>+§”Z_:_E %
I=1m=1m#s¢ J
)l N, aAe, oIy s
<< I 860 >>+ b Z > —p- <<% 360 >> +0 (1)
I=1lm=1,m#jy J

(42)
The next to last addendum in Eq. (42) can be transported to the:
form:

N N ~ ~
1 ’Z > 8A6 (<I”aI >> <<I"'6L >>)+

1 0 0
I=1m=1,m#i 96y ae
1, i": 98m __ . 0In
2 ¥ 2 T i 560 77"
m=1m#s¢ $ s

(43)
Then, according to Eq. (39) this addendum is term of order O(u*).
Similarly, it can be shown from Eq. (39) that the last addendum in

Eq. (42) is the term of the order O(ps) Finally we have:
1 ~ T~ 3
<<AL>>=Cu 2=:1 aI° << I >>40(p®).  (44)
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Appendix B

Let us consider the following form:
H = Hy(1,t) + H.(I,6,1),

+o00 (45)

H.(L,8,t)= Y Hy(It)e™®,
m=-—00

where m® = m;0; + ...+ myOx and n is the integer, over which
summation is taken. As usual, we introduce a small factor u before
H., which will equal 1 in final results. Let us develop the formal
theory of perturbation [7]. We make transition to new canonical
variables P, Q by means of generating function:

S(P,0,t) =PO + uS(P,0,1),

+00 ~
51(P,0,t)=¢ ) Hp(Lt) ¢me . dHo(P,t)
m = Zm.‘w.'.
=1
The old action variables are defined by the relations:
5(P,0,8) , _g. ., 0@ 0,1
I' F tu 96; ’ Qi = 6; +p al; (47)

The old canonical variables to accuracy in u? are given by equations:

35(P,Q,1) a’s1 as1

. — P. s
(48)
35:1(P,Q,t) , , 3*$1 35
;=0 —p— 2 = +0
Qi=8i-p—0_r H aL0Q; o1, ().

Let us find the Hamiltonian in the new canonical variables P, Q. We
get:
85’
H(P,Q,t) = H(I(P,Q,t), 0(P,Q),t) + p—.- -
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Expanding the right part of Eq. (49) in series according to u we have
a new Hamiltonian:

H(P,Q,t) = Ho(P,t) + H.(P,Q, ),

1 8 IR HxHzm;
P,t) = Ho(P,t) + = —mem 7 o(ub),

+00 me
B.(P,Q,t) = i 4

me gm Ot ™
Let us apply to H(P, Q,) Eqs. (10,18) to obtain the variation P

averaged over all Q9:

a ~ T~V
51? <GIT >>,

B

<< AL >>=

__ [t oH. (T, ¥Q(1%¢) + 62, €) o [t oH(P°¢)
I:‘ - _,/(; ae? df, 'pi - ‘/0 a"——f,‘p 216.)
51

Integrating by parts P~ and taking into account the relations
between P and 1, finally we have:

’ t eff(po
'P?:_/Oa—Hgﬁ(,.f_’e)df,

+o00 ~ I~
HY(1,8) = Ho(1,t) = Ho(L, ¢) + 3 9L mgoo H Hmm.
(52)
In this case, ¢ is found along the trajectory defined by the effective
Hamiltonian Hof /(1,t). It is seen from Eq. (51) that HS// go into

infinity under resonance condition ¢gm = 0.

Our research was supported by RBSF Grant No. 93-02-837 to the
Institute of Applied Physics.
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Frequency self-conversion of focused
electromagnetic pulse producing gas
ionization

V.B.Gildenburg, V.L.Pozdnyakova, I.A.Shereshevskii
Institute of Applied Physics RAS
Nizhny Novgorod Russia

The frequency of powerful electromagnetic radiation producing
ionization of the medium along its propagation path, has to increase
continuously due to the temporal growth of the produced plasma
density [1-3]. This effect being of great interest for directed trans-
mission and spectral conversion of intense radiation of various fre-
quency bands was initially evaluated [4-6] and observed [7,8] only for
the case of a small frequency perturbation. More general theoretical
analysis predicting great (~ 100%) frequency a self-upshift on the
basis of spatio-temporal geometric optics or exact solution of wave
equation was carried out within the framework of a one-dimensional
model [3,9,10] assuming plane wave packets with a field amplitude
unchanged along a wave front. In order to elucidate the role of the
front limiting and transverse focusing of the ionizing radiation, we -
carried out numerical simulation of two- dimensional pulse evolution.
The pulse was supposed to be focused by a lens or a mirror and to
have the gaussian intensity profile at the entrance into ionizable gas
region.

Initial equations and approzimations. Pulse electric field £ =
YoE(z, z,t) was described by the two-dimensional wave equation

’E  9’E 19°E _ 4xe?

3z ' 322 2 A2 mc? N? (1)



Here N is free electron density, e and m are the charge and the
mass of the electron respectively, c is the light velocity, ¢ is the time, z
and z are transverse and longitudinal (in relation to the pulse prop-
agation direction) Decart coordinates respectively; electric field is
perpendicular to the plane (z,z). As the main mechanism of gas
breakdown, we consider the direct (tunnel) ionization of atoms by
the wave electric field. The conditions of the ionization rate N/t is
instantaneously following the field variations E(z, 2,t) was assumed
to be fulfilled

W>I,y>w (2)

where W = ¢ E?/4mw? is the averaged oscillatory motion energy of
the free electron in the field with a characteristic frequency w, I = hvy
is the potential of atom ionization, < is the proper frequency of the
bound electron in atom, h is the Planck constant. This conditions
permit us to use the known static expression for the ionization rate
AdN/at [11,12] at each moment of time

= (Taa) @

where E, = 4(2mI%)!/?/3he is characteristic atomic field, Ny, is the
gas atom density that is supposed to be constant.
At time moment ¢t = 0, the following initial conditions were set:

N=0, E=F(z,z), 0E/dt = G(z,2) (4)

The functions F(z, z),G(z, z) were chosen so that the wave packet,
at the absence of ionization (4 = 0), moves in +2z direction, forming
in some time t = ¢ the focused pulse of finite length [ with the center
at the point z = z = 0 and with Gaussian transverse profile:

. a2 .
Eosmkzexp( 2—2'5)’ if | z|<1/2
0, otherwise

E(z, 2,t) = Az, 2) ={ (5)

Here Ey is the maximum field amplitude, z¢ is the minima ef-
fective transverse dimension of the pulse, k = wg/c, wo is the initial
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(undisturbed) carrier frequency. The functions F(z, 2), G(z, z) were
found, on the ground of the time reversibility of the field equation
solution in vacuum, by the numerical integration of equation 1 with
N =0 at the initial conditions:

E(z,z,—ty) = 2A(z,2), dE/dt(z,2,—1tp) = 0. ()

In the solution obtained, we then cut off the part representing the
pulse propagating in +2 direction and changed the sign of the time
derivative dE/dt at t-= 0. At the boundaries of calculation interval
(2 = £21,z = £z,) the boundary conditions were set to correspond
to the periodical continuation of the solution.

Some results of numerical integration of the equation sistem 1,
3 are presented, in dimensionless variables z — kz, 2 — kz, t —
wot, E — E/E,, N = N/N, (N, = mw}/4xe?), by Figs. 1 - 3 for
the parameter values: E,, = Eo/E; = 0.5, kl = 6x, kzo =6, kz; =
120, kz; = 60, wotp = 60, Ym = YNm/woN, = 5. Figs.l and 2
show the spatial distributions of the field and the electron density at
different time moments; Fig. 3 shows the time spectrum of the field
at the point z = 0, z = 25. The main conclusions from the results
obtained are as follows:

1. We demonstrated by numerical simulations the effect of a fre-
quency self-up-conversion for the focused (two-dimensional) electro-
magnetic pulse. The maximal frequency up-shift achieves, in our
simulations, approximately 50% .

2. We found the specific plasma distribution in the ionization
wave accompanying the focused wave packet. The maximum of plasma
density in this wave was near the critical value N, defined by the ini-
tial pulse frequency.

3. We found that the frequency self-conversion in a focused pulse
is accompanied by distortion of its regular wave front and transverse
structure. Probably, this distortion increases for more sharp focusing
of the pulse and higher ionization rate.

This work was fulfilled with financial support of the Russian Foun-
dation of Fundamental Investigations, project 93-02-843.
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Fig.1. Spatial distributions

of the wave electric field at
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Fig.2. Plasma density distributions in the breakdown wave
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Fig. 3. Time spektrum of the field £ , at the point
x=0,z=0, U=log(EQ)/E0);Q=o.)/cu0
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EXPERIMENTAL INVESTIGATION
OF MILLIMETER WAVE
PHASE CONJUGATION

VIA FOUR-WAVE MIXING
IN NONLINEAR MEDIA

N.A. Bogatov, M.S. Gitlin, S.V. Golubev,
A.G. Litvak, A.G. Luchinin
Institute of Applied Physics RAS, Nizhny Novgorod, Russia
G.S. Nusinovich
University of Maryland, College Park, MD 20742, USA

An interest has recently arisen for investigations of phase conjuga-
tion (PC) via millimeter wave degenerate four-wave mixing (DF WM)
in nonlinear media [1,2]. Possible application of millimeter wave PC is
real-time correction of image distortions caused by deformations and
manufacture imperfections of antennas, atmospheric refraction and
scattering by earth surface, etc. The process of PC via DFWM in in-
ertial nonlinear media can be easily understood in analogy with real-
time holography [3,4]. DFWM implies that two quasi-plane counter-
propagating pump waves (forward pump wave f and backward pump
wave b) and the third, signal wave s of identical frequencies interact
within a nonlinear medium and generate the wave ¢ phase-conjugate
to the signal wave. This method of phase correction is widely used in
optics [3,4]. Besides compensation of phase distortions in transpar-
ent inhomogeneous media, DF WM can be used for amplification and
generation of millimeter waves, control of spatio-temporal structure
of wave fields, interferometry, nonlinear spectroscopy, etc. [3,4].

In spite of practical importance of realizing DF WM on the real-
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time scale, four-wave mixing has not been yet experimentally demon-
strated in the millimeter wave region. The most complicated prob-
lem is the search for, or creation of a suitable nonlinear medium.
In papers [1,5] artificial Kerr media were proposed as nonlinear me-
dia for microwave and millimeter wave DF WM. Phase conjugation
of centimeter waves in such nonlinear media was later demonstrated
in [6]. Unfortunately, artificial nonlinear media have slow response
time (> 1s), therefore, generally they cannot be used for PC of cen-
timeter or millimeter waves on the real-time scale.

We proposed to use for DFWM of millimeter waves the gases,
whose mechanism of nonlinearity is caused by power saturation of
the rotational transition of dipole molecules [2,7]. Such nonlinear
media are most efficient in the short millimeter and submillimeter re-
gion, where dipole molecules have strong rotational absorption lines.
Advantageous features of such nonlinear media are their being easy
to produce, convenient to use, and fast response time.

Among the gases with strong absorption lines in the millimeter
wave region, one of the most convenient gases for experimental inves-
tigation of DF WM is carbonyl sulphide (OCS). A linear molecule of
OCS has relatively low chemical activity, and has a simple rotational
spectrum [8]. When gas pressure is P > 1 Torr, rotational lines of
OCS are homogeneously broadened. The profile of the spectral line
in this case is described by the Lorentz function g, whose width, when
the gas is affected by a sufficiently strong and near to the resonance
electromagnetic field, is determined both by collisions of molecules,
and power saturation [8,9]:

g(v—vo, I/Ia) = % [4"2T22(V - V0)2 +(1+ I/Imt)}_1 ,» (1)

where v is radiation frequency, vy is resonance frequency of the rota-
tional transition, I is intensity of the electromagnetic radiation, and
dsat is saturation intensity of the rotational transition, equal to [9]

3eoc K2 +1)(2J" +3) @
4 T1Te p2(J" +1)2 °

Lot =
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here T3 and T} are transverse and longitudinal relaxation times, re-
spectively (T} and T are in direct proportion to temperature of the
gas T and in inverse proportion to pressure P [8,10]), J " is rotational
quantum number in the lower state, u is dipole momentum of the
OCS molecule, and ¢ is dielectric susceptability of vacuum. In the
range from 150 to 200 GHz the weak-field absorption coefficient at the
center of rotational lines of OCS ag at gas temperature T = 200K is
from 0.02 to 0.05cm™1 [8]; it permits one to experimentally realize the
situation, when optical thickness of the gas at resonance frequencies
of rotational transitions is sufficiently high: aoL > 1.

* Resonant DFWM in saturable-absorbing‘media under the condi-
tion of homogeneous line broadening was theoretically investigated
in [11,12,13,14]. It has been shown that when aoL ~ 1 the maxi-
mal phase-conjugate reflectivity is B, ~ 1%, and the maximum of
reflection is achieved when input intensities of the pump waves I are
approximately equal to I, and when radiation frequency is tuned
to the center of the rotational line, (v — vp) < Ay, = (27T3) L.

In order to observe and investigate DFWM of millimeter waves
in OCS an experimental set-up was made, whose scheme is given
in Fig. 1. A gyrotron with pulsed magnetic field [15] produced by
a water-cooled solenoid was used as a source of powerful millimeter
wave radiation (A < 2 mm). Gyrotron pulse duration was 40us, pulse
repetition rate, 0.1 Hz. Radiation power at the frequency correspond-
ing to the center of the chosen rotational line, was 30kW. Gyrotron
radiation was converted into a quasi-Gaussian beam with a parabolic
reflector and a diaphragm D1 made of a millimeter wave absorber.

Metal mirror M1 was used to direct the pump wave into a metal
vacuum chamber (with internal diameter 18 cm and length L., =
30cm) through a plane-parallel quartz window. The polished surface
of the chamber back wall served as a plane mirror M2 (R = 100%) set
perpendicularly to the incident pump beam and was to form the back-
ward pump beam. The chamber was filled with gaseous OCS, whose
pressure within the chamber was measured with mechanical and oil
pressure gauges. The chamber was placed in a thermostat and cooled
with dry ice to the temperature = 200K to increase resonance absorp-
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Figure 1: Experimental set-up
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tion. Signal beam s was directed into the chamber at the angle 6° to
the pump beam f. The signal beam was formed by means of beam
splitter S1 (a plane-parallel quartz plate with reflection coefficient
50%), and diaphragm D2, 60mm in diameter. Within the chamber,
at the boundary of the gaseous meduim, the ratio of intensities at
the maximums of the pump and signal beams was approximately 1.5,
and their widths (full-widths half-maximums) were 7.5 and 6.5 cm,
respectively. Optical axes of the signal and pump beams were crossed
at the surface of mirror M2, hence the length of the wave interaction
volume was approximately equal to the doubled length of the vacuum
chamber: L ~ 2L., = 60cm. After double pass through the cham-
ber, the signal wave reached receiving system R1. The reflected wave
resulting from DFWM in gas, was directed to receiving system R2 by
plane-parallel quartz plate S2 with reflection coefficient 15%; system
R2 was placed in a box made of a millimeter wave absorber. Beam
r was branched from the main beam with a mylar-film beam splitter
S8 (reflection coefficient 7%). It was directed to receiving system R3
and used to control the regime of gyrotron operation and radiation
power in each pulse. Beam r was split with a mylar-film beam split-
ter S4 (reflection coefficient 7%) and the obtained beam w passed
through a cylindrical quartz cell filled with OCS at the temperature
300K, and then reached receiving system R4. The internal diameter
of this cell was 8cm, and length L. = 40 cm. Since power saturation
of the rotational transition in OCS does not occur when the weak
beam w propagates through the gas in the cell, this beam was used
to measure the radiation frequency detuning from the center of the
rotational line. As receiving systems R1, R2, RS, R4, we used mm-
wave packaged diodes, at whose input there was set either a section
of a rectangular waveguide for the two-millimeter region (R1, RS) or
a horn rectangular antenna (R2, R{), in dependence on the intensity
of the received wave.

The wavelength of gyrotron radiation measured with the Michel-
son interferometer, proved to be 1.65 &+ 0.04 mm. The rotational
transition J' = 15 «— J" = 14 whose resonance frequency is vy =
182.43GHz (8] is the closest by its frequency. For this rotational
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transition line-center saturation intensity is easy to evaluate using
Eq. (2); it is Iyqt ~ 2(PTo/(PoT))?, where I,q is measured in W /cm?;
P in Torr, and T in K; Py = 1Torr, and Ty = 300K. Under the ex-
perimental conditions, a pump wave intensity in the center of the
beam did not exceed 300_W/cm2, therefore, noticeable saturation
(I/Isat > 1) of the rotational transition at T = 200K is possible
only at P < 10Torr. Under this condition, collision halfwidth of the
rotational line Avy (Avg(MHz) = 6PTo/(PoT) [ 8]) does not ex-
ceed 100 MHz, hence, for the condition (v — 1) < Avg to be valid,
gyrotron radiation frequency tuning to the center of the spectral line
with precision < 30MHz is necessary. Such tuning was performed
by selecting an approriate gyrotron cavity from a set of cavities
with slightly different diameters, and by smooth frequency tuning
by changing the value of magnetic field produced by the solenoid.
Detuning év = v — vy was determined by the dependence on the gas
transmissivity in the cell T, = I,,/I,,, for weak beam w on the gas
pressure. Its intensity at the cell input was I, ~ 1W/cm?, there-
fore a line broadening caused by power saturation of the rotational
transition by this beam at P > 1Torr can be neglected. In this case,
according to Eq.(1) and the Bouguer-Lambert-Beer law, dependence
Ty on the gas pressure has the following form:

7, = @) _ 0 —aoLc<1+<5VP°)2>—1 . (3)

Al/l P

where Avy(MHz) ~ 6T /To. From Eq. (3) it is easy to find that the

function 12
_J)_ aoLe | |
r={-[+2xl}

depends linearly on the gas pressure: Y(P) = Avy: P/6v- Py. There-
fore, using the dependence T, (P) given in Fig. 2 one can determine
the tangent of the angle between the straight line Y (P) and the hor-
izontal axis P, and hence, find that detuning év in our experiments
is about 15 MHz.
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To verify that saturation influences propagation of intensive ra-
diation with the frequency near to the OCS rotational transition fre-
quency, we measured the pressure dependence of the signal beam
transmissivity T, = I,(P)/Iso0 through the gas filling the vacuum
chamber. The intensity of the signal wave at the entrance to the gas
medium, I,g, was two orders of magnitude larger than that of the
beam w. The pump beam in this series of experiments was blocked
by an absorbing screen behind mirror M1. The experimental results
for two values of the gas temperature (200 K and 300 K) are given
in Fig. 2. It is difficult to precisely determine the value of I,,; by the
experimental dependences because of low accuracy of measurements
of absolute values of Iy, as well as of the complex structure of the
field within the chamber, caused by interference of two counterprop-
agating and partially overlapped beams. However, these results give
the opportunity to evaluate gas pressure P,,¢, under which saturation
parameter I,o/I,.:(P) equals 1. At the temperature of 200 K P, is
about 10 Torr.

Measurements of transmissivity of the signal beam through the
vacuum chamber at P > P,,; permit us to determine double-path
optical thickness of the gas at the center of the unsaturated rotational
transition gL, which was equal, at T = 200K, 1.9 + 0.1, and at
T = 300K, 0.85 1 0.05.

If the signal and pump beams were directed into the vacuum
chamber simultaneously, then at pressures lower than 30Torr (T =
200K), movable receiving system R2 detected a reflected wave formed
by DFWM in gas. The optical path from the chamber window to
the receiving system R2 was ~ 1.5 m. With the aid of this moving
receiver we found that the reflected beam propagating towards the
signal beam had horizontal width less than 5¢cm, their maximums
coincided with experimental accuracy of s 2cm. The fact that the
reflected wave was produced by DF WM in gas was confirmed, besides
the opposite direction of propagation, by disappearance of this wave
when either of the two beams incidents at the gas was blocked, either
by the signal beam, or the pump beam. To measure absolute value of
the phase-conjugate reflectivity, receiving system R2 was calibrated
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with the aid of a mylar film mirror with thickness 10um. During
calibration this mirror was set in the place of the chamber perpen-
dicularly to the optical axis of the signal beam, and its reflection
coefficient was 0.2%.

Dependence of the phase-conjugate reflectivity, R, on gas pres-
sure at the temperature T' = 200K (apL = 1.9) was experimentally
investigated. The results of these measurements are presented in
Fig. 3.

The reflection was maximal, with the pressure close to P,4:, un-
der which the saturation parameter is optimal, and approximately
equals 1. Figure 3 shows also theoretical dependence of 0.2R, on rel-
ative pressure P/P,,; this dependence was derived from calculations
given in [12] of the reflectivity via DFWM in a two-level saturable-
absorber on the saturation parameter Iy/Ist = (Pn/P)? , for the
case of agL = 2. Coefficient P,, &~ 7Torr was chosen such that posi-
tions of R, maximums at theoretical and experimental graphs would
coincide. Maximal R, by DFWM in gas was about 0.4%. In ac-
cord with calculations in [12], when apL = 2, maximal reflectivity
is ~ 2%. Difference between experimental and theoretical value of
the maximal reflectivity is caused, apparently, by the fact that real
pump waves had limited widths, and were not plane waves, as it was
assumed in [11,12,13,14].

Note that the response time of saturable-absorbing gaseous media
is determined by the relaxation time of population difference of rota-
tional levels T3 of OCS molecules. In our case this time is less than
10~3s. Due to this, such nonlinear media can be used as PC mirrors
in resonators of powerful short-pulse millimeter wave generators, e.g.,
for FELs.

In the millimeter wave region the majority of applications of PC
devices require R, ~ 100%. At short millimeter waves such a growth
in R, in saturable-absorbing gases may be provided by the increase
in apL [3]. It is possible to significantly increase both L and ay, first
realizing the DF WM in oversized waveguides [3] and second, using the
gases whose linear molecules have a large dipole momentum (BrCN,

CICN, etc.) [8].
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However, such nonlinear gas media are not applicable for DFWM
of the main part of millimeter wave region (A > 3 mm), where dipole
molecules have no strong rotational absorption lines. These consider-
ations make it necessary to search for other types of nonlinear media
for DFWM of middle and long millimeter waves.

In 1979 it was proposed in [16] to use completely ionized plasma
(CIP) as a nonlinear media for DFWM, and showed that they be-
come more efficient at longer wave lengths. Theoretical [17,18,19,20]
and experimental [21,22,23] grounds of DFWM and nearly degener-
ate four-wave mixing (FWM) in CIP have been recently developed.
It was shown that there are two regimes of nonlinear wave mixing in
completely ionized plasmas: the first is the regime of the ponderomo-
tive force [16] and the second is that of the thermal force [17]. The
experiments [22,23] showed that CIP is a rather promising medium
for centimeter wave F WM. For efficient FWM of millimeter waves it
is required to use plasma with high density (n, > 10'lcm~3) and low
electron temperature (T, < 1eV') [18]. Generation of completely ion-
ized homogeneous plasma with such parameters in the large volume
(~ 103cm3) is a rather complicated problem. Recently we proposed
to use nonequilibrium weakly ionized plasmas (WIP) as a nonlinear
media for millimeter wave FWM?, whose mechanism of nonlinear-
ity is caused by dependence of its kinetic coefficient (generation and
losses rates of charged particles, their mobility, diffusion coefficient,
etc.) on electron temperature [25]. Such plasma media are easier to
create and utilize than CIP, and they can have fast response time,
which is determined, in dependence on the nonlinearity mechanism,
vy the characteristic relaxation time of electron energy distribution
function or electron density. Weakly ionized plasma can be gener-
ated by millimeter waves itself or sustained by external ionization
courses (visible or UV radiation, electron beam, glow and arc dis-
charge, etc.). The first method of weakly ionized plasma generation
is called a self-sustained gas discharge in the millimeter wave beams

'In paper [24] it was considered theoretically the possibility to use equilibrium
weakly ionized plasma with dominant ionization nonlinearity for PC via DFWM
in broad range from the infrared to the microwaves.
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(SMWD) [26,27,28], and the second one is a non-self-sustained gas
discharge in the millimeter wave beams (NSMWD) [29,30]. The use
of a SMWD for millimeter wave DF WM is rather attractive because
it does not require to create plasma preliminary. However, nonlinear
media of such a type have several disadvantages. The dependence of
the electron density on the electric field intensity in a SMWD has as a
rule a “threshold character”. This requires first of all the use of rather
powerful pump waves whose intensity should exceed the “threshold
one” [26,27] and, secondly, this imposes strict demands on the qual-
ity of pump beams (they should have practically constant intensity
within their apertures). Besides, it is difficult to realize a quasis-
tationary regime of DFWM in a SMWD, since the plasma density
gratings break due to small-scale ionization instabilities [26,27]. It
was supposed that a rather promising nonlinear medium for DFWM
of millimeter waves can be the plasma of a nonequilibrium non-self-
sustained discharge [25,31], since the use of external gas ionization
permits one to produce large volume homogeneous plasma with high
electron density and to realize the stable quasi stationary discharge.
Due to the low electron temperature in NSMWD high nonlinearity of
its high-frequency susceptibility can take place under small absolute
changes of T, and, consequently, efficient DF WM is possible with low
intensity of millimeter waves.

Recently we started to develop the methods of creation of nonlin-
ear media on the basis of nonequilibrium weakly ionized plasma [32].
In this work we consider as an example of a nonlinear medium the
plasma of the non-self-sustained millimeter wave discharge in nitro-
gen with an admixture of oxygen, which is sustained by an external
source of ionizing UV radiation, and we use this example to consider
the mechanism of plasma nonlinearity connected with the dependence
of the electron-ion recombination rate on electron temperature. We
found the value of nonlinear high-frequency susceptability and esti-
mated efficiency of degenerate FWM of millimeter radiation.

To evaluate nonlinear high-frequency susceptability of photoion-
ized N3/O2 mixture we performed an experimental investigation of
the dependence of electron density n. on the amplitude of the wave’s
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electric field E,. The scheme of the experimental set-up is shown in
Fig. 4.

As a source of millimeter wave radiation with wavelength ~ 7 mm
we used a pulse gyrotron (pulse duration 40 us). The gas was ion-
ized in the focus region of the millimeter wave beam by means of
UV radiation of an open spark discharge (pulse duration s 200 us).
Electron density was determined from absorption of weak diagnos-
tic microwave radiation with wavelength 3 cm that was propagating
through the plasma along a two-wire (Lecher) line. Figure 5 shows
the dependence of electron density on the density-normalized effective
electric field E,/N (here N is molecule density,

E. = E/[2(1 + w* V)]'/?

is the effective electric field amplitude, v,, is the effective transport
frequency of the elastic electron-molecule collisions, and w is circu-
lar frequency of the electromagnetic field) measured under partial
pressure 215 Torr of nitrogen and 3 Torr, of oxygen. The observed
variation of electron density with growth of E,/N can be connected
only with the decrease of the electron loss rate, since ionization by an
electron impact plays an important role only under the value of the
field that is close to the breakthrough one (E./N > 30 Td) [29,33].
For the value E,/N <20 Td and low densities of molecular oxygen
(£ 10'7 cm™3), the main mechanism of electron losses is dissociative
recombination of electrons and ions N, Of , N;O7F. The solid line
in Fig. 5 represents the results of calculation n,(E,/N)/n?, where
n? is density of electrons produced by the UV source in the absence
of the millimeter wave; the calculation was performed using the de-
pendences of the rate coefficient of dissociative recombination on T,
[34] and characteristic energy kT, /e on E,/N [35]. That part of de-
pendence n.(E./N) at 0.1 < E,/N < 5 Td, where the variation
of electron density with growth of E,/N is sufficiently fast, can be
approximated by the power law:

ne(Ee/N) = g [(TE/%— ° ()
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Figure 4: Scheme of the experimental set-up. 1—source of UV ra-
diation, 2—gyrotron; 3—parabolic reflector, 4—millimeter wave ab-
sorbing screen, 5—vacuum chamber

bn, 10" cm™

| Il 1

0 5 10 5 20 Eo/N.Td

Figure 5: The dependence of electron density in a non-self-sustained
mm wave discharge in N2/ Oz mixture on E,/N.
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where (E,/N), = 0.1 Td, p = 0.2—0.25.
In this region 0.1 < E,/N < 5 Td the amplitude of nonlinear
plasma polarization is

PVl = x(|E)E = x"|EP E; (5)

here XL is nonlinear susceptability of plasma equal to

N (R ey ) IR )

T dmn (14 02, /w?)

where n, = 4me?/mw? is critical plasma density. Estimates based on
relation (6) show that under the conditions of our experiments at the
frequency 40 GHz nonlinear susceptability of photoionized N2/ O,
mixture is [xV£| ~ 107 esu.

In the case of the same linear polarization of interacting waves
under condition w > vy, within the approximation of equal and con-
stant intensities of plane pump waves (Iy = I, = I = const) the
stationary PC reflection coefficient from a plasma slab with length L
equals [36]

rett
R =tan?BL, where 8 = %p—l%-gr)\i/-)-;ﬂf)p/len; (7

here I is the gamma-function. This relation yields that PC reflectiv-
ity of the wave with frequency 40 GHz from a photoionized N3/O,
slab with length 50 cm under gas pressure ~ 10 Torr, initial density
of electrons n? ~ 10!! cm™3 and intensity of pump beams I = 15 W/
cm? can be &~ 10 %.

Response time of such a nonlinear medium is determined by the
time of electron-ion recombination, which at n, s 10! cm™3 is ap-
proximately equal 30 us.

A higher electron density as compared to the discharge in N3/
O, mixture can be achieved in the volume > 10% cm® if main gas
is seeded with the vapor of a low-ionization-potential species. For
millimeter wave DFWM seems very promising of using photoioniza-
tion and photoresonant methods of plasma creation. In photoioniza-
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tion plasma charged particles are generated by straight or step-by-
step photoionization of readily ionized organic seeds, such as N,N-
dimethylaniline, acetone, naphthalene, tri-n-propylamine, tetrakis-
dimethylaminoethylene (TMAE), etc [37,38,39]. Sources of ionizing
UV radiation can be corona or spark discharges, as well as flash lamps
filled with an inert gas. Photoresonant plasma is created in vapors of
metals with low ionization potential (Cs, Na, K, Hg, etc.) irradiated
by resonant radiation [40,41]. The source of resonant radiation is a
discharge in vapor of the same metal. Generation of charged parti-
cles in the photoresonant plasma occurs under associative, Penning
or cascade ionization of the atoms of alkaline metal. These methods
of plasma generation make it possible to increase the electron density
up to 1012 cm™3. At the same time, in such plasmas the electron
temperature has a rather low value (T, < 0.3 eV). Thus, for long
millimeter waves phase conjugate reflectivity of such nonlinear me-
dia can attain the value of the order of 100%, when the pump wave
intensity is of the order of 10 W/ cm?.
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Hamilton approach to the problem of
Langumuir collapse

V.V. Gushchin, V.V. Gulenko
Department of Physics and Technology, Kharkov State
University, 4, Svobody sq., 310077, Kharkov, Ukraine (CIS)

The hamilton formalism is shown to be very productive for the
studies of wave collapses. It allows to consequently take into account
the higher order nonlinearities, which may be very significant in the
collapse dynamics.

The phenomenon of the waves self compression belongs to the
number of general nonlinear effects which are appropriate to the
waves of an arbitrary nature. In many cases this process contin-
ues until some energy dissipation mechanism switches on, i.e. wave
collapse takes place [1]. In spite of the fact that main investigations
of this phenomenon are concentrated in plasma physics |2 - 4] its uni-
versality testifies the following. The nonlinear stage of the soliton
instability, the object which is being actively studied in different ar-
eas of modern theoretical physics, may lead to the development of
the wave collapse [1].

Alongside with a significant generally theoretical interest to the
fundamental phenomenon such as the singularity formation under
the evolution of the wave perturbation in nonlinear dispersive me-
dia, it is also significant for numerous applicatious. Particularly, in a
plasma, the wave collapse should be realized through different oscil-
lation branches, defining the fate of the plasma turbulence. It exerts
the significant influence on the character of the charged particles re-
laxation, plasma heating and on the anomalous transfer process both
in laboratory and spase plasmas [2 - 5].
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The Langmuir waves colapse has been studied most of all. It is
enough to say that there are more than ten reviews which are devoted
to this subject. The general qualitative picture of the collapse which
is now more or less generally accepted, is presented now in the fol-
lowing way [2 - 5]. As a result of the development of a modulational
instability in a plasma the cavernas (the region with a lowered den-
sity) filled by the oscilations are formed. The process of the caverna
comression quickly goes to the automodel regime and the shape of the
caverna attains the universal, significally flattened form. Under the
process of compression the energy of oscillations which are contained
in a caverna, conserves. When the minimal shape of the caverna
becomes comparable with the Debye radius, the Landau damping
becomes significant and the oscilations, contained in a caverna are
"burned” accelerating the plasma electrons. As a result the energy is
transferred to a small group of accelerated particles and the caverna
which becomed empty is compressed, giving rise to the short-wave
sound.

The main results which confirm such scenario are obtained in the
framework of Zakharov equations [2]. However, these equations do
not take into account many nonlinesr effects of higher order: electron
nonlinearity, variations of the wave dispersion law, intstability satu-
ration, hydrodynamic ion nonlinearities e.t.c. Their significance in-
creases with the caverna compression and according to the estimates
[6], all nonlinearities are to be taken into account simultaneously, and
this fact makes the equations considerably more complicated. But
the successive and coordinated taking into account of all the effects
pursuing the aim of obtaning the simple enough “improved” dynami-
cal equations, adequatevely describing the final stage of the collapse,
seems impossible [7]. This wide-spread opinion and the limited possi-
bilities of the analitycal solution even of Zakharov equations, lead to a
necessity of numerical simulation of the problem. And this necessity
is growing with the development of the computer technique.

Among the great number of the papers in this area we point out
only the most advanced according to our point of view. At first, it
is three-dimensional modelling of the last stage of the Langmuir cav-
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erna evolution using the particles method in the framework of the
kinetic description of plasma [7]. Secondly, the calculation of the
three-dimensional strong Langmuir turbulence in the framework of
Zakharov equations, which are supplied by dissipative terms, with-
out the simplifuing assumption about the spatial symmetry of the
problem [8]. The clear picture of the collapse is obtained in the pa-
per [7] and in the paper [8] the strong Langmuir turbulence was shown
to be supported by the nucleation effect [9] - the effect of arising of
new cavernas instead of buried ones due to a catching of plasmons in
the density pits, which are remained after a burying of the caverna
of the previous generation.

In spite of all advantages of the numerical approach, which is of
a principal importance in the theory of wave collapses, it is neces-
sary to point out that the given calculations have mainly demon-
straited character. The obtained results convincingly testify about
the tendencies of the compression but remain a lot of questions. How-
ever, in the paper [7] the main deepening of the ion density pit was
shown happen after the reaching of the RF field maximum. This
fact probably seems to correspond to qualitative views about the im-
pact of ions inertia in the three-dimensional case, which is capable
to ”compress” the caverna until the Landau damping is switched on,
even under the arising of additional nonlinear mechanisms. But this
qualitative view is based on the estimates which use the automodel
solutions oif Zakharov equations. It is not obvious that additional
nonlinearities do not change the form of the automodel solutions. It
is known [6] that even a weak modification of Zakharov model, e.g.
the nonlinearity saturation taking into account, leads to a possibility
of existance of the stable cavitons. Secondly, the large minimal size
of the caverna (~ 16 rg,), corresponding with the observed in lab-
oratory experiments [10] is explained by a possible modification of
the wave-particle interaction by the strong nonlinearity (W /nT ~ 3).
But such a big exceeding of the energy density of the waves over the
threschold of the modulational instability contains a danger for the
caverna compression as a whole. It is obvious that it is necessary
to study the dependence of the modulational increment on the per-
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turbations wavelenght with higher order nonliarities and to establish
the reasons of arising of such a strong damping. Due to the fact that
the collapsed caverna is an elementary cell of the Langmuir turbu-
lence, it is natural that the results of [8] have the limited range of
applicability.

Therefor, the reached up to now level of understanding of the col-
lapse dynamics is not satisfactory enough due to the fact that in gen-
eral case one can not avoid the queation about the influence of higher
nonlinearities on the collapse dynamics. The numerous attempts of
Zakharov model variation are not satisfactory due to nonobvious as-
sumptions or to one-dimensionless of the approach. The electron
nonlinearities are the exclusions. Their taking into account and in-
vestigations are the most successive [11, 12]. However, the fact of
their being insignificant probably gives a possibility to neglect the
another nonlinearities.

The generalization of Zakharov equations by taking into account
additional nonlinearities turns out to be the best using the Hamil-
tonian formalism. Really, in the framework of the latter formalism
one can successively take into account all nonlinearities, and the ob-
tained equations are formally simple and are applicable for the waves
of an arbitrary physical nature. It is necessary to underline that the
commonly used hamiltonian formalism [13, 14] needs in organization
of general variants of canonical transforms and of transition to the
normal variables. Only after this it gave the possibility to obtain the
“improved” dynamical equations which have the following form

ak _ Sﬁint ) ab; _ 5Hmt
3 + wwiap = ] 50; s ot + 1nkbk = t 5b* ) (1)

Hine = Hs + Hy + Hs + Hg;

Here a; = a(K,t), by = b(, ), wx = w(k), O = Q(K) are the com-
plex amplitudes and dispersion laws of high-frequency (HF) and low-
frequency (LF) waves respectively, and Hins is a reduced interaction
hamiltonian. Omitting the details due to a limited volume, let us
only recall the main results (see the details in the papers [15, 16]).
The equations (1), written in the impulse (k w) represantation,
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one can write in the coordinatee (,t) representation, using the re-
verse Fourier transform. They are significally more complicated, but
in the limiting cases they are transformed into all well-known equa-
tions studied in the Langmuir collapse problem. Precisely, they are
transformed into Kuznetsov [11], Zakharov, statistical approximation
equation and the nonlinear Shrodinger equation [2].

The estimates in the framework of equations (1) show that in
Hs there are the terms which are significant even when W /noT, <
1, krg. < 1, while the electron nonlinearities are significant only for
W/nT ~ krq, ~ 1.

In the framework of the analysis of the linear stage of the instabil-
ity the influence of higher nonlinearities on the instability increment
is established.

Introducing the posxtlvely defined value I = [ |i‘5“|2dk one can

write the Talanov theorem in £ representation with higher nonlinear-
ities taking into account. But the interpretation of the results in this
case is less obvious.

Higher nonlinearities forbid the existence of well known anto-
model solutions. And the search of new ones needs additional efforts.

Under the analysis of the stationary solutions, using Helder in-
equalities, one can prove that the hamiltonian is limited from below
for the fixed plasmon number. This fact allows to make a conclusion
about a possibility of existence of stable solutions.

The enumerated results prove the significant impact of higher non-
linearities on the collapse dynamics. But more deep understanding
of the problem needs further investigations.
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DETECTION OF HF SIGNAL BY THE PLANAR PLASHA LAYER
A.Kingsep

RRC Rurchatov Institute, Moscow, Russia

J.Kalda
Institute of Cybermetics, Tallinn, Estonia

In this paper, effect of nonlinear detection will be considered,

conditioned by the range of phenomena that may be studied within
the framework of electron magnetohydrodynamics (EMH [11).

It 1s known that the hierarchy of the relaxation time scales

oo/ Ty /T88) = 17(M/m)' 2/ (U/m) (1)

provides the conditions of applicability for two-fluid MHD. This

treatment, in turn, under the following conditions:

Carly « J/ME « UpysV)yer @)
c/mpi »a» c/wpe. 3)

and, what 1s especially lmportant just in our case,

Wty « 070t « W, (4)
may be reduced to the basic EMH equation of the magnetic field
Ireezing in the electron current flow

6B/6t + curllj/ne,Bl = - (c/0)curl J (5)
(A1l the terms are conventional but a, that 1s the space scale of
the problem). In homogeneous plasmas and by the field lines being
straight, Eq.(5) degenerates to the ordinary equation of a field
diffusion, i.e., in the case of HF irradiation of a plasma layer,
nothing but skin-effect may exist. If, however, the field
curvature or possible density gradient are taken into account, all
the situation changes drastically. In the last case, e.g., Eq.(5)
transforms into the following one:
OB/0t + (c/Bne)lvB®,v(n')] = (c%/4m0)v"B, (6)
which, in turn, for the traditional quasi-plane skin problem
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(8/0x,8/8y « 8/8z) becomes reduced to the Burgers equation
0B/0t '+ ®B(0B/0z) = DO°B/0Z® (7)
where ® = (c/4me)(0n”"'/0z) and D = c®/4mo. Its solution (not less
exact than that of the diffusion equation) reveals different
properties depending upon the sign of z. Taking the most simple
boundary/temporal condition, B(z = 0) = B8(t), and = < O (that
means that nonlinear field transport begins to compete with
diffusive transport), one can readily obtain by t - « the field
profile 'locked' near the plasma surface
B = BO'(1 - azBoz/ZD) (8)
while in the opposite case & > O the magnetic field penetrates
into a plasma in the form of EMH shock:
B = (80/2)[1 - tanh(mBo/4D)(z - ut)l (9)
where u = ®B /2 (see Ref.[2]).
The temporal/boundary condition used i1s the most typical of pulsed
plasmas.It is interesting, however, to examine the skin problem in
traditional form, i.e., using the conditions
B = B,cos wt (10)

(z=0)
or B(z:O) = B,8(t)cos Wwt. (11)
It becomes moreover of Interest, because EMH effects conditioned
by vn or vI may really Jjoin the game while studying skin
phenomena.
The nonlinearity of EMH skin problem may be characterised by

the dimensionless parameter p determined as a ratlo of the
D/=B, and the linear skin depth

]

nonlinear space scale O,
= 1/2,
8, = (@D/w) =2
= o1/2 - 1/2

B=2770,,,/0,, = (Vo) "/ (v, 0 1n n)

where v_,, 13 the effective collision frequency.
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As 1t 1s well known, the linear skin problem based on a
linear diffusion equation is invariant with respect to the change
of the field sign. There 1s, however, no such invariance for the
Burgers equation. That is Just the reason of importance of the
topology of (vn,B,e ) triplet. In a planar geometry, within the
limits of applicability of Burgers equation (7) the field of
definite orientation (let us define it as B > 0) 18 effectively
trangported into a plasma depth while the field of opposite
orientation (we define it as B < 0) tends to be locked near the
plasma surface. Hence, there 1s a reason to believe that this
problem has no steady solution at all. Indeed, the pulses of
positive field should perilodically penetrate into a forbidden
region, as a result, the positive magnetic flux and the fileld
energy have to be accumulated within a plasma volume.
Respectively, in a steady problem [see Eq.(10)] one should assume
that the periodic solution 1s accompanied by the non-zero,
positive and constant in time magnetic field by z - o. These
speculations will be reinforced by the exact solutions. In spite
of being nonlinear, Burgers equation 18 exactly integrable by
means of the substitution

B = (2D/®)81n|@|/0z (12)
transforming Eq.(7) into the conventional diffusive equation
0g/0t = Do>@/02°.
Averaging Eq.(7) along the period 2n/w and then integrating

it twice over z we have

o
B = (m/zn)£(<52> - B, )2 > O. (13)

(z=0)
We set By aB,,
®(z) We note that the periodic behavior of B in time does not mean

0 <a < 1. Let us try to find the function
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the same for ¢. Solving the diffusion equation for ¢ by z » « one
can obtain @ « exp(a®wt/4p%). Respectively, taking an arbitrary z
we could assume the following form for exact solution:

@ = @ exp(oPut/4p?) (14)
where 5 1s assumed to be periodic in time. This function could be
found in a form of Fourier series:

~ +0 ~ 172
@ =Y @.expl-(4 /4p)(w/D) "z - tnwt] (15)
=-—00

n

_ 2 2.441/2 ~ Nk
A4 =2(" - 4p°nl)""", Re 4 >0, @ =@, .
Using Eq.(15) we can rewrite Eq.(10) in form:
-1 ~ ~
Ay = Onyy +~¢n v P =0 0y, < (16)
Taking into account that ¢ is a real function defined independent
of an arbitrary numerical factor, we can put E»n = {. Then we find
from Eq.(16):
O, =14, - 1/(4 ., - 1/(4, - ...). “uT)
So, we can obtain the general term of Eq.(15) series:

~ n
®, =mr=111/(Am -4, - .) (18)
An important result from Eqs.(16) and (18):
a=Re 1/(A4, - 1\/(4, - 1/4; - ...). (19)

Eq.(19) allows to find a(p) function and then, in a result, the
general solution as well:
B = - (2D/%)8 1n{exp(-oxB z/2D) + (20)
[++]
+ 2Rey. § _expl-(4_/4p)(wD)" 2z - tnwt1)
n=1
closed by Eqgs.(18,19). In a general case, 1.e., for arbitrary
quantity of 8, the result may be presented only in form of Fourler
series and continuous fractions. It turns out, however, to be very

simple and obvious in both 1limits of the quasi-linearity and
strong nonlinearity. First, in the weakly nonlinear limit, § » 1,
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.one can calculate a = 2’5”"&"1, S0 that
B - B,exp(-2z/8_,) cos(z/8_ ;/g)t), z «8_,1Inp 1)
- B,/(2°'°g), z»0_,1n8p

Thus, in this 1imit the classic skin solution turns out to be
expanded into the plasma depth by the plateau of the small
amplitude and of the permanent sign.

The strongly nonlinear 1imit, p « 1, 1s hardly less obvious.
In this case 1t 1s more convenient to start immediately from
Eq. (7). Let us consider the penetration of the negative field
pulse. The characteristic time of the formation of the steady
profile (8) 15 T ~ ﬁa/w « w™'. That means that the penetrating
negativé field 'follows' the boundary condition forming near the
plasma surface the oscillating profile

B = B,cos wt/ M+ (azz/?_D)Bocoa wt]
with a scale of the width 8_,.~ 8_ p and of the penetration depth
8~ 08, . Then let us repeat the proof of Eq.(13) but integrating
over z > 0_, . In that region only positive half periods give some
input. On the other hand, here we may neglect the diffusive term
in Eq.(T). So, we obtain
Blzem = BB (g,
and the final result for the boundary condition (10) 1is
Biyew) = Bo/2- (22)
Thus, we have obtained very interesiing effect, i.e., nonlinear
detection of the oscillating signal by the plasma layer.

Similar scenario may be developed using (11) boundary
condition. To be short, we restrict ourselves by formulating the
results. In the strongly nonlinear 1limit, f « 1, the solution
coincides with that of quasi-steady problem by z less than some

zo(t). By z > zo(t), we have B(z,t) = 0. The quantity zo(t) may be
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estimated taking the integral of Eq.(7) over z and over t,
z %

g B1 (z,t)dz = (a/Z)g[B?G(B)](zgo)dt (23)
where B, (z,t) 1s the solution of the quasi-steady problem,
B, (z,t) » B,/2 by z,t ~+ . Roughly z,(t) may be estimated from the
argument in Eq.(9): z,(t) ~ u(B,)t. In the weakly nonlinear limit,
g » 1, all the estimates are worth to be done only in the region
z > 8_,1n f where the nonlinearity is essential. As a very good
model, the solution may be used, found using the following
boundary condition, B(z:O) = aBoB(t), which results in the
effective depth of the penetration

z, = 275/2p7 2B t. (24)
Eq. (24) presents the width of the broadening plateau.

In conclﬁsion. we should emphasise that within the framework
of the non-trivial EMH theory 'classic' skin effect does not
exist. The field translated to the Infinity inside the conducting
medium has the definite sign (i.e., some' kind of nonlinear
detectlon occurs). It travels in-a form of shock wave and may be
as high in amplitude as one half of the boundary oscillating
field. In addition, we note that the result represented in form of
continuous fractions i1s a rarity in physics.
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INFLUENCE OF INHOMOGENEITY OF
MAGNETIC FIELD ON THE CYCLOTRON
DAMPING OF PLASMA WAVES.

G.M.Fraiman and I.Yu.Kostyukov
Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

In this report we shall apply the general results for multi-dimensi-
onal systems (see paper [1] in this book) to study the interaction
between a beam of charged particles and microwaves in the presence
of smoothly inhomogeneous magnetostatic field.

Let us assume that the scalar potential V5(z) on the axis z smooth-
ly depends on coordinate z. Then we can write the vector potential

. . B
within the paraxial approximation: A(r,z) = z ;(z) + O(v?), where

Bo(2) = 3‘5 2) is the magnetostatic field intensity on the axis z,

1 dB ..
v~ g —‘170 is the small parameter, characterizing the magnetostat-
0

ic field inhomogeneity.

The cylindrical coordinate system is not suitable. It is better to
introduce an orthogonal coordinate system, which is connected with
the lines of force of the magnetic field [2]. This is the system, whose
coordinate curves in the n, £ plane are formed by the lines of force and
the curves perpendicular to them. The transformation from the old
coordinates (2,r,¢) to the new coordinates (n, £,¢) will be defined
by the relations:

rA%(r,2) = ¢, V(r,z)=V(n). (1)
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In our problem the linear polarized electromagnetic wave propa-
gates at the angle a to the axis 2:

AY = &(?"ﬂ sin psin[ksin az + ksin ar cos p — wt|,
AZ = cEo(z)sina cos psin|ksin az + ksin &r cos p — wi,
A7 = cEo(z)sina sin[ksin az + ksin ar cos p — wt].

We assume %}hat the wave intensity is weak. (It is convenient to place
the parameter u before A~ which will be assume as equal 1 in the
final results.)

The motion of a particle in magnetostatic and microwaves is given
by the Hamiltonian:

H=c\/(p - %A)2+m3c2, (2)

where ¢ is velocity of light, mg is the particle’s mass of rest, ¢ is
charge of the particle and A = Ay + uA"~™ is the vector potential of
the electromagnetic field.

Following the procedure in section 3.2 of [1] let us go to a new
Hamiltonian, in which n plays a role of the time ¢t and t, —H is a
new canonical variables:

Hl(pf; f,Pqp, 1" —Ha t’ ’7) = pn(pf) e)p'Pa ©, _H: t, ")' (3)

Then we make transition to new canonical variables by means of
canonical transformation. We get the following relations between the
old canonical variables p¢, £, p,, ¢, —H,t and new canonical variables
M’wl)HaW)I:e:

& =1+ M+ 2vTIMsin(p; + p2), pie? = 4MIIcos? (o1 + 1),
6= arctan {\/2Mcosgo1 + V/2I1sin g2 . ps=T— M,

V2M sin ¢ + V211 cos 2
H=¢(=wl, 6=uwt

(4)
Analysis of the canonical transformation gives the following sig-
nificance of the new quantities: M is magnetic moment, II is drift
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moment, ¢; is angle of gyromagnetic rotation, ¢ is angle of rotation
about the z axis, H = £ = wl is particle energy, ©® = wt is the
normalized time.

As a result of canonical transformation, the new Hamiltonian is,
to order of 4 and v2:

H(Mypl)n’m’I’e>’7) = HO(M,I’U) +pr'(M,§01,H,¢2, 1,9,'7)‘1'
+VZH;(M,§01,H,¢2,17),

szz B,
¢ mgocC
()
We write Hy' (M, 1,11, ¢2,1,8,1) for cases I > M and Il < M:

Hy -.qu( 2) sin[ksin az + ksinar cosp — G]X

o {2\/2wBizimoM moc? wB( )

HO(I M)”) I

(6)

cosacos ) + sin a} .

The beam of charged particles propagates through the region of
the inhomogeneous magnetostatic and the HF fields n > 0. If the
beam is not modulated, the beam particle is evenly distributed in
initial angle variables 8° = ©(n = 0), ¢} = p1(n = 0). Then,
using relations (10) and (18) in Ref [1] we can obtain the beam mean
variations of the action variables per particle.

Unlike one-dimensional case, now we have two small parameters
p# and v. Since the general problem of particle motion in inhomoge-
neous magnetic field is nonintegrable, there is new small parameter
v conditioned by the inhomogeneity of the magnetostatic field. The
moments M, II vary as effect of the HF field and the inhomogeneity
of the magnetostatic field. If the electromagnetic waves is absent the
averaged variations of M, II is the averaged variations of the adiabat-
ic invariants due to the inhomogeneity of the magnetic field. Since
Hj3’ does not depend on O, the particle energy varies only due to
the action of the HF field. We are interested in the energy exchange
between the beam and the microwave and, therefore, one finds the
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averaged variation of the beam energy per particle:
1 X (o 3
<Af>= 3 (a_z° +lm) |Fyf? + | Rl
l=—00
L ‘ we(z) £0 2
_ w 1 moC
Fl = '/0 qu(:B) COSGHO(go’ EO.L,.Z) 0500 Ix

X[Ji1(a(z, €9)) + Ji-1(a(=, £2))]e ("1 =) da,

L .
P, = / qEo(z) sin aJyy1(a(z, €9))e (€12 gz,
0

a(z,£9) = kcosa _2
veL) wwg(z)mo ’

8¢(&o, z) = tksin az — isin poa(z, wlly/EY)—

et 9 19 " 0 £0
w{aeo lae-(l)-} 0 Ho(e ’e_j_)ﬁ)dfa

0)2
Ho(£°,€9,2) = \/‘i—z) — mic? - moﬁBaf—z) £9, &9 =wM,.

(7)

To understand some qualitative aspects of interaction between
the beam of the charged particles and the HF field in the presence of
the inhomogeneous magnetostatic field let us consider expression (7)
in the nonrelativistic case and with k = 0, @ = 0. Then, we have:

1f{a ,
<Af>=16 138 ~ae (T

— L Vl(fiaz) $80(£9,69 ,2)
F—‘/; qu(z)V"(é'o,E_?_,z) € 1% dz,

e0(6‘0’ I) = _/0 V(;r(;o‘:)?-(ﬂ( ’6)5) de:
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e =2 (6- 228 g),
VL(€2,2) = \/% (“’-B—("—) eg).

Substituting €9 for £ — &), we reduce equations (8) to a more
convenient form:

(8)

10 oo

<< AE>4>= 16 90 |F|* . (9)

Thus, generation (absorption) zones correspond to increase (de-

crease) region of the function |F|? of & at €|(|’ = const. It is seen from

(8) that the resonance points w = wp(2) give the main contribution
in the integral F'.

We shall consider some examples of the interaction monoenergetic

electron beam and HF field Ege**t in the presence of the inhomoge-

neous magnetic field. If the magnetic field has linear spatial profile

., 1-1/2
wp(2) = w%% and the size of the resonance zones L, = %

is much smaller than L; the scale length of the HF field, we obtain:

gEol )2 ] zo(zo — 20)

c
<< Az >>=71— (

lw \2mgc? /) 0zg \/33(230 —z) -1 ’ (10)
&0 £9
xo—m, yo—mocz, 20 = o — Yo

Since Az is positive for zg > 2p > 1 in this case, the HF oscilla-
tions always damp due to the interaction with the electron beam.

In order to form the generation zones of the electromagnetic
waves, the beam particles must pass several reflection points. It
is possible in the case of k = 0, if the magnetostatic field has the
nonmonotonic spatial profile or the beam is reflected from a “mag-
netic mirror ” for the case with the monotonic spatial profile of the
magnetic field.

We consider again the examples with the conservative magnetic
field, having the linear spatial profile, but we take into account now
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the reflection of the beam particles. In this example the beam particle
pass the reflection point twice. Let us assume that L, <« Ly < Ly,
where L, is the distance, which the beam particles transit between
resonance points. Then according to (8) and (9), the averaged energy
variation per particle is given by:

— i qEOI 2 a zo(zo-—zo) .2
<< Az >>==x (moc"' ) 920 Vzo(2zo —20) =1 sin® ¢(zo),

lw
1,[)(30) = ’?w (\/20(230 - xo) - 1(2:3 - 220 + 22’0 - 1) .

(11)
It follows from (11) that there are generation zones alternating with
the absorption zones.

Physically, the mechanism of formation of the generation zones
in these examples is like the principle of operation of gyroklystron
(the example with “magnetic mirrors” corresponds to a reflective gy-
roklystron). Thus, the nonlocal nature of the beam-waves interaction
plays an important role in the energy exchange.

Our research was supported by RBSF Grant No.93-02-837 to the
Institute of Applied Physics.
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RADIATION OF WHISTLER RANGE
WAVES IN IONOSPHERE AND
MAGNETOSPHERE PLASMA

A.V Kostrov, A.A.Shaikin, A.I.Smirnov and T.M.Zaboronkova

Institute of Applied Physics, Nizhny Novgorod, Russia

For “active” experiments in space rather actual are the problems
on the efficiency of whistler electromagnetic (e.m.) waves radiation
by antennas locating on artificial Earth’s satellites and on their fur-
ther propagation in ionosphere and magnetosphere plasma. Predict-
ing the results of such expensive works is an important task. Its
successful solution requires the preliminary laboratory modeling and
thorough theoretical calculation. In IAP RAS already several years
laboratory studies of electrodynamic characteristics of road and loop
antennas, locating in magnetoactive plasma, have been performed by
the similarity parameter of the corresponding Earth ionosphere and
magnetosphere. The given communication deals with the analysis of
the results of this activity.

1. The experiments were carried out in a vacuum chamber con-
taining the magnetized plasma column of 150 cm length and 60 cm
diameter. The parameters of our laboratory experiment were cho-
sen such as to model the operation of magnetic and electric antennas
on board a spaceship in whistler frequency range in space plasma
(win << w << Wee << wpe, Where wiy- is the low hybrid frequency, w
- radiation frequency, w.. and wy, are electron cyclotron and plasma
frequency).

Using the similarity relation one could model on the experimental
setup the radiation of the antennas on board the satellite in the fre-
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quency range from 10 kH to 100 kH at height from 150 km to 2000 km.
For experiments in space of importance is determination of the part
of the antenna radiation power which goes directly to the whistler
waves. Note that the studied frequency range is characterized by
the open (non-closed) surface of wave vectors (Fig.1). Depending
on the value of the wave vector projection (k) transverse to the mag-
netic field, three characteristic wave types are singled out: a) whistler
wave (k¢ << wpe), b) conic refraction(kc ~ wp,),c) quasielectrostatic
(ke >> wpe). Such classification reflects essential differences in the
polarization and refraction properties of these spatial harmonics.

N > N Kﬂ‘
1 2
N, P_Pﬁ
1) \_/
< ce
\M__/prz _u_)- ______ = —_
~_| -7 it
Wpe K,
—_— 1
C
Fig. 1

The research were focussed on the investigation of radiating sources,
the space-time structure of the field and nonlinear phenomena in
plasma.

2. The structure of electromagnetic fields excited in magnetoac-
tive plasma by loops and roads has been the subject of a great many
experimental and theoretical investigations [1]. Unlike these efforts,
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our purpose was to not only state the evidence of this or that physical
effect, but to closely follow a gradual process of a radiation pattern
development and, specifically, to find out the influence of various
factors (geometrical size, power, etc.) on radiation efficiency of a cer-
tain spatial harmonic. Even for low powers the fields of loop and road
antennas in a magnetoactive plasma in the whisitle range differ qual-
itatively from the vacuum fields both far off and in close proximity
to a radiation source . This fact is accounted for by specific disper-
sion characteristics of a magnetoactive plasma, in particular, by the
surface form of wave vectors of extraordinarily polarized plane waves
(Fig.1).

It should be noted that vacuum notions of far and near fields of
antenna as well as Fresnel and Fraungofer diffraction zones can not
be directly applied to magnetoactive plasma. These notions need
to be specified and partly reconsidered. For example, a wave field
structure typical of a far (Fraungofer) zone is formed here at dif-
ferent distances from the antenna for the whistler waves and the
conic-refraction waves, while quasistatic (“near” according to vac-
uum terminology) fields can extend to large, compared to a whistler
wave-length, distances, forming the so called resonance cone with the
angle w / we, .

Radiation fields produced by elementary dipole antennas are con-
centrated mainly in a cone with its aperture a <w /w,., whose cen-
tral axis is directed strictly along the magnetic field. In the imme-
diate neighborhood of this axis, beginning from distances > A, =
(27¢c/wpe ) \/wee /w they are superposition of modes propogating along
the magnetic field: a whistler wave with a quasi-plane phase front and
a quasi-standing (in the plane transverse to the magnetic field) mode
consisting of the cone refraction waves. The last mode has a period
of transverse structure close to 7c/wp, and a propogating constant
along the magnetic field is equal to 2wp.w/cw..

Fig.2 gives the measurement results for a electric field excited by a
road antenna near the Z axis of symmetry ( the road is perpendicular
to the magnetic field). The radiation efficiency and the radiation
pattern are largely affected by the geometrical size of antennas. It
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was found out experimentally that antennas of small electric size d
(wped << ¢) mainly radiate quasipotential waves propagating along
resonance surface, while those of large electric size (wp.d > ¢) produce
whistler and conic-refraction waves [3]. With higher powers delivered
to antennas the structure of fields starts to change, which is caused

by formation of wave-guiding channels owing to a thermodiffusion
process.

#
g Np=2400 9
800 0'2
600 150
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3.1t is shown that nonuniform distribution of plasma density near
the radiators causes the variation of directivity diagrams of radia-
tion and the value of radiation resistance with respect to a uniform
plasma.The inhomogeneous structure along the magnetic field may
be formed as a result of the nonlinear interaction between the elec-
tromagnetic field and surrounding plasma .The channel with non-
monotonous low of plasma density variation transversely to the ex-
ternal magnetic field in whistler frequency range occurs in magne-
toactive plasma near the radiators as a result of electron heating by
the quasistatic field of the antenna and thermal-diffusion- driven re-
distribution of the plasma it products.

pP=80w

T=500ps
wPe l n 2
e =26,4

Ne=36-10' c 2 /
ANE /\ ~N
20 &

N

Fig. 3

535



In the laboratory experiment as a source of whistler waves the loop
antenna was used (1 sm. diameter ).The distribution of the plasma
density perturbations N at time t=500msec is shown in Fig 3.The
wave propagation of two independent modes in the whistler range
has been detected in such plasma formation. To explain the exper-
imental results,the strict theoretical analysis has been made of the
field structures in this channel.It is established,that the field of waves
of conic refraction is concentrated in the central part of the channel
with decreased plasma density relative to the back-ground and the
field of proper whistler wave (2] is concentrated in a ring layer around
the central part with an increased density. Therefore,taking into con-
sideration such nonuniform distribution of plasma density,that takes
place near the radiator at nonlinear power levels P fed to the an-
tenna can be of importance.It can lead to the increase of the relative
contribution of the proper whistler and waves of conic refraction to
the total radiation power and also to the variation of the radiation
resistance and therefore to the variation of the optimum conditions
of matching antenna operation.
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ON MODULATED INSTABILITY OF
ELECTROMAGNETIC WAVES IN
PLASMAS

S.V. Vladimirov and V.S. Krivitsky
General Physics Institute, 117942 Moscow, Russia

We consider a strongly collisional plasma, where the effective col-
lision frequency veg is not only much larger than the characteristic
frequency Aw of the modulational perturbations, but also is larger in
the presence of significantly stronger inequality:

€ me
] € 5 = v, (1)

Here, m.;) is the electron (ion) mass. The characteristic frequency
v,gffq) defines the time of equalization of the electron and ion tempera-
tures; thus the inequality (1) means that for the time of modulational
instability development (or for the period of modulations) the elec-
tron and ion temperatures have time to equalize each other. This
problem arises, for instance, when investigating plasma heating by
strong laser radiation, which is relevant for inertial confinement fu-
sion schemes [1,2].

We start our investigation with the hydrodynamic equations that
can be obtained from the kinetic equation with Landau collision inte-
gral [3,4]. We consider that, in general, among all the characteristic
frequencies of the problem, only the frequencies of the modulated per-
turbations are in the hydrodynamical regime |Aw| < veg. The other
frequencies correspond to the regime of rare collisions. In calculating
the latter quantities, we use a collisionless approximation. Thus we
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have the following equations for the electron (ion) v{*%) velocities:

Meiei(Op + v - V)i = =V;n, T, ; -
Virs) F eni(E; + [v@) x Blj/c) £ R;, (2)

where we assume that the ions have the charge e. The equations (2)
are completed by the continuity equations for the electrons and ions
as well as the equations of thermal balance

3neyi(at + v(e’i) ' V)Te,i/2 + ne,iTe,iV . V(e’i) =
-V- q(e,i) _ 7l_l(je,i)v,vl(e,i) + Qe,i- (3)

In Eqs.(2) the terms containing VaT describe the contribution from
the pressure of electron and ion gases; ;" *4) are the tensors of electron
and ion viscosity:
el n; T;
x = —0.732 2w, 7 = —0.967 ” Lwld, (4)
e
where w(j") = V;o{*) 4+ Vjo{*) — 26,V . v(*9). Furthermore, R is
the frlctxon forse between the electrons and ions:

R =R, + Ry = -0.51n,m.v,u — 0.71n.VT,, (5)

where the forse of relative friction R, is defined for w < v, (we
have veg =~ v, in the case considered; let us note that if w > v,
holds, then R, ~ —n.m.v.u, but in this case some questions arise
on applicability of the hydrodynamical description). Finally, q(>*) in
Eqgs.(3) is the heat flux:

q® = 0.71n,T,u — 3.16 ”1; VT, q¥ = —3.93’%VI}, (6)
and
Q =-R-u- Q,, Q; - 3 neVe(T T) (7)

are the heating powers.
We solve the above equations by expanding in powers of the elec-
tric field E. To investigate modulational instability, we have to take
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into consideration terms up to the third order in the fields, as well
as interactions through virtual waves (which are perturbations of the
pump electric field on the beat frequency Aw and in general also the
double frequency 2wp). As a result, for the Fourier component

Jrw = /j(r, t)exp(iwt — ik - r)drdt/(2m)* (8)

of -the high-frequency plasma current density of the third order, we
obtain the following expression containing only the high-frequency
fields

jggg,HF - /Effz{n(k,“’?kbwﬁ ks, ws; ks, ws) X
Egix,iEggz,lEigdi,mé(k - kl - k2 - kS) X

6(0) — W — Wy — w3)dk1dk2dk3dw1dwgdw3, (9)

where * denotes complex conjugate.
The effective nonlinear third-order plasma response is equal to

seff o noe*  Vebijbim Akv?
dim = 5m2T, Awwiwaws Aw? — Ak2v2’

(10)

where ng is the unperturbed electron density, Ak = k—k; = k, +ks,
Aw = w—w; = wy+ws, and v, = (107,/3m;)*/? is the speed of sound
(under the assumption (1)). We note that the expression Aw?—Ak?v?
in the denominator of the right hand side of (10) is incorrect when
Aw? ~ Ak?v?; for this case we have to proceed with another expres-
sion. To find the characteristic times of the modulated instability
development, we have to substitute (8)-(10) into the equation for the
high-frequency wave field:

k?c? 41
(Giw - 7) B = —TJSU),';HF, (11)

where ¢}, is the usual (linear) transverse dielectric permittivity of a
plasma.
Then we proceed with the following ansatz

Ei, = Eob(k — ko)8(w — wo) + 6Ey,, (12)
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where 6Ey, is the modulated perturbation of the pump fields E,,
|0 Exy| < |Eol. .

After linearising the corresponding equation for §E,,, and using
an analogous procedure for the complex conjugate fields E*, we have
the following dispersion equation for the modulational instability (the
analogous equation was obtained in [5-7]):

[ko X (Ak + ko)|2/k2| Ak + ko|?
(Ehsro — (Ak+ko)?c?/(Aw+wy)?
ko - (Ak — ko)|?/k2|Ak — ko2 ]

1= z:()lE()I2 [

Eaar, — Bk - KoPef(Bo—a)| Y
where €}, 1;, is the linear high frequency transversal dielectric per-
mittivity of a plasma, and E, is the electromagnetic pump field
(we assume the plasma is strongly underdense: wy, > wp., where
Wpe = (47noe? /m,)*/? is the electron plasma frequency). The factor
Yo in Eq.(13) is

To|Eo|? [

iwh, 1 v.|Ak|*v?
20 =

5 wi drnoT. Aw[(Aw)? — |AK[?02]"

For the electromagnetic pump the instability is supersonic. Its

rate is , . .
1 | Ak | v\ 1w? |Eo)? |°
mod _ i __pe 1701
L 21/6( Ve ) [5 wg 4rneT, (15)

The instability rate is increased on the entire interval of the allowed
values of |Ak|, whose maximum is also given by the diffusion condi-
tion. We have

(14)

3
o (% lw"e IEQIZ
n.a)(ci = Ve_s " P4 A (16)
vre \ D w§ 4rneT,
" By deriving (16) we have used an assumption |Ak| > w3,v,/wic,

which gives the minimum value for the wave vector of the modulated
perturbations. So the following threshold arise:

e > mee () () (o) (%) (%)
207, T, > max wo c ) ’\10m, c wo - (17)
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It is worth comparing the modulated instability rate and thresh-
old with other nonlinear processes taking place in strongly under-
dense laser plasmas. The most effective nonlinear process there is
stimulated Raman backscattering (SRS) [1,2]. Its rate is

2 3
SRS = 0o, (% |Eo| ) : (18)

wp 4mngm,c?
as well as the threshold

1 fwpe)?
SRS et pe o - 19
7 g 2 (wo) Vet ( )
Comparing (16) and (18), we have
ymed  10m, v, (Wi, 2 \°
SRS = 3m, Wpe W v, (20)

For the typical laser plasma parameters ( wo ~ 10'°rad/sec, wpe ~
10**rad/sec, v, ~ 10'%rad/sec, vr./c ~ 1072 — 1071), the rate of the
modulational instability is always less than the y5®S. But we note
that the SRS is a resonant process occuring only in localized regions
of the (inhomogeneous) plasma corona determined by correspond-
ing energy and momentum matching conditions. The modulational
instability is a nonresonant process (like filamentation of the laser
light), and consequently no matching conditions are to be satisfied.
Moreover if we compare the thresholds of the modulational insta-
bility and the SRS, we find y34/9SRS ~ 10°(vr./c)?, this can be
much less than unity, depending on plasma temperature. Thus the
modulational instability can occur when the SRS is ”switched off”.

The considered case of relatively small instability rates (because
of condition (1)) is useful to establish the instability threshold. It is
also interesting to examine the case of larger rates, when inequality
opposite to (1) takes place (but |Aw| K veg).
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STIMULATED SCATTERING OF
UPHYBRID PLASMA WAVE BY
RELATIVISTIC ELECTRON BEAM

V. 1. Miroshnichenko, Ya. B. Fainberg, A. E. Volkov
Kharkov Institute of Physics and Technology,
Kharkov, Ukraine

There has been a great deal of interest in recent years in the
possibility of using a powerful Langmuir wave, exited in a plasma,
as an effective undulator for lasing, based on the stimulated coherent
scattering of the wave by a relativistic electron beam [1-3]. This
interest has been caused by the several following factors. As it is well
known [4], the wavelengths )\, of the stimulated coherent radiation
resulting from a spatially periodic magnetostatic field of an undulator
{wiggler) is determined by the following approximation formula:

Ag = Aw/2’721 ¥= (-l - ﬂ2)~1/2’ g = ”/c‘ (1)

where A, is the space period of the magnetostatic field, vy is the
relativistic factor(y = E/mc?, E is the electron beam energy)

The construction of undulators with the periods ), smaller than
several centimeters and sufficiently powerful magnetic fields presents
some technical difficulties. It was suggested in [1-3] to use a powerful
plasma wave as an undulator for promotion towards the range of
shorter wave lengths.

The plasma wavelengths can be significantly smaller in compar-
ison with the space periods of conventional undulators used in free
electron lasers (FEL’s).

Among the attractive features of using the plasma wave as an
undulator for FEL we shall mention the following:
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1. It is possible to transmit significantly higher currents through
the plasma then through vacuum, consequently, using of plasma opens
the way for enhancing short wavelengths radiation. The transmitted
electron beam can be focused by the plasma in this case.

2. The electric field strengths attained with plasma waves are as
high as the intensities of conventional magnetostatic undulator fields,
or may be superior in their action on relativistic beam electrons.

3. Undulators with wavelengths ranging from 1cm to tens of um
can be created by varying the plasma density in a wide range and by
exiting intense Langmuir waves in plasma.

4. The employment of various waves excited in the plasma extends
the set of elementary effects that can be used for short wavelength
radiation generation (the possibility of existing of collective effects
based on the anomalous scattering effects may realized because the
plasma waves can be slowed down (vp, < c) [5]. The interaction of the
REB with plasma whose density periodically changes in spaces offers
possibility of using the elementary effect of the parametric Cherenkov
radiation in the collective regime [6].

The stimulated coherent scattering of an extraordinary electro-
magnetic wave excited in a magnetized plasma by a REB to generate
a short wavelengths radiation has been investigated in [7].

It is of great interest to study the possibilities of using various
waves that can be excited in a plasma as effective undulators for
generating short wavelength radiation. On this regard, we investigate
here the possibility of employing the uphybrid wave in a magnetized
plasma as an undulator. As it is known [8], the uphybrid plasma wave
frequency in the case of a slow phase velocity and the perpendicular
direction of propagation to the uniform magnetic field is given by the

following expression:
w = \Jul + @)

where wpe = (47end/m)!? is the electron plasma frequencywye =
eHy/mec electron cyclotron frequency.

The occurring dependence of the wave frequency on the magnetic
field strength provides for one more channel to change the pump wave
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frequency and, consequently, to control the frequency tuning of the
short wave length radiation that can be produced due to stimulated
scattering of the wave by relativistic beam electron.

Let us consider the stimulated coherent scaitering of the uphy-
brid plasma wave propagating normally to the direction of the beam
motion and to the uniform magnetic field H,. We shall analyze the
efficiency of short wavelength radiation that propagates along the
beam using the model of three-wave interaction.Suppose that the
electric field strength of incident and scattered waves are directed
along the x-axis.For the validity of this assumption we shall be iuter-
ested in the case of great frequency upshifting of the scattered wave,
80 the influence of the uniform magnetic field on the dispersion char-
acteristics can be ignored.On describing the process of scattering we
assume that the electric field strengths of the waves participating in
the three-wave interaction have the following form:

£i(7,t) = ReEi(2)ezpli(kiF - wit)], (:=1,2,3) 3)

where the indices 1,2,3 belong, respectively, to the scattered HF wave,
the wave of HF beam charge density and the uphybrid pomp wave.
Following the standard procedure we shall suppose that the phase
synchronism between the wavevectors and the frequencies which pro-
vides the effective energy exchange between the interacting waves is
achieved under the co_gditigns

k1 = kg + ks W = wy + wa. (4)

Applying the standard methods one can derive the general dispersion
equation to discribe the initial linear stage of the stimulated coherent
scattering of the wave under study by the relativistic beam electrons.
The nonlinear dispersion equation can be written in the general form,
if we take into account the above-made assumptions and ignore the
beam electron effeci on the dispersion of the scattered wave:

(7} = e1)eles - widh | walea= ])ﬂzﬁgll =
Wity YWwRL(E - e2)

w’ﬁlge'z o -t 42
e + 7 (e~ APH(RA) -1~ (5)
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—(e1 = D[((Fr &)y + =22)* + &3]
761

where the following notation is used:

Fm = ﬁneu = Bu(én + i 633) ﬂs; =

83
ok i, N3s —
:’—F = (:=1,2,3), = ;1, ny, = —3:;—5-3—4. (6)
13

w? 4me?n
6; = l—ﬂncz, Et—l _L-U%’ wl? m ba

1 ]

z _ ek _v 2\-1/2
i = o B=o vy=01-5

The conditions of phase synchronism (4) together with the condition
of resonance interaction of the beam electrons with the combination

wave wo — koo >0 (7)

allow us to get the following expression for the scattered wave fre-
quency

wy = 27%ws(1 — vcosfs/vph), Vph = wsfks, kss = kscosf; (8)

If the pump uphybrid wave propagates normally to the beam motion
63 = x/2, we may obtain the following expression for the scattered

wave frequenc
auency w1 = 27%ws (9)

where w3 is given by expression (2) in the case of a strong slowing
down of the uphybrid wave.

For chosen configuration of fields of the pump wave, the scattered
wave and combination wave eq. (5) can be rewritten in a simpler
form:

22 ~ 1- I 10
(c wl +w, e)[ wg (w2 - kz,v)gl = ( )
R T + E)
4(0)2 - ’(.'2,,‘1))2
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The gain coefficients of the scattered electromagnetic wave amplitude
for different scattering regimes can be determined from the dispersion
equation (10). I the uphybrid wave amplitudes are large enough
and the electron beam current density is small, the so-called regime
of "modified” decay scattering (or Compton scattering) takes place,
which is characterized by the following gain coefficient:

Imk,, = (\/5/4c)(w§“ Bluwa)'® (11)

In this case, the forces of HF frequency Coulomb repulsion are negligi-
ble as compared to the ponderomotive potential forces, so the beam
electrons have no time to make any vibraiions due to the force of
Coulomb repulsion.

H the electron beam density is high enough, and the oscillations
of beam electrons caused by HF beam bunching are essential, then
Raman regime of scattering is realized and the gain coefficient is
determined by the expression:

Imbkiz = (ﬂ,/4c)(w5“w3)1"2, Br = eEs/mcws (12)

We now estimate the possible value of the parameter S which is
essential for the determnation of the gain coefficients. Assuming the
complete electron density modulation of the plasma to be achievable
and using the Poisson equation, we obtain:

ﬂE = wgc/wgnﬂ (13)

where n, = cks;/ws is the refractive index of the uphybrid wave. It
follows from (13) that the suitable S, values should be chosen for
moderately slowed down waves rather than for very slow waves. We
give the expression for the refractive index of the uphybrid wave as
a fanction of frequency:

wt — 2(w§e + wne)?) + w;e

2 —_
nz(w) = w2{w2 _ (wge + wye)]

(14)

The appropriate choice of the pump wave frequency in the interval
wpe and ‘/wge + w?, can provide the suitable values of the refractive
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index n,. The wave frequency ws will be determined in this case by
(14) for given n, value.

So we come to the conclusion that the uphybrid wave can be used
as an effective plasma undulator. The parameters of the undulator
depend on both the plasma density and the applied magnetic field
Hy. This latter can be varied to tune the scattered wave frequency or
to prolong the beam wave interaction for cbtaining a higher efliciency.

This work was supported by the Ukraimian State Commititee
of Science and Technology.
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ON MODULATIONAL INTERACTION OF
LOWER~-HYBRID DRIFT WAVES

S.I.Popel (a), .LE.Rumanov (b), V.N.Tsytovich (c)
(a) Institute for Dynamics of Geospheres, Moscow, Russia
(b) Moscow Physical-Technical Inst., Dolgoprudny, Russia
(c) General Physics Institute, Moscow, Russia

For many physical and astrophysical problems connected with
the investigation of inhomogeneous plasma in the presence of an ex-
ternal magnetic field one should study the evolution in a plasma of
oscillations excited as a result of the development of the so—called
lower-hybrid drift (LHD) instability (see [1-4]). This instability has
been applied to explain the mechanism for the anomalous transport
of particles, momentum, and energy in both space and laboratory
plasmas (e.g., this instability has been proposed as a mechanism to
provide anomalous resistivity for reconnection events in the Earth’s
magnetosphere [3,5], it has been studied to explain anomalous sheath
broadening in theta pinch implosions [6], etc.). Further, the consid-
eration of the LHD waves (i.e. the waves excited as a result of the
LHD instability development) is important when describing the wave
turbulence, which arises when an ionized cloud expands into back-
ground plasma. Such a situation has, in particular, occurred in the
experiment carried out by the Active Magnetospheric Particle Tracer
Explorers (AMPTE), which involved the release of barium atoms in
the solar wind (see [4]).

The most important nonlinear process for the oscillations excited
as a result of the LHD instability initiated by an electron current
is the modulational interaction (see [3,4]). The modulational inter-
action of the LHD waves determines the saturation mechanism for
the LHD instability, which is associated with the cascade of waves
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with high phase velocities along the external magnetic field B, to
waves with phase velocities along B, close to the electron thermal
velocity. Use of such a saturation mechanism permits to obtain the
effective frequency of electron collisions in inhomogeneous plasmas.
The consideration of the modulational instability (MI) of the LHD
waves [4] for the case of the AMPTE release experiment is essential
for the explanation of the magnetic structures, particles spectra, and
the magnitude of electric field amplitude observed in the experiment.

The MI of the LHD waves has been studying previously only in
particular cases [3] and for specific situations (e.g., for the conditions
of the AMPTE barium release experiment [4]), the consideration of
the MI of the LHD waves having been carried out on the basis of
the hydrodynamical equations. Here we consider the MI of the LHD
waves on the basis of general kinetic approach that enables us to
carry out more complete and detailed investigation of the LHD wave
MI. We demonstrate that the situation is possible when the nonlinear
response defining the character of the LHD MI is determined by the
inhomogeneity effects (such a situation has not been analyzed pre-
viously). We consider the case, when the LHD waves are excited as
a result of the kinetic current—driven LHD instability (see also [3]).
This case corresponds to the inequality |w| < |k|vr;, where w, k are
respectively the frequency and the wavenumber of LHD wave, vr;()
is the ion (electron) thermal velocity. We assume that the following
conditions are valid: wp; € w € wWpge;

‘—‘—‘-lnng < 1, (1)

k, dz
where ng is the unperturbed plasma density; wp.y is the electron
(ion) gyrofrequency; the axes Oz, Oy, Oz are chosen respectively in
the directions of the plasma inhomogeneity, the electron current, and

the external magnetic field.
When the conditions

wp; K w L Wpe, |k.leTe/wBe <1, IkIII”Te/Iw - kyueyl < 1’
w <K |k|v’1’ia Wpe < Ik]ca |RBI < |K'n| (2)
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and

|cost] = [kyl/Ik| < kyrin/IKI*(A(K))"?| (3)

(where A(K) = (wse /wpe)? + (1+ kP12 )/[KPr2., 12, = Ti/mu,,
kn = (1/n)(dno/dz), kKp = (1/|B0|)(d|BoI/d:v), Uey is the electron
drift velocity, c is the speed of light, T, is the electron (ion) tem-
perature, wp:;) is the electron (ion) plasma frequency, m.g;) is the
electron (ion) mass) are valid, the linear dispersion equation for the
LHD waves has the following solution:

kykn wpe
Wk = kyuey + K2 .A(Bk) + 279k, (4)
1/2
"= — (E) kyl‘iane Rewk —. (5)
2 k2A2(k) lkl’l)Tikz’I‘L‘

The values (4) and (5) are respectively the frequency and the growth
rate of the LH drift waves. In the considered situation the LH drift
instability develops when u., exceeds its threshold value:

Uey > |Kn|wpe /K[ A(K) (6)

and kyk, < 0.

The condiltions (2) and (3) are supposed to be valid below.

The condition (1) allows us to investigate the LHD wave MI by
standard way [7,8]. We derive the equation of the third order in field
strength for the LHD waves in inhomogeneous plasma. This equation
is derived by using the kinetic equations for electrons and ions and the
Poisson equation; perturbations of the distribution function expand
in a set of terms over powers of the LHD wave electric field E, which
up to the cubic terms are expressed through the LHD wave fields
and unperturbed (both electron and ion) distribution function. Fur-
ther, we distinguish in the obtained equation positive and negative-
frequency parts of the LHD wave fields: Ef, E; (where E; = kE;/|k|
defined as follows: Erexp[i [ k,(z)dz] ~ Epexp[ik,(x)z]is the Fourier
component of the LHD electric field; k¥ = {w,k}; Ef, E; correspond
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to w > 0, w < 0 respectively), and introduce the virtual fields E}
on the low frequency Aw < wry = wpi(1+ W} /wBe) /2, Finally we
obtain the equation containing the wave ﬁelds E# only:

e Ef =2 / S ELELE6(k — ky — ky — ka)dkydkydks, (7)

where §(k) = §(w)d(k), ex = €(w, k) is the linear dielectric function
for the inhomogeneous plasma;

seff ¢ _ e*(Ak)%R)
kkikaks = T om2|k||kq | k2| ks|ear

« {kzuksn _ (kau ~ksy) i(kay X ku)u}

62 w%e wBe6
kyky (ko ki)
(e) R S i B 8
{( (- e
i(k k . kiyKn
Xy t:; 5u)") & -n="% lyn } (8)

ilere —e is the electron charge; Ak = k — ky; eEfk' ) is the electron

(ion) part of the dielectric function; ésf,)c is the electron dielectric
function for homogeneous plasma (the smallness of the parameter
|kn|vre/wpe € 1 has been used), é = w — kyu.,; the subscripts ||, L
denote respectively the vector component parallel and perpendicular
to the external magnetic field. The expressions (7) and (8) are derived
when |§] = |6;] = |82] & |63] > |Ad|. Here §; = w; — kiyttey, ¢ = 1,2,3,
Ab =6 - 6.

The dispersion equation for the LHD MI is derived from the equa-
tions obtained by such a way (as a solvability condition of a system of
two equations for modulational perturbations §EF). The dispersion

equation has the following form:

2 ) ) ) ) ) K k)
] 2IE I +ko,ko +ko [ I o [P 0,~N0 , (9)
sAk-{-ko gAk—ko
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where Ej; is the amplitude of the pump wave.

The investigation of the dispersion equation demonstrates that
the LHD wave MI develops only when the wavenumber of the modu-
lational perturbation |Ak| is less or of the order of that of the pump
wave |ko|. The MI effect is maximum, when Ak L k,. If the in-
equality |Ak| < |k,| is valid, then the nonlinear response defining
the character of the MI is determined by the inhomogeneity effects.
In this case the maximum value (for a fixed |Ak| < |&,|) of the MI
growth rate is attained for the pump levels

b
4rn,T; w}",’e

wBe |K3k3 [’U;‘e lkol . wge wBe lkOI 'Akla
pe wBeIAklzv%i lAkl, wge sz IK’ﬂI lkoyls

and has the following form

| Eol®
OT wBe

1/3
2 2 'Akl

7max(|Akl) ~ (

For larger values of |Ak|(> |&,|) the maximum rate of the mod-
ulational instability is:

2 2\ /3
7m(|Akl>=('E°' 22 | Ak} llkAl;I|) S

4mnoT; wpe

The development of the modulational instability with this rate is
possible for

|E0|2 wBevTiIK’nkOyI .
4mn,T; >m w2 |Ak|

2 4,4 2 4 2 2 2 3
Wpe Ky VU7, U7, kOy . Wpe WBe IAkl me}

2 1 2 1 2 2.2 L2 3
Wpe Wpe Up; |Ak| Wpe KnUp; kOy my
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Thus the influence of the plasma inhomogeneity results in ap-
pearance of the additional characteristic parameter of the problem
(in comparison with the homogeneous situation), namely the inverse
length of plasma inhomogeneity «,. The character of the modula-
tional instability of the LHD waves essentially depends on the rela-
tionship between this parameter and the length of the wavevector of
modulational perturbations. Note also that the LHD wave MI can
develop sufficiently effective only when the length of the wavevector
of modulational perturbations Ak is less or of the order of that of
the pump wave k; (in contrast to the well-investigated cases of the
LH waves in homogeneous plasmas [7] and Langmuir waves [8], where
the MI develops effectively for both |Ak| < |ko| and |Ak| > |ko|).
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ON THE BEAM INSTABILITY IN A
PLASMA IN THE PRESENCE OF THE
ION-SOUND TURBULENCE

S.1.Popel
Institute for Dynamics of Geospheres, Moscow, Russia

For many physical problems (solar bursts, plasma heating by an
electron beam, etc.) the interaction of the electron beams with the
non-isothermal plasma

T, < T, 1)

(where T;, T, are respectively the ion and electron temperatures) is a
problem of interest. In the situation (1) the ion—sound turbulence can
essentially influence the electron beam dynamics. For example, the
presence in a plasma of the intesive ion—sound oscillations can result
[1] in the stabilization of the beam instability as a consequence of the
nonlinear absorbtion of the Langmuir waves. Further, the presence
of the ion—sound waves can lead to acceleration of the electrons of
a beam [2,3] and to the stabilization of the beam instability [4] due
to the nonlinear interaction of the resonant and non-resonant (with
the beam) waves (the plasma—maser effect). However, the radiative-
resonant interactions (RRIs) [5,6] of the ion-sound waves and plasma
electrons can also result in the acceleration of electrons. In the present
paper we consider the influence of the RRIs of the ion-sound waves
and electrons upon the beam instability development.

Let us consider the one-dimensional nonrelativistic electron beam
with the concentration n, propagating in a plasma, in which the ion—
sound waves with the spectrum Wy (where W* = [Wjdk is the
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(beam) of the distribution function and also the growth rate caused
by the RRIs of the Langmuir waves and electrons (see [7,8]), then the
stabilization of the beam instability occurs. In the case

m/n > (a/4m)(Av/c)® (8)

the stabilization of the beam instability caused by the RRIs of the
ion-sound waves and electrons occurs when

2 2 4
np m We [vp. Av
() <egptoroz (2) () ®)
(here k, is the characteristic value of k in the ion—sound wave spec-
trum). In the case

ny/n < (a/41r)(A1}/c)2 (10)

the stabilization of the beam instability occurs when

2 2
Q V1 (%1 M 1 nTe
—) — . 11
1672 (vTe) (c) m korp. W* <1 (11).
Let us compare the rate of the electron energy change caused
by the RRIs and those caused by the plasma-maser effect and the

quasilinear interaction. The rate of the electron kinetic energy change
caused by the RRIs is

< éRed > /(ep — mc®)Qpdp

£

~ a——=koTp.nmviw,,. (12)

€
The conditions under which < £7%¢ > exceeds respectively < éV¥' >,
the rate of the electron energy change caused by the plasma-maser
effect (see [3]), and | < 9" > |, the electron energy change caused by
the quasilinear interaction, are the following:
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Rpl’p ~

2 !,

2¢ 14 (p 2p)

Pep(Pc + 5p) P
P’ 1[p'x p]28p>

; 4
P 2pi(cp+ts,))’ )
gp = (p2c? + m2ch)M?; f;’ is a quasilinear operator corresponding to
the interaction of the ion-sound waves and electrons; [ ®,dp = n+n,.
The calculation of @)p under the assumptions that the distribution
function @, is Maxwellian for p < mvr, and the ion charge is e gives:

1/2 1/2
Qu a _2_ m nv, 3pc+ 2,
P 3\ M P? gp(ep+¢,)?

(o]
xm2v2,c? / dkk3:VT". (5)
0

e

where v, = (T,/M)/?. The term f;eép in the equation for 0®, /0t is
negligible comparing with @, if the following conditions are fulfilled:

ny/n < a(vy/c)*(Av/vr.)?, (6)
v > vre[2In{2[In(37c%/4av?,)]
X (c/vre)* (37 [4a) ). (M

Below we suppose that the conditions (6)—(7) are valid.

Thus (see (5)) the RRIs of the ion-sound waves and electrons
result in the generation of the fast particles with the isotropic dis-
tribution @4 = Qpt. It is known (see, e.g., [1]) that the Langmuir
wave growth rate corresponding to the isotropic distribution func-
tion is negative (the waves are damped). If at the time less than the
characteristic time of the beam instability development the contri-
bution to the Langmuir wave growth rate from the isotropic part of
the distribution function <I>§“d exceeds that from the anisotropic part
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energy density of the ion—sound waves) are excited. The spectrum
Wy is supposed to be contained in the range of the wavevectors k
obeying the following condition:

2 fm 2vp,
2./ = k
3VM vy <krp. <1, (2)

where m, M are respectively the electron and ion masses, vy, =
(T./m)'/2, v, is the lowest velocity of the beam particles (v; < vr.),
k = |k|, rp. = (T./47ne?)'/?, —e is the electron charge, n is the
plasma electron concentration (n > n;). The left inequality (2) im-
plies that the decay interactions of the Langmuir waves (excited as a
result of the beam instability) and the ion-sound waves are forbid-
den, while the right inequality (2) allows us not to take into account
the process of the induced scattering corresponding to the following
resonance condition: w} £ w§ = (q+ k) - v (see [1]), where v is the
velocity of the plasma particle, q, k are respectively the wavevectors
of the Langmuir and ion-sound waves; w}, wy are respectively the fre-
quencies of the Langmuir and ion-sound waves. We will assume that
the spectrum of the ion—sound waves is isotropic, and the condition
of the kinetic description of the beam instability Av/v; > (ns/n)'/3
is valid. Here Av = v, — vy, v, is the largest velocity of the beam
particles. The external magnetic field is supposed to be absent.

The dynamics of the electron distribution function @, (including
the distributions both of the beam electrons and the plasma elec-
trons) is described by the equations, in which the quasilinear inter-
actions and the RRIs are taken into account (see [5,6]). The most
contribution to the equation for 0®,/0t (among the terms corre-
sponding to the RRIs of the ion—sound waves and electrons) for the
case p = |p| > mur, is made by the following term:

Q, = ra / dp' Ry p 1268, /(21 (3)

where a = €?/hc ~ 1/137; c is the speed of light; % is the Planck’s
constant; Ry, is a certain function of p’ and p (see [5,6]), and its
expansion in the parameters p’/p and p'/mc up to the second order
in p' is:
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2 2
ny m Av Av) .
( n ) < aMkOTDe o (vTe ) (13)

ny\ 2 m W* [vr.\? [ Av

() <ogporoaz (5) (50): (4

Thus the RRIs of the ion-sound waves and electrons can result

in the stabilization of the beam instability. The conditions (13) and
(14) are valid when the conditions for the stabilization of the beam
instability ((8)—(9) or (10)—(11)) are fulfilled. However there is the
range of parameters (W?*/nT,, ko, Av, v, ny, n, T.) when the con-
ditions for the stabilization of the beam instability are not fulfilled,
but the conditions (13) and/or (14) are valid. In this case genera-
tion of fast electrons caused by the RRIs of the ion-sound waves and

electrons is the essential process which should be taken into account
when describing the beam instability development.
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BEAM INSTABILITY DEVELOPMENT
AND THE PLASMA-MASER EFFECT

S.I. Popel, S.V. Vladimirov, and M.Y. Yu
Institute for Dynamics of Geospheres, Moscow, Russia
General Physics Institute, Moscow, Russia
Ruhr-University Bochum, Germany

The evolution of waves in turbulent plasmas, in which a large
number of degrees of freedom is excited, can often be determined by
the nonlinear interactions of the waves. Among them the nonlinear
interaction of resonant waves with the non-resonant ones can be im-
portant (see, e.g., [1,2]). The non-resonant waves are those for which
both the Cherenkov resonance condition

w-k-v=0 (1)

and the scattering (off the second type of waves, namely the resonant
waves) condition
w-0-(k-q)-v=0 (2)

are not satisfied, while the resonant waves are those for which the con-
dition (1) is satisfied. Here w and {2 are the frequencies of the consid-
ered waves, k and q are the corresponding wavenumbers, and v is the
velocity of a plasma particle. The effect of the nonlinear interactions
of the resonant and non-resonant waves is called the plasma-maser
effect (see, e.g., [2]).

In the present paper, we investigate the nonlinear evolution of the
resonant waves accounting for their interaction with the non-resonant
waves. We obtain a general expression for the nonlinear growth rate
of the resonant waves. We consider influence of the plasma-maser
effect on the beam instability development.
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The electron distribution function f satisfies the collisionless ki-
netic equation

of . .o of
stV or teE 5 =0 3)
where the electron charge is € = —|e|. Let us define the regular part

® of the distribution function by
=< f>, (4)

where the angular brackets ‘<> denote averaging over a statistical
ensemble. For the sake of simplicity, we assume that all fields are
longitudinal. The electric field E is then governed by the Poisson’s
equation

V-E = 4xe / §fdp/(2x)3, (5)

where 6 f is the fluctuating part of the distribution function. We shall
represent it by an expansion in powers of the turbulent field E

51 =3 610, ©)
=1

where §f() « |E|'. We have normalized the distribution function f
by

(2 )3 f) (7)

where n is the concentration of plasma electrons.
We now introduce the correlation function of the Fourier compo-
nents of the electric fields by

< Ew,k;iEw',k';j >= IEw.klzs(w + w')s(k + k’)kfki/lklz» (8)
where

E,x = / E(t,r) exp(iwt — ik - r)dtdr/(27)* =kE,x/|k|. (9)

Here, for the frequency and wavenumber of the Fourier components
of the resonant waves, we use the notations w and k, while for those
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of the non-resonant waves we use {2 and q. The last factors in Eqs.(9)
and (10) demonstrate the longitudinal character of the waves.

We are interested in the nonlinear contribution to the dielectric
function (of the resonant waves) proportional to |Eqq|?E, x. This
can come from coupling (5f(2))? as well as from §f(%). The contribu-
tion of the second order (in the fields) terms to the imaginary part
of the nonlinear dielectric permittivity of the resonant waves is

16x2¢8 [ dQdq | Eaql*

pol __ e |

Im6eP%(w, k) k[? lq)? |k — q|%ek(w - Q,k—q)
XIm[S(w,k; 0, q;w — O,k — q)S(w - O,k - q;w,k; -0, —q)] (10)

where the (symmetrized over the last two indices) second order plas-
ma response is

dp 1
27w —k-v+10

7] 1 7]
x{kl.é_l;) wz — k3 - v+i0 (kr%)

d 1 d
+<k2.5;) w; —ki-v+10 (k1'51;>}§. (11)

In Eq.(11), only for the resonant waves the imaginary parts of the
denominators are to be taken into account (the scattering condition
(2) is not satisfied here). The contribution of the resonant waves
to the imaginary part of the nonlinear dielectric permittivity by the
third order terms is

S(w,k;wy, ki; we, k) =

4x2et dp dQdq |Eqgq|?
k|2 J (27)% |q|? w—k-v+10

(o) o ) e ()

-(v5) s=evrm (“'%)]“’}"”’
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We can simplify this equation by a standard method [2,3]. In partic-
ular, we expand the denominator [w— Q- (k—q)-v]™! by [w -0 -
(k—q)-v]"L = ~(@—q-v) {1+ [(@ - k-v)/(@ - q-¥)] + (k-
v)/(©—q-v)]? +...} and use the sign symmetry of Q and q. Finally,
we have

2x2et dp dQd
imiet9o ) = S [ I B oo -k

o) i (- 2) i (a2)
B (“%) (n—cla-v)z (“%) ("%)
2 (k,;.,q)z CErREe ("%> "]‘ (13)

Using the expressions (10) and (13), one can easily obtain the corre-
sponding rates describing the evolution of the resonant waves

_ (Im6eP°! + Imée(®))
9eLl /3w

nl __

; (14)
w=w(k)

where €L is the linear dielectric permittivity, w(k) is the linear fre-
quency (i.e., the solution of e£(w,k) = 0) of the resonant waves.
When the constant particle distributions are maintained (s.e. the
system is open), the contribution to the growth rate of the resonant
waves caused by the plasma-maser mechanism is determined by the
expression (14). If the particle distributions are not constant then
the effects of nonstationarity of the system can be important when
describing the evolution of waves in plasmas (e.g. the contribution of
the effects of nonstationarity to the growth rate of the non-resonant
waves is of the order of the ”direct third—order” contribution to the
nonlinear growth rate of these waves (see [2,3]). However, for the
closed systems (in which the (slow) variation of the plasma parame-
ters is governed by the well-known quasilinear equation (see, e.g., [4])
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the effects of the system’s nonstationarity do not make a contribu-
tion to the plasma-maser mechanism for the evolution of the resonant
waves (see [5]), in contrast to the evolution of the non-resonant waves
(see [2,3]).

The plasma-maser effect can significantly influence the evolution
of resonant waves. For example, such a situation can arise when
the one—dimensional beam of fast electrons propagates through a
plasma [6] in the presence of the ion-sound waves. In this case, the
resonant (with the beam particles) are Langmuir waves, while the
non-resonant are the ion—sound waves. The plasma—maser effect can
[6], in particular, result in the stabilization of the beam instability
for the beams which are not symmetrical with respect to the axis
v = vp and if the following conditions are satisfied: 8<I>(")/80 >0,
3%3®) /3v® < 0, for v; < v < v, and 38®)/3v < 0, 3%0(*) /3v® < 0,
for v9 < v < vz, where v; and vz are the minimum and maximum

speeds of the beam particles, respectively. The following conditions
should also be valid

e () ()7 () 1< () (i)

—<<|—]) | = =), 1<< s ) -

n T, m; Wpe nT, vgAv

(15)

Here n; is the concentration of the beam particles, ¢, and W, are the
characteristic wavevector and the energy density of the ion-sound
waves, respectively, wp. is the electron plasma frequency, T, is the
electron temperature, vy, = (T,/m,)l/ 2 Av = vy — v;. When the
conditions (16) are valid, the effect of nonlinear interaction of the
resonant and non-resonant waves dominates over that of quasilinear
interaction.

In conclusion, the effect of the plasma-maser type nonlinear mech-
anism on the resonant waves can result in new phenomena which are
absent in the more familiar nonlinearities, such as decays and/or in-
duced scattering, as well as quasilinear interactions.
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PARAMETRIC INSTABILITIES DURING THE
EXPERIMENT ON ION BERNSTEIN WAVE
HEATING OF TOKAMAK PLASMA

R. Cesario
Associazione EURATOM-ENEA sulla Fusione,
Centro Ricerche Energia, Frascati
C.P.65 - 00044 Frascati, Rome, Ttaly

Abstract

Parametric instabilities in the scenario of the ion Bernstein wave
(IBW) plasma heating experiment are investigated. The theoretical
analysis shows that the RF power threshold of the instabilities is very low
when the plasma density near the antenna meets the condition:

2w, <w,<<w,,. The threshold becomes very high, >>IMW, and is

determined by the convective losses due to the plasma inhomogeneity when
the plasma density near the antenna is sufficiently high so as

05w, /w, <1. According to the theory, the parametric instability

activity should increase if the plasma is moved away from the antenna,
creating a low-density electron plasma wave "gap" region. This hypothesis
is in agreement with the behaviour of the parametric instability obtained
during the IBW experiment on PBX-M. This result shows that the
observed parametric instability activity can be explained in terms of the
plasma inhomogeneity convective model. It was also demonstrated that, by
controlling the plasma position relative to the antenna, parametric
instability activity can be controlled at a low level.
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1 Analogies between plasma ion heating by ion
Bernstein waves and by lower hybrid waves

The ion Bernstein wave (IBW) hcating of tokamak plasmas is an
additional RF heating cxperiment in the range of ion-cyclotron frequencies,
which is performed by launching a slow clectron plasma wave (Fig.1).. The
same kind of wave is launched in the lower hybrid (LH) ion hcating
experiment, during which strong paramctric instabilitics have bcen
observed, without any cvidence of heating of the bulk plasma [1].

Strong paramctric instabilitics from the plasma edge, without any
evidence of RF heating of the bulk plasma have also been found in the
recent Doublet 11I-D IBW plasma heating experiment [2]. These results
suggest that the strong activity of the paramctric instabilities inhibits the
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propagation of the launched electron plasma wave beyond the scrape-off
layer.

2 Analysis of parametric instabilities in the ion
Bernstein wave heating scenario

In the homogeneous plasma approximation, the parametric dispersion
relation is [3,4]

g(co,k) __ #—(wcwkl:k()sEO) _ /‘+((00:k2>ko>Eo) - 0,
8((0, ,k,) £, K,

where (@,,k,) refers to the pump wave, (@, ,,k,,) to the sidebands and

(w,k) to the low-frequency wave; ¢ is the dielectric function and =% are

the wave coupling coefficients. The total momentum and energy of the
coupled waves must be conserved.

The highest growth rate of the parametric instabilities has been found
in the layer:

20, <@, <<o,,

This condition can be met in the scrape-off plasma of the IBW and LH ion
heating experiments. The pump and sideband waves are electron pump
waves; the driving mode is an ion cyclotron damped mode.

The RF power threshold of the parametric instability can be estimated
by considering the convective losses due to the plasma inhomogeneity and
the finite extent of the wave-propagation region, which limit the
parametric-instability growth [4]. The WKB equations of the decay waves
in an inhomogeneous slab plasma can be solved [5]:
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where @y is the sideband potential, I'y the linear damping, vg] the
group velocity component along the direction of the inhomogeneity
gradient x, M, the component of the mismatching wave vector M, and
a, ] are the wave-coupling coefficients.

The parametric instability originating at x=0 must conserve the
momentum of the waves, i.e. M=k}-k+ky=0. The growth rate is given
by .

m aa(wmklako:Eo)
e(w,k)
deR(w, k)
ow,

r=-L+

For a steady-state interaction &/a=0.
Far from the interaction region x=0, the potential of the sideband
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is the convective amplification factor. The instability can grow and

becomes significant if 4>1.

The theoretical analysis shows that the RF power threshold of
parametric instabilities depends mainly on the plasma density near the
antenna (see Fig. 2):

- High density: 1>w);/0020.5 Py>>1MW. In this case, the convective
losses due to plasma inhomogeneity are dominant.

- Low density: 2wp,;<@0<<®p;/@pe Prp<10kW In this case, a wider
region of propagation, the EPW, reduces the convective losses due to
the plasma inhomogeneity. We have considered the parameters of the
IBW experiment on PBX-M.

To test the theoretical prediction on PBX-M, the plasma position was
varied during the IBW pulse, while monitoring the parametric instabilities.
When the plasma edge was moved about 2cm near the antenna, parametric
instability activity was very low (<50dB of the pump wave) (Fig.3). When
the plasma edge was moved about 2cm away from the antenna, parametric
instability activity increased greatly (>20dB of the pump wave) (Fig. 4).
The Langmuir probe mecasurements showed that the scrape-off plasma
density varied by moving the plasma column, giving strong variations in
the convective losses due to the plasma inhomogeneity.

3 Conclusions

The strong dependence of parametric instability activity on the plasma
position can be attributed to the convective losses due to plasma
inhomogeneity, which increase strongly when the plasma density near the
antenna is sufficiently high (0.5<@,;/0<1).
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Fig.3  Frequency  spectrum  of
parametric  instabilitics  observed
when the plasma column is shifted
2cm from the antenna (rclative to
nominal position). for P.~100kW
Main plasma parameters: /,=100KA.
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Fig.4 Paramctric instability fre-
quency spectrum observed in the
same conditions as shown in
Fig.3. but plasma column shifted
about 2cm close to the antecnna
(rclative 1o nominal position).

The distance between the antenna and plasma must be small so as not
to create a significantly wide layer of clectron-plasma-wave propagation.
This condition was found during the PBX cxperiment, while the contrary
occurred in the LH 1on-heating cxperiments and probably during the DIII-

D IBW cxperiment.
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ON THE OPTIMAL CHOICE OF
MICROWAVE SYSTEMS FOR DRIVING
TeV LINEAR COLLIDERS

V.L. Granatstein and G.S. Nusinovich
Laboratory for Plasma Research
University of Maryland, College Park, MD 20742

1 Introduction

An optimum microwave system for driving future linear colliders im-
plies a choice of its parameters which makes this system the most
efficient and the least expensive. Among many of the proposed con-
cepts for TeV-class colliders, there is a general tendency to choose
a shorter wavelength than in current linacs since this results in an
opportunity of increasing the accelerating gradient, and therefore, re-
ducing the length of the linac, and correspondingly, the cost of the
whole system. Below, we shall analyze this tendency with a view
toward optimizing the microwave pulse duration and the accelerating
gradient in a structure.

2 Optimal Pulse Duration
The efficiency of a microwave system may be defined as
N= 1T e (1)

where 7, is the efficiency of the microwave amplifier, 7, is the effi-
ciency of the high voltage supplies and 7, is the efficiency of a circuit
for microwave pulse compression. For a microwave pulse duration,
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7, on the order of microseconds we may assume that the efficiency
of the amplifier, 7,, does not depend on 7. The efficiency of a high
voltage supply consisting of a line type modulator and a high voltage
transformer depends most of all on the rise and fall times. This is so
because a microwave source usually operates only during the flat top
portion of the voltage pulse, and therefore, the energy spent during
voltage rise and fall times is wasted. Let us denote the duration of
the flat top by Tp and the duration of the rise and fall times by Tg.
According to [1] Tr relates to Tp as Tr = a+/Tp where the coefficient
o is proportional to turns ratio of the pulse transformer. Correspond-
ingly, the efficiency of the high voltage supply can be defined by a
simple formula

T To (2)
" To+Tr To+aVTo

To define 7, we will consider a binary pulse compression scheme

T

[2] with the given efficiency of one stage of compression, ngl). Then,

Ne = [ gl)]N’ ’ (3)

where N, is a number of stages which are necessary to match the
microwave pulse duration, 7, with the filling time of the accelerating

structure, 74:

N, = log, (l) . (4)

Tf

Below we will assume that the microwave pulse duration, 7, is ap-
proximately equal to the duration of the flat top of voltage pulse, Tp;
i.e., T = Tp because the risetime of the microwave radiation is typi-
cally rather small (e.g., at frequencies above 10 GHz for microwave
tubes with a Q-factor of several hundred it is less than 10 nsec).
The filling time of the accelerating structure consisting of a chain of
pill-box resonators, 7¢, is proportional to the characteristic structure
time, @ /w:

rr=q2 )

where @) is determined mainly by ohmic losses of microwave power in
a resonator, and w = 27 f is the angular frequency of the microwave
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signal, and a typical value of the coefficient ¢ is about 3. For a
structure consisting of a chain of pill-box resonators operating with
TMgyo modes,

h/a 4.71-108V hla
1+hja fi72 "1+ hja

Q ~ Qonm =~ 61 (6)
sk
Here a and h are the resonator radius and length, respectively, and
Osk is the skin depth. The radius a and the wavelength A = ¢/f
are related as a = vp,A/27 where vy, is the n-th root of equation
Jo(v) = 0 (i.e., vor = 2.4, vo; = 5.52, etc.) The last expression in
Eq. (6) is written for a copper structure, and f is given in Hz. (mks
units are used throughout this paper except when otherwise noted).
So, combining 7, with 7, we come to the combined efficiency

T() 1 log, (TO / Tf )
b
To + a/To

which has its maximum when the normalized value ¥y = /Tp/a is
equal to

, (M

Ncomb = Ty * Ne =

In2
Yopt = —1 — 8)
Pt 20nne 2nn®’ (
The corresponding optxmal pulse duration (flat top of the high voltage
pulse) is

Topt = TR * Yopt ) (9)
and the maximum combined efficiency is
max ., _ Yopt [ (1)]Ne
Teomb = Yopt, +1 [ c ] . (10)

For example, for the efficiency of one stage of the compression system

(1) = 0.9, Yopt =~ 2.289 that gives Tope = 2.289 Tg and 7l =
0 7-0.9Ns; for 17( ) = 0.95, Yopt = 6 corresponding to Topy ~ 6 T and
Nono, = 0.85 -0.95"s. Clearly, as ng ) becomes larger, it pays to make

(¢
the microwave pulse longer and pass it through more stages of pulse

compression.
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To define a number of required stages in a pulse compression
scheme it is necessary to analyze the formula

N, = log, (M) . (11)
s

Using Egs. (5), (6) we may interpret this formula as the definition of

the coefficient ¢ which defines an excess of the filling time, ¢, over

the typical structure time, Q /w, for a given number of compression
stages:

. 2TYopt

Q2N

Taking into account the frequency dependence of @ given by Eq. (6)

one can see that ¢ ~ f3/2. Therefore, to keep a reasonable value of

g, the increase in operating frequency must be accompanied by an

increase in the number of compression stages, N;. Note, that at a

f Tr. (12)

high frequency and a moderate number of stages, N, S 4, it might
be also possible to operate with higher order modes (such as TMggg,
TMogo, etc.) that will correspond to reasonable values of ¢ and can
mitigate some problems caused by miniaturization of the structure at
short wavelengths. The frequency scaling of the coefficient ¢, given
by Eq. (12), for different values of the voltage rise time, Tg, and
number of compression stages, Ny, is illustrated by Fig. 1. The data
shown in Fig. 1 correspond to the efficiency of one stage of pulse
compression, ngl) = 0.9, and the relation between resonator length
and radius h = 2a. The hatched area is the region of reasonable
values of ¢ (from 2.5 to 4). On the bottom of Fig. 1 there is shown a
case of operation in the TMgyo mode with 2-stage pulse compression.
From comparison of these pictures it follows, for instance, that if the
microwave source operates at 20 GHz and the voltage rise time is 0.5
usec, to get a reasonable value of ¢, one has either to use a 3-stage
compression scheme for operation in the TMg;p mode or a 2-stage
scheme for operation in the TMgy mode. Note that near the axis all
these symmetric modes have the same transverse distribution of the
microwave field.
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3 Optimal Accelerating Gradient and Num-
ber of Tubes

It is well known (see, e.g. [3]) that the cost of an RF linear collider
is minimum when the cost of accelerator which does not include the
cost associated with RF drivers is approximately equal to the cost of
the RF system; viz.,

CrtL = CrNr. (13)

Here Cy, is the cost per unit length of accelerator, L is its length, Cr
is the cost of one tube including all high voltage, pulse compression
and microwave transmission technique, and N7 is the total number of
tubes. The number of tubes may be found as the ratio of microwave
energy stored in all the accelerator structures

W = T-8—10"9J12(u0n)a2LE§

to the microwave energy delivered from one tube W = To P, (P is
the peak output power); i.e.,

1(_)_7: VO’n.Jz(Von) LE(% . (14)
8w f2 TOP Te

Nr =

Correspondingly, the optimum acceleratmg gradient, as follows from
Egs. (13), (14) is equal to

CL TOP"?c
CT VOnJ1 (von)

1/2
Eoopt = (0 81 —— ) 1073f, (15)
where C, is in $/m, Cr in $. In Eqgs. (13), (14) the length of a linac,
L, is, obviously, equal to the ratio of a particle final energy, Wy to
the accelerating gradient. So, for Eg = Ep the optimum number of
tubes is

f CT TO P Ne

Equations (15), (16) show that when it is possible to keep the mi-
crowave tube power level constant the increase in both the operating

wopt _ 0637y (CL VOnJl(VOn)) ™ (16)
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frequency and the microwave pulse duration is very beneficial because
the total cost will scale as 1/ fT(} /2 The latter effect, the increase in
pulse duration, however, must be accompanied with an increase in
pulse compression that reduces the compression efficiency, 7.. Note,
that in comparing the parameters required for operation with dif-
ferent modes of the accelerating structure it is also necessary to take
into account a corresponding difference in the number of compression
stages.

The number of microwave tubes required to drive a linear collider
with a given final energy has previously been proposed [4] as a figure
of merit when comparing different types of microwave tubes as can-
didates for this application. In line with Eq. (16), recent microwave
amplifier experiments with amplifier voltage < 1 MV were compared
for minimum values of the quantity f ‘l(rPnc)'l/ 2: the best results
to date have been achieved in gyroklystron amplifiers at 19.7 GHz [5]
and ‘conventional’ klystorn amplifiers at 11.4 GHz [6].

4 Consideration of Two Concepts

Consider two concepts for 0.5 TeV linacs with microwave equipment
based on the most advanced amplifiers, klystrons and gyroklystrons.
Suppose that both of these tubes in the future will be able to produce
100 MW output power with efficiency of 40% and cost 200 K$ each;
the klystrons will operate at 11.4 GHz and the gyroklystrons at 17.1
GHz (the corresponding programs are in progress, c.f. [6,7]). Let the
voltage rise time be 0.5 usec, the one stage compression efficiency be
77.(:1) = 90%, the cost of a linac per unit length be Cz, = 25 K$/m,
and the ratio between resonator length and radius be h/a = 2.
Using these values, one can easily find from Egs. (12), (6) that
for a klystron system with no pulse compression the coefficient ¢ is
3.69 and with one stage of compression ¢ = 1.845 (in the latter case,
a significant amount of microwave power will not be introduced into
the accelerating structure during the short fill time). In the case of
gyroklystrons one can either use again the same TMgq;o mode with
one stage of compression to obtain ¢ = 3.35 or try to operate at the
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TMg20 mode with no pulse compression (the corresponding value of
q is 2.92). We have taken these four versions as possible options and
calculated the corresponding accelerating gradients, length of linac,
total cost, total efficiency, averaged microwave power dissipated in
walls of a linac structure, and the number of microwave tubes required
for one linac. These calculations are summarized in Table 1.

From this table it follows that under the assumptions made, the
most beneficial concept is the system operating in the TMg;o mode
and based on 17 GHz gyroklystrons. Of course, a more careful analy-
sis of the cost of microwave system components is strongly desirable
as well as detailed consideration of microwave tubes’ capabilities in
different frequency ranges. Below, we will consider only the basic
features of frequency scaling of klystrons and gyroklystrons.

5 Frequency Scaling of Klystrons and Gy-
roklystrons

5.1 Klystrons

The efficiency of klystrons is a strong function of the microperveance
of an electron gun, uK = [I Jv3l 2] -108. The data given in reference
[1] allows one to approximate this dependence by the simple formula

Ne = 0.2(4 — pK). (17)
Correspondingly, the radiated microwave power may be defined as
P=nVI=02-10"%V%%(4 — uK)- uK. (18)

From these equations it follows that the maximum output power can
be achieved at pK = 2 with an efficiency of 40%. At this value of
pK the power depends on voltage as P = 0.8 - V3/2.107,

As the wavelength shortens, achievable klystron output power
drops, at least, as fast as A2. Note that wavelength shortening leads
also to degradation in beam quality. Due to this in the best klystron
experiment at f = 11.4 GHz, only 21.7% efficiency has been achieved
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to date [6], and that value of 7, is lower than predicted by Eq. (17) (in
the experiment [6], a 1.75 microperveance electron beam was used).

5.2 Gyroklystrons

Magnetron-type thermionic electron guns which are widely used in
gyroklystrons (GKLs) produce, typically, a temperature limited elec-
tron beam current. Due to this, the space charge effects are not as
important for GKL electron beams as for klystrons. We note, for
example, the design of a relativistic GKL, 500 kV electron gun with
moderate velocity spread over a wide range of electron current from 0
to 800 A [8]. When the quality of such a beam is not too sensitive to
beam current the highly efficient operation of GKLs may be realized
at different current values if the Q-factor of the output resonator is
properly matched.

When the operating mode is fixed, the output power of GKLs,
as well as klystrons, scales with the wavelength as A?. This scal-
ing follows from the definition of microwave power radiated from the
interaction volume, Praq = (w/Q)W if stored energy is assumed to
scale as A3 and Q is independent of wavelength. Here the Q-factor is
determined, mainly, by diffractive losses of the radiation. As follows
from the power balance equation, P.,q = P, the microwave power
extracted from the beam, P = nV'I, must scale in the same manner.
In the latter equation, the maximum efficiency of GKLs, 7, does not
depend on A over a wide range of wavelengths. Consider the electron
beam current scaling, assuming that the spread in radial coordinates
of electron beamlets, R, is restricted (AR, < A) in order to avoid
the deteriorating effect of radial inhomogeneity of the electromag-
netic field on the efficiency of interaction. Then, for magnetron-
type electron guns with adiabatic compression of the beam between
the cathode and the resonator we get the beam current scaling law
I ~ M/3/sin¢p, where ¢ is the angle between the cathode surface
and a magnetic line of force. This gives us the scaling law for P:
P~ VAY3/sing.

From there it follows that to match P to P.,q one can increasing
the angle ¢ as the wavelength shortens and/or reduce the operating

584



voltage. Both of these tendencies are favorable because at large ¢
electron beams are quasi-laminar in the gun region and that reduces
the influence of space charge effects on the beam quality while re-
duction of voltage makes a microwave system less expensive. On the
other hand, we may fix the angle ¢ and the operating voltage, and
then try to increase the radiated power by reducing the diffractive
Q-factor as Qg ~ A2/3 due to corresponding changes in coefficients
of radiation reflection from the end of the output cavity. In this case
the radiated power will scale as P,aq ~ /3,

Note that the scaling discussed above is valid when the operating
mode is fixed. If the frequency increase is accompanied with tran-
sition to operation at higher modes in the output resonator (TEqy;,
TEo31, etc.), as is common in gyrotrons, the limiting level of radiated
power can be almost independent on the wavelength.

6 Discussion

We have considered above some possibilities for optimizing the pa-
rameters of microwave systems for driving future linear colliders at
high frequencies. Results obtained show that typical optimal val-
ues of the accelerating gradient are well below the breakdown limit,
and are quite acceptable with respect to dark current. The optimal
parameters given in Table 1 also correspond to acceptable levels of
average microwave power dissipated in a linac structure, and to quite
moderate heating of a structure wall during one pulse (the tempera-
ture increase of a copper wall is less than 40° for all cases contained
in Table 1).

From the analysis, it follows that operation at high modes in the
linac might be expedient only at high frequencies when the typical
resonator filltime for a TMgjg-mode is much shorter than the dura-
tion of the microwave pulse, and therefore, a pulse compression by
a very large factor is required. The reasons for operation at these
frequencies must be studied taking into account transverse wakefield
effects. If necessary, well developed methods for suppression of high
order modes can be inverted and used for their selective excitation.
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Although our consideration was restricted to some specific exam-
ples the method used can be applied for parameter optimization in
any other microwave system. Our optimization based on the choice
of 100 MW microwave sources in the frequency range between 10
and 20 GHz is motivated by recent progress in experiments with 11.4
GHz klystrons [6] and 19.7 GHz gyroklystrons operating at the sec-
ond cyclotron harmonic [5,9] where, respectively, output powers of
51 MW with 21.7% efficiency and 29 MW with 27% efficiency have
been demonstrated. We estimate that the use of depressed collectors
[10] can enhance the efficiency of such microwave tubes, at least, to
40%.
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Introduction

The possibility of creation of the gyroklystron attracted a great at-
tention just after first successful experiments with gyrotrons. The
gyroklystron was offered in 1966 by A.V. Gaponov, A.L. Golden-
berg, V.K. Yulpatov [1] and independently by J.L. Hirshfield and
J.M. Wachtel [2]. In 1967 efficiency of the klystron mechanism of elec-
tron bunching in cyclotron resonan.ce masers was demonstrated—
electron efficiency about 70% was achieved in a gyroklystron operat-
ing in the fundamental TE-mode.

The initial experiments with gyroklystrons were planned at X-
band . However, well-known advantages of the mechanism of stimu-
lated cyclotron radiation of Cherenkov and transition radiation used
in “classical” electron O-type devices gave a hope of obtaining high
power level and efficiency also at the millimeter and submillimeter
wavelengths. This circumstance was reflected in the first inventions
connected with gyroklystrons [4] filed as patent applications in 1967.
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1 X-band experiments

Up to the middle of the 70s the characteristics of gyroklystrons were
investigated at X-band [ 5 | .These studies have been performed :

e to verify the gyroklystron amplifier concept in more detail;

e to confirm a predicted possibility of achievement in this devices
high efficiency, gain and , simultaneously,acceptable for practice
width of frequency bandwidth;

e to examine the possibility of using the oversized cavities in gy-
roklystron to produce a large output power.

The characteristics of several versions of X-band gyroklystrons
are presented in Table 1.

Table 1
PARAMETERS
Frequency 9.17 GHz 9.25 GHz 15.2 GHz 15.8 GHz
Number of cavities 2 3 3 3
Mode TE1n TEo1n1 TEon TEo21
Output Power 0.65 kW 4.0kW 50 kW 160 kW
Efficiency 70% 50% 50% 40%
Power Gain 22 dB 20 dB 30 dB 30 dB
Bandwidth 0.3% 1.0% 0.5% 0.5%
Beam Voltage 16 kV 16 kV 40 kV 40 kV
Pulse Duration CwW 100 us 100 us 100 us

The highest efficiency of about 70% have been achieved in double-
cavity gyroklystron at low power level. In multicavity gyroklystrons
with operating mode TEQ11 the output power of 50 kW, efficiency of
50% , gain of 30 dB and half-maximum bandwidth of about 1% have
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been measured. The largest output power of about 160 kW have
been attained in gyroklystron operating in the TEp2; mode of the
oversized open cavity.These results are in agreement with the notion
that a gyroklystron having the characteristics suitable for practical
applications can compete by the level of its otput power with an
ordinary high-power klystron and TWA of the O-type in the middle
part of X-band and becomes more and more advantageous as the
operating frequency grows.

2 Ka-band experiments

To the begining of 80s a great experience of developing gyroklystron
modifications was accumulated. It served as a basis for elaboration
of a millimeter wave gyroklystron amplifier with output power closed
to the power of gyrotrons. The efforts in solving this problem were
strongly stimulated by the interest of designers of radars to amplifiers
operating at Ka-band with the output pulse power of several hundreds
kilowatts.

The goal of joint programme of IAP and “Tory” Company was
a creation of gyroklystron for millimetre radar operating in pulsed
regime at frequency 35 GHz with output power of about 1 MW and
bandwidth at half-maximum of 1%. The additional requirement con-
sisted in the restriction of the beam voltage by the value of 80 kV.

At the first stage a scaling of a three-cavity gyroklystron with
operating mode TEo;; (third version in Table 1) from X-band to Ka-
band has been performed.This tube has been elaborated for pulsed
operation at frequency 35 GHz with output power of 200-250 kW
and half-power bandwidth of about 1-1.5%.

A schematic view of the overall sistem is shown in Fig.1. The tri-
ode magnetron injection gun was used to produce an electron beam
with a beam voltage 50 KV and a current up to 15 A.This gun typ-
ically operated with the anode voltage of 5 kV, pulse duration of
100 ps and repetition frequency of 50 Hz.

The HF circuit consisted of three circular cavities operating in the
TEo11 mode at the fundamental cyclotron frequency. The parameters
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of the cavities were as follows:

Lengths Li=11)x Ly=12)\ L3=14)

Q-factors Q=350 Q=400 Q;= 1700

These cavities were separated by radiation free drift spaces. The
drive signal was introduced to the input cavity through a rectangu-
lar waveguide connected with the cavity by a sistem of longitudinal
coupling slots.

Figure 2 shows the measured dependencies of the output power
and efficiency on beam current .The maximum output power of about
230 kW with efficiency 32% occured at a beam voltage 50 kV and a
current 14 A. The maximum efficiency of 34 output power of about
200 kW.

Figure 3 shows output power and gain as functions of input power.
Large-signal gain of 40 dB and small-signal gain of about 45 dB have
been observed .

Figure 4 indicates the dependencies of output power and phase of
output signal on frequency mistuning (f — fo), where fo corresponds
to the maximum of the output power. The measured width of half-
maximum bandwidth achieved value of about 500 MHz (it suits =~
1.5%). The phase characteristic of the output signal was close to the
linear one.

At the second stage we elaborated and created a 35-GHz powerful
pulsed gyroklystron with operating mode TEp2; capable of producing
the output power closed to the desired value of 1 MW.

This tube utilized a diode magnetron injection gun to produce a
hollow annular electron flow with a current up to 45 A and voltage
up to 75 kV.In order to determine an appropriate electrode shape
the detailed computer simulation of the electron motion through the
gun and compression region has been performed.The diameter of the
cathode was 50 mm, the diameter of the beam in the interaction re-
gion was about 16 mm. It means that electron beam is injected into
the second radial maximum of the cavity RF field. The required dc
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magnetic field in the RF circuit was obtained with help of a super-
conductive magnet. A room temperature coil wound up from water
cooled copper tube and centered over the cathode was used to control
the beam’s velocity ratio. :

The RF circuit included two oversized cylindrical cavities operat-
ing ih the TEp2; mode at the fundamental cyclotron frequency . The
parameters of the cavities (lengths, Q-factors, cold frequencies) and
drift space length were calculated at the basis of existing theory of
gyroklystron [1]. The length and quality factor of the input cavity
were 1.2) (] is the operating wavelength) and 100, respectively. The
length of the output cavity was 1.5\ and its Q-factor was 250.The
input power was supplied by a 100 us, 10 kW mechanically tunable
gyrotron with operating mode TEo;;.It had a frequency of about
35 GHz, tunable over 300 MHz.

At the begining we have tested this tube at the beam voltage
65 kV. Figure 5 shows the measured dependencies of output power
and efficiency on beam current. The magnetic field in the cirquit and
the cathode regions, drive frequency and input power were adjsted
to maximize the output power at each data point. The maximum
power of about 540 kW occured at a current 37A. At higher power
level a HF breakdown problem in the second cavity took place. It
was caused by the microwave heating of its inner surface.The peak
efficiency was 26% and it was achieved at 18 A. The decrease in
efficiency at low current is due to the impossibility of achievement
of the velocity ratio required for optimal interaction of electron flow
with HF field in the output cavity. The decrease in efficiency at
higher current is caused by the exitation of spurious oscillations in
the downtaper region before the input cavity.

The dependencies of the output power and gain on input power
are illustrated in Fig. 6. Beam voltage and current were fixed , all
other parameters corresponded to maximum efficiency (ME) at this
point. The peak saturated gain was 22dB , the small-signal gain was
30 dB.

Figure 7 shows the dependencies of the output power on drive
frequency measured at beam current 34 A. All other parameters were
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fixed at the ME point. The bandwidth width at half-maximum of
0.87 percent with output power of 500 kW has been observed. In
accordance with the simulation results, the bandwidth is limited by
the Q-factor of the output cavity and the longitudinal velocity spread
of electrons.

Further, this tube was modified by applying the improved sistem
of cooling of the second cavity. It allowed to operate with the beam
voltage 74 kV and current up to 45 A. Besides, the Q-factor of the
second cavity was increased up to 320. Figure 8 indicates the mea-
sured output power as function of electron beam current. Maximum
power was 750 kW at 42.5-A beam current, efficiency was 24% . The
maximum efficiency of 32% with output power of about 300 kW has
been observed. As it can be seen in Fig. 9, the measured half-power
bandwdth was 0,61 percent with output power of 600 kW . The nar-
rowing of the bandwidth may be explained by the increasing of the
Q-factor of the output cavity.

3 94-GHz experiments

Two versions (pulsed and CW) of 94-GHz four cavity gyroklystron
with operating TEg;; mode have been designed and tested in IAP.

In pulsed regime the largest output power 65 kW with the ef-
ficiency of 26% was obtained at a beam voltage 55 kV and a beam
current of 4.5 A. Maximum efficiency of about 34% has been achieved
with output power 57 kW. Large-signal gain of 33 dB, small-signal
gain of about 40 dB, and half-maximum bandwidth of 0.3% have
been observed at 3.4-A current and 55 kV. The design and operating
characteristics of this tube are presented in [6].

In CW regime peak output power of 2.5 kW and efficiency of 25%
were observed at a beam voltage 22 kV and a beam current 0.46 A.
Large-signal gain of 30 dB and half-power bandwidth of about 0.35%
have been also measured.
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Conclusion

In the framework of joint programme of IAP and “Tory” Company
two versions of 35 GHz pulsed powerful gyroklystrons have been cre-
ated and examined. In the first version the peak output power of
230 kW with efficiency 32% , gain of 40 dB and half-maximum band-
width of about 1.5% have been obtained. In the second version of
the gyroklystron the output power of 750 kW has been attained with
efficiency of 24%, gain of 20 dB and bandwidth of about 0.6%. In
other tube the width of half-maximum bandwidth of about 0.87%
have been observed.

Two versions of 94 GHz four-cavity gyroklystron with operating
TEo1: mode have been designed and tested in IAP. In pulsed regime
the largest output power of 65 kW with efficiency 26% , gain of about
35 dB and half-maximum bandwidth of 0.3% has been obtained. In
CW regime peak output power of 2.5 kW, efficiency of 25% , large-
signal gain of 30 dB and half-power bandwidth of about 0.35% have
been measured.
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Fig 9 Dependence of output power on drive frequency for modified
tube (Vo = T4 kV, I = 28 A, P;n = 3 5 kW)
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STATE OF THE ART OF GYROTRON INVESTIGATION
IN RUSSIA

V.A Flyagin, A.L.Goldenberg, V.E.Zapevalov
Institute of Applied Physics of Russian Academy of Sciences,
Nizhny Novgorod, Russia

ABSTRACT

Parameters of modern family of ECRH OSMW gyrotrons are Qe;cribed.
Some outlines of strategy of elaboration of new family of ECRH gyrotrons with 1
MW output are given.

INTRODUCTION

For ECRH systems at fusion plasma installations, the family of 0.5 MW
gyrotrons with near - 1 s pulse duration at frequency range from 53 up to 160
GHz is created (see table 1). These gyrotrons satisfy the most part of modern
fusion devices. For future ones, RF cutput power 1 MW and pulse duration 10 s
or CW regime are regarded as obligatory. Problems of development of the new
family of ECRH gyrotron can be classified in following 4 groups.

1. Creation of intense electron helical beam with low velocity spread and
rather large share of gyration energy and transportation of the beam to resonant
cavity;

2. Selective excitation of an operating mode with high efficiency in highly
oversized gyrotron cavity;

3. Spatial separation of electron beam from RF radiation and high-efficiency
conversion of the operating mode into wave beam which is convenient for its
emission from gyrotron and further transportation to load;

4. Effective thermal drain from thermal loaded gyrotron’s parts (cavity,
collector, internal mirrors and output window).

Geperally the accomplishment of the 1 MW long pulse gyrotrons will
require larger dimensions of all their main parts and higher operating modes.

1. ELECTRON FLOW

F?r computation and qptimization of gyrotron’s elgctron gun, the adiabatic
theory', trajectory analysis” and experimental methods™ are used. In the latest
time, the more attention is paid to theoretical and experimental determination of
the velocity distribution functions of electrons in gyrotrons. Some experimental
distribution function in a 140 GHz/0.5 MW tube given in Fig. 1 show explicit
changes in their width and form at various beam currents. These changes can
influence the beam’s stability and gyrotron’s efficiency.

The stability of an electron beam actually defines the maximum electron
beam current. There can be various mechanisms of instabilities, particularly
associated with potential depression in beams’. At typical parameters of
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gyrotrons, thresholds of such instabilities can be overcome at currents near 50 A,
which are necessary for 1 MW tubes. The deformation of the electron velocity
distribution function can be a signal of some instabilities in electron beams.

2. SELECTION OF OPERATING MODE

The calculation of oscillations in a gyrotron cavity is carried out using the
non-linear theory of multimode gyrotron™. In principle it is possible to attain 1
MW level at frequencies up to 110 GHz with modes which are proved to
stabilized by rather ordinary means of electron and electrodynamic selection™.
Now new experiments are planned to check the stability of operating modes at 1
MW gyrotrons at frequencies up to 150 GHz.

3. SEPARATION OF ELECTRON BEAM
RF RADIATION

In ECRH gyrotrons an electron beam is separated from RF radiation by
means of an quasi-optical modc converter. Internal mirrors transform the
radiations into a narrowly directed wave beam escaping a gyrotron through its
output window transversely to the tube’s axis. This provides relatively high
resistance of such gyrotron against reflections in an external transmission line and
protects a window against bombardment by stray electrons, ions and neutrals
especially during internal breakdowns.

Measurements of the spatial structure and frequency spectrum of the output
radiation allow to estimate the mode contents and to design first elements of an
external transmission line. Results of measurements of the structure of the output
wave beam of an industrial 110 GHz gyrotron are given in Fig.2. The analysis of
it shows that with attained accuracy of measurements about 2 %, in the gyrotron
the single TE15.4 mode was excited.

4. THERMAL REGIMES

Two kinds of cooling systems are used in long pulse gyrotrons, depending
on the ratio of thermal time constant Tr to pulse duration 7. If T7 /T < 1 the heat
capacity of material can be used, while relatively non-intense flow of coolant
removes just mean thermal load; if 17 / T 2 1 rather intense flow of coolant
removing the maximum thermal load must be used. For metal parts 17 can be
close to 1 s, for windows 17 is usually from 10 to 100 s.

4.1. Collector

Designing a collector, the acceptable thermal load and stability of operation
to external magnetic fields are to be taken into consideration. Now in ECRH
gyrotrons with over 0.5 s - pulses, scanning of an electron beam along the
collector surface by a special coil with alternating magnetic field is usually used.

4.2. Cavity

Thermal load is one of main factors defining an operating mode of
gyrotron’s cavity. At pulses near 0.5 s duration and cooling based on the heat
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capacity of cavity’s walls, the maximum load reaches 1.5 kW/cm?. At longer
pulses and CW regime an intense flow of coolan& is used, and the maximum
thermal load in a cavity can be up to 2 ... 2.5 kW/cm”.

4.3. Mirrors

In 1 MW gyrotrons with pulses longer than 3 ... 5 s, the RF ohmic losses can
essentially heat up the mirrors. This leads to necessity of their cooling.

4.4. Window

Usually maximum transmitting power of an output window limits output
power of ECRH gyrotrons. Now the main version of an output window for 1 MW
CW gyrotrons at frequencies up to 150 GHz is the single-disk sapphire window
cooled down to and below the L N2 temperature.

5. CONCLUSION

Modern ECRH gyrotrons can not attain the goal of 1 MW multisecond or
CW output. For this, new investigations and developments are needed. The most
serious problems seem to be associated with stability of electron beams and
transmitting power of output windows.
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Table 1.

Experimental and industrial ECRH gyrotrons.
N°| frequency | output | efficiency cavity pulse output
GHz MW % wall losses duration mode
kW/cm2 S
1 83 ) 0,5 37 1,2 1,5 Gauss
2| 82 1,0 50 2,5 104 high
1.s 36 4 10
3| 100 0.5 50 1.3 104 high
1,0 40 2,6 10
al 110 1,0 44 3,1 104 Gauss
0.5 35 1.5 05
140 0,8 38 25 104 high
6 140 0,5 36 1.5 0.5
0.9 36 2.8 0,3
0.6 34 2
7 167 0,5 30 3.4 0,7 Gauss
y (100
600 pev ) ;o
1=44 A i
4.00
y
2001 ..o
0.00 Po oM 1Yo
0.40 0.60 0.80 1.00

Fig. 1. Distribution function of gyrotron
velocities in electron beam of 140 GHz

gyrotron at various beam currents I.
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Fig. 2. Wave beam structure at output window of

140 GHz gyrotron.

x- horizontal axis,

y - vertical axis.
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Abstract

A high power gyrotron for a fusion application is under
development. Up to now, an output power of 410kW with a pulse
duration of 1.3sec, and 550kW with 2msec was obtained at
110GHz with a built-in mode converter gyrotron. Followed this, a
gyrotron with collector potential depression system(CPD) is
designed for an efficiency improvement. With this gyrotron, the
efficiency enhancement of the factor of 1.5 is expected. In the
cooling experiment of the cryogenic window, it was confirmed that
the window temperature was decreased from room temperature to
13 °K within 2 hours.
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1. Introduction

An electron cyclotron range of frequency (ECRF) wave has
outstanding characteristics for a fusion application. In the
experiment of the medium sized tokamak, the validity of an electron
cyclotron heating (ECH) [1] and a current drive(ECCD) [2-4] of the
plasma, a plasma initiation and the active control of the plasma, i.e.,
a suppression of the disruptive instability[5] and a sawtooth
stabilization[6], etc., were proved. From the technological point of
view, ECRF has advantages; good accessibility with the plasma,
high power density capability of the launcher, no impurity
generation from the launcher, small heat load and neutron damage
on the launcher since the antenna could be placed far from the
plasma. For the application of ECRF to the large sized tokamak,
e.g. ITER, JT-60U, a high power RF source of an output power of
>1MW, 100GHz band with a continuous operation is needed. In
these year, a lot of works are extertsively devoted to the
development of the high power gyrotron in Russia[7,8], US[9-11],
EC[12,13] and Japan[14,15]. In JAERI, a development of the high
power gyrotron for fusion application has been carrying on with a
cooperation of Toshiba Co. The present status of the gyrotron
development is; the SO0kW level gyrotrons of an operation mode of
a whispering gallery mode (TEj2,2 ) with a built-in mode converter
had been developed and the power of 460kW with a pulse duration
of 0.1sec was attained in 1992. Followed this, a longer pulse
gyrotron is developed and tested. The design value of the gyrotron
is a power generation at the power level of SO0kW at
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110GHz with a pulse duration of 1sec. To keep the heat load on the
cavity wall as low as approximately 1.5kW/cm2, the oscillation
mode is selected to be TEpj 2 whispering gallery mode(WGM) at
110GHz. On the other hand, the efficiency enhancement is also an
important issue for a fusion application. For this purpose, a
gyrotron with a collector potential depression system (CPD) is
under fabrication. '

For a long pulse high power gyrotron or a transmission line, a
ceramic window for a vacuum sealing or a tritium sealing is
inevitable. It is well recognized that the temperature increase of the
window due to the RF power absorption is so severe for a power
penetration of IMW with CW at 100GHz band. Therefore, it is
strongly demanded the development of the window available for
high power long pulse power transmission. As a candidates of the
window, a cryogenically cooled window using a refrigerator is
proposed, which utilizing the characteristics that the loss tangent of
the ceramic decrease and a heat conductivity increase as the
temperature decrease.

In this paper, the experimental results of the long pulse (1sec)
gyrotron of WGM of TE33 2, and a design of the gyrotron with the
CPD system are described in Secs. 2, 3, respectively. Also, the
designed and the result of its cooling test is presented in Sec.4.

Summary is given in Sec.5.
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2. TE22,2 long pulse gyrotron

2-1 Design of TEp; 2 long pulse gyrotron
The radius and the length of the cavity are 13mm and 12mm,

respectively. The quality factor of the cavity is 495 at TEp2 » WGM
with a cold state. The radius of the electron beam is set to be
10.1mm. In Fig.1, the heat load on the cavity wall at the power
oscillation of 625kW is shown with the dimension of the cavity.
Here, the beam energy Ep is 80keV, beam current Ip is 22A, pitch
factor a=vperp/vpara=1.8 and the beam thickness and the spread of
o are assumed to be zero. The maximum cavity heat load is
1.4kW/cm? (the electric conductivity of the copper: 3.0x107S/m).
The temperature on the cavity wall after the 1sec oscillation is
estimated to be ~194 °C with an initial temperature of 20 °C
assuming the heat transfer ratio between the copper and the cooling
water as 3W/cm2. The maximum stress of 240MPa appears at the
center of the cavity. The cycle operation of ~2000 times should be
permitted, which is expected from the heat cycle test on the copper
wall using the heater. However, some improvement on the material,
the operation mode or the cooling method may be needed for longer
pulse operation.

The oscillated power of TE3 2 is converted to a Gaussian like
beam mode using a built-in type quasi-optical mode converter
(Vlasov converter), and the power is extracted horizontally through
the double disk window of sapphire[14], whose surface is cooled
by FC-75. The diameter and the thickness of the window is 136mm
and 3.57mm. respectively. The estimated temperature increase after
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Fig.1: The dimension of the cavity and its heat load
at 625kW oscillation.

Isec oscillation with S00kW output is 136 °C at the vacuum surface
and 80 °C at the FC-75 cooled surface, whiph is smaller than that of
boiling temperature of FC-75. The maximum compression stress is
158MPa at the window center and the maximum tensile stress is
52MPa at r=40mm, which are well small than those of critical
values, 3000MPa and 2300MPa, respectively (Fig.2).

The collector is designed assuming the most severe case, i.e., the
electron beam of 80keV,30A, 1sec is injected with a duty of 1/15
and no electron reflection exist. The inner radius of the collector is
270mm. The collector is cooled with a vapor cooling system, and
the diameter of the water jacket is ~800mm.
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Fig.2: Radial distribution of temperature increase and stress of
the surface cooled window after 1sec, SO0kW penetration

of RF(110GHz).

The maximum heat load into the collector wall is 2.2kW/cm?2. As
this value is too large for the 1sec operation, the electron beam is
swept using a sweeping coil of 1Hz. Then, a beam landing area is
expanded from 40mm to 430mm, as a result, the heat load is
reduced to 300W/cm2 in average (650W/cm? at maximum) as
shown in Fig.3. After the beam injection during 1sec, the
temperature increase up to 260 °C at maximum and 117 °C at the

cooling surface, which are acceptable for the 1sec operation.
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Fig.3: Heat load on the collector wall with a beam injection of
80keV,30A.

2-2 Experimental study of the oscillating parameters

The oscillation experiment was carried out using the 80kV, 35A
level test stand. At first, the parameter dependence on the oscillation
was obtained with a pulse duration T=2msec. Figure 4 shows B¢
dependence on the output power P and its frequency f. Here,
Vp~77kV, Ip~33A. The value of a is estimated to be 1.4~1.5 from
a simulation of MIG. The output power Pg is measured from the
temperature increase in the cooling water in the dummy load. The
maximum power of 550kW is obtained at B¢~4.29T. It should be
noted that the power is measured at the outside of the window, so
the oscillation power may be 700kW if the efficiency of mode
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converter 78% is taken into account. The oscillation frequency,
which is measured with the spectrum analyzer, increase with Bc.
The oscillation frequency shifts to the higher side as B¢ increase as
expected from the nonlinear theory. The Ip dependence on the
output power Pg and an efficiency 1 at Vp~77kV is shown in Fig.5.
Here, B¢ is optimized to have the maximum power for each Iy. The
output power increase with Iy and the maximum power of 550kW
is obtained at Ip=33A. The maximum efficiency (23%) is observed
at Ipb=22A. The efficiency seems low comparing the design
value(~28%). This is considered to be caused mainly by the
difference of pitch factor a between the design and the experiment.
The design is optimized to have the maximum efficiency at a=1.8.
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Fig.4: Cavity field B¢ dependence on the output power P
(closed circle) and its frequency f(open circle). Vp~77keV,
Ip~33A.
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In the experiment, however, the efficiency tend to saturate and the
anode current increase (>100mA) when the anode voltage is raised
to have o more than 1.5. These are supposed that o saturate at a
low level than that of expected and/or the divergence of o increase.
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Fig.5: Beam current It dependence on the output power Pg and the
efficiency . Vp~77keV. The optomized cavity fields for

each data are denoted in the figure.

2-3 Long pulse operation

After the parameter study, the pulse extension experiment was
carried out. Then, the collector sweeping coil was used, which
superimpose an additional magnetic field of ~50 G at the collector
section with 1Hz. The output power couples with the corrugated
waveguide of 88.9mm in diameter with a combination of the phase
correlated mirror system, and introduced to the long pulse dummy
load via a transmission line of 3m in length with two phase
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correlated miter bends. The corrugated waveguides are made of
aluminum, whose inner corrugation is mechanically cut with a pitch
of 0.84mm, width of 0.42mm and a depth of 0.62mm. Arcing in
the transmission line and the gyrotron window are monitored with
the photo and the phono sensors. The whole system of the
transmission line include the dummy load is evacuated less than 10-2
Pa. Approximately 90% of the output power was transmitted to the
dummy load. For the pulse extension, slow but steady outgassing
process (conditioning) seems inevitable. As a result, the maximum
pulse duration of 1.3 sec was obtained with Po=410 kW, in which
about 40 days conditioning was required. The oscillation frequency
shift downward by about 150MHz after 1sec. operation, which is
considered to be caused by the thermal expansion of cavity radius

by approximately 20 microns.

3. Design of CPD gyrotron

The gyrotron with single stage CPD system is under fabrication.
The design of MIG and the oscillation mode (TEj3 2) are the same
with non-CPD gyrotron described in section 2. The conceptual
picture of the CPD gyrotron and its modified power supply system
are shown in Fig.6. High voltage up to 50kV can be applied
between the collector and the body section, and between the
collector and the casing around the body section. The insulation
material between the body section and the outer casing is resins of
about 15mm in thickness and a ceramic cylinder of about 120mm in
length between the body and the collector. The collector and the
casing are earthed. In the normal operation, a beam accelerating
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voltage V3 is equal to the voltage of the main power supply V. then
the body voltage to the ground is zero. If V. decrease, the voltage
of the body increase, as a result, the electron decelerating voltage
appear between the body and the collector keeping the beam
acceleration voltage V, constant. As the total power consumption is
determined by that of the main power supply, the total efficiency
Ncpp=Prr/(V lp) increase with the decrease of V.. Nepp is

rewritten as
_PReV, .V,
Ncpp™ AR v:—n RFY, -

Collector
RKif 11X
Electron %

Sweeping X || "Beam
Coil

X *\ X
Window \\ / To Collector

)
/ To Body

M
Insulator <>

Mode Converter

i

Ve Ve

Cavity

XX

OO OO S SN S

Casing—>

To Anode
o Cathode

Fig.6: Conceptual view of the CPD gyrotron and the power supply
system for CPD gyrotron.
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The beam depression potential VJ (=V,-V) must be smaller than the
critical value of the electron returning voltage.
For instance, if the depression voltage of 25kV can be applied for
the case of V,=80kV, then the efficiency is expected to improve by a
factor of 1.5;
Ncp™N RF%?%%*I STRE-
At the same time, the heat load on the collector wall also
_reduced(~65% of non CPD case).

4. Cooling test of cryogenic window

Figure 7 (a) and (b) are the side view and the front view of the
window system, respectively. A sapphire disk is placed between the
corrugated waveguide of 60.3mm in the inner diameter. A
thickness of the disk is 1.33mm and the gap between the corrugated
waveguides is 3.3mm. The corrugated waveguides are covered with
a stainless bellows which separate the vacuum of both sides of the
window. The disk is thermally isolated from the waveguide or outer

casing and connected to the cryogenic refrigerator through the
copper rod (thermal anchor) and cooled down to 13 °K. The cooling

capability of the refrigerator is 7W at 20 °K. The temperature of the
window disk is measured by the thermocouple. Figure 8 shows the
result of cooling test of the window. The temperature of the disk
decreased from room temperature to 13 °K within 2 hours. The

results of the high power transmission experiment will be published

elsewhere.
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Fig.7: Schematic view of the cryogenic window.
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5. Summary and future works

The results of the design and operation of the long pulse gyrotron
for fusion application were described. On TEp22 WGM gyrotron
with a built-in mode converter, the maximum power of 550kW
(2msec), and 410kW with the pulse duration of 1.3 sec were
obtained at 110GHz. Also, the gyrotron with a CPD system for an
efficiency enhancement is under fabrication. The CPD system is
realized by applying the beam decceleration voltage between a body
and a collector (collector is earthed). The efficiency enhancement of
the factor of 1.5 is expected. In the cooling experiment of the
cryogenic window, it was confirmed that the window temperature
was decreased from room temperature to 13 °K within 2 hours.
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1 Introduction

A Free Electron Maser is being designed for ECRH applications on
future fusion devices. The FEM will have an output power of 1 MW,
with a central frequency adjustable within the complete frequency
range of 130 GHz to 260 GHz and a fast tunability of £ 5 % around
the chosen central frequency. For the first phase of the project a pulse
length of 100 ms is foreseen, but with the intention to extend this to
cw in a later phase.

The FEM operates with a thermionic electron gun. Fast tunabil-
ity is achieved by variation of the voltage of the 2 MeV electrostatic
accelerator. After interaction with the millimeter waves (mmw) in
the undulator, the energy of the electron beam will be recovered by
means of a decelerator and a multi-stage depressed collector. See
fig. 1.

The -low emittance- electron beam of 12 A will be transported
throughout the system without bends to minimize current losses to
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less than 20 mA. This lost current is to be delivered by the 2 MV
dc accelerating voltage power supply. Simulations indicate that the
overall efficiency will be over 50 %.

Since the electron beam line is straight it is necessary to bend
the mm waves away from the electron beam. A very new solution to
separate the electron beam from the mm waves will be incorporated.

2 Application on future fusion devices

The specifications for the FOM-Fusion-FEM are optimized for ECR
applications on future fusion devices. Emphasis is given to the appli-
cation on ITER. The FEM will be tunable over + 5 % of the central
frequency, to enable to change the location of the power deposition.
The adjustment of the frequency can be done on a timescale of 100 ms.

The frequencies (130-260 GHz) are chosen such that for ITER
(with a toroidal magnetic field of 6 T on axis) both fundamental on-
axis heating at 170 GHz and off-axis heating (140-200 GHz) can be
achieved. Furthermore, the ideal frequency for EC current drive at
upshifted frequencies is around 230 GHz [1]. The lower frequency of
130 GHz is enables second harmonic heating at the RTP tokamak at
FOM.

A FEM combines the advantages of all other ECRH sources (like
gyrotrons) with the additional advantage of fast tunability and -in
principle- a higher efficiency and a higher power per unit.

Recognized advantages of ECRH above other heating methods
are: e localised absorption is up to 100 %, throughout the plasma
cross-section.

e pre-ionization by ECH and ECH-assisted start-up are well proven.

o the launching system is simple, far away from the plasma, and can
handle high power densities. There are no problems in coupling power
to the plasma through a vacuum layer, therefore impurity sources due
to plasma/antenna interaction are avoided.

e the barrier window can be sited remotely behind a radiation shield.
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e current drive possibility, with predictable efficiency.

Additional advantages of using a source with an adjustable frequency
are:

o all flux surfaces in the plasma can be reached without changing
the toroidal magnetic field, so without changing the target plasma.

e for m=2 mode stabilisation the variations in the g-profile can be
followed by tuning the absorption region to the change of the q=2
radius.

e fine control over break-down location is possible in case of pre-
ionization by ECH and ECH-assisted start-up.

e ECRH can control of Edge Localised Modes by changing the res-
onance location [2,3].

¢ asimple and small waveguide launcher can be used [4]. Whereas in
case of a fixed-frequency source a mirror launcher at variable angles
is needed which requires a substantially larger opening in the wall.
e current drive is easier to apply and can be more efficient, since the
absorption region can be chosen more accurately.

3 Basic lay-out of the FOM-Fusion-FEM

In the FOM-Fusion-FEM the electron beam line comprises a ther-
mionic electron gun, an electrostatic accelerator, an undulator and
mmw system, an electrostatic decelerator and a depressed collector.
The design is based on a dc accelerator and decelerator system rather
than an rf system. This enables easy frequency tuning by variation
of the accelerator voltage, i.e. the electron energy.

The undulator and mmw system are located in a terminal at a
voltage of maximum 2 MV, inside a vessel filled with SF¢ at a pressure
of 7 bar. See fig. 1. The pressure vessel measures 11 m in length and
2.6 m in diameter.

The high voltage for a FEM is much higher than for other high-
power mm-wave sources, like gyrotrons and CARMs. In our case,
due to the energy recovery, the main current has to be supplied at a
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voltage of no more than a few hundred kV. The 2 MV power supply
has to deliver only the current lost during transport. Qur target is to
keep the electron loss current below 20 mA, which is some 0.2 % of
the total beam current of 12 A. Because of this stringent requirement,
a simple, straight electron-beam line will be used.

4 Interaction

The interaction between the electron beam and the mm waves is
simulated using both a 1-D, non-stationary code and a fully 3-D,
stationary, amplifier code. Results with both codes indicate that
-with a beam current of 12 A- an output power of over 1 MW can
be generated for all required frequencies with a beam energy ranging
from 1.3 MeV (for 128 GHz) via 1.75 MeV (for 201 GHz) to 2 MeV
(for 253 GHz).

Simulations were performed for the actual step-tapered undulator
being built for the project. The first section of the undulator has
20 periods with a strength, K,,s, of 0.52 (0.2 T), a period of 40 mm
and a pole gap of 25 mm. Then follows a 60 mm long drift space and
then a second section consisting of 14 periods with the same period
and pole gap, but with K,,,; =0.42 (0.16 T).

Results with the 3-D, non-linear, CRMFEL code show that with
a drive power (i.e. the feedback power) of 0.4 MW a net power of
1.35 MW can be generated [5]. Results of the calculations for 201 and
253 GHz are shown in fig. 2. In fig. 3. the results are given for
128 GHz for 2 sets of parameters for the second undulator section.
For an overview of the simulation results, see Table 1.

It is clear from these results that by changing only the electron
energy and the reflection coefficient (this is the fraction of mmw out-
put power that is used as feedback) the FEM can be tuned over the
entire frequency range. In the section on the mmw system it will be

shown that a very simple way to adjust the reflection coefficient will
be part of the FOM-Fusion-FEM.
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electron gun undulator & wave guide

mmw transport tube pressure tank decelerator tube

tube high voltage terminal beam rotate/deflect system
2MV depressed collector

Fig. 1. General layout of the FOM-Fusion-FEM.
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Fig. 2. Net power level vs undulator length for

1.75 MeV (1: 201 GHz) and 2.00 MeV (2: 253 GHz).
Reflection coefficient (i.e. the fraction of mmw output power
that is used as feedback) R = 0.29.
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Fig. 3. Net power level vs undulator length for

1.35 MeV (128 GHz), for 2 different second undulator sections:
1: 0.16 T and R = 0.11;

2: 0.15T and R = 0.15.

Ie Ee €n fomw | Rmmw | Pnet
[A] | MeV] | [ mm mrad] | [GHz] [%] MW]

12| 2.0 50 253 34 1.25

12| 175 50 - 201 29 1.35
12| 1.35 50 128 11 1.05
Table I.

Overview of the simulation results at 128, 201 and 253 GHz.
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The picture for stationary behaviour appears to be rather con-
vincing with a good agreement between the various codes that have
simulated this configuration. However, initial analyses with time-
dependent codes seem to indicate the possibility of non-stable output
power with a wide frequency spectrum.

From earlier experiments [4] it is known that the dynamics of high-
frequency oscillators (like our FEM) is defined by the parameter of
excess over threshold L (analogous to the Reynolds number), where
L = £1C, which is proportional to the interaction space length [ and
to the Pierce amplification parameter C, where C ~ V/I. If L is
smaller than its starting value L = 1, autooscillations do not excite.
In case 1 < L < 3, stable, single-frequency operation can be expected
(see fig. 4, upper plot). During start-up there is high-frequency noise
on all longitudinal modes but one longitudinal mode suppresses all
other modes and a pure spectrum results, eventually. However, in
case L becomes more than 3, a complex regime is to be expected with
many longitudinal modes excited and with non-stationary temporal
behaviour of the output signal. See fig. 4, middle plot (L=3.2) and
bottom plot (L=4.5).

In view of these problems, we have chosen the design of the FOM-
Fusion-FEM such that not only the beam current I, but also the
reflection coefficient can be varied easily. The earliest experiments
will give a clarification of the exact temporal behaviour. In the mean
time considerable attention will be given to simulations with non-
stationary codes.

5 The mmw sytem

The FEM will be configured as a mmw oscillator, consisting of a
waveguide amplifier section and a feedback system. Inside the undu-
lator an oversized rectangular corrugated HE;; waveguide is located
with a cross section of 15x20 mm?, with the E-field parallel to the
broad side of the waveguide.
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Behind the undulator the mm waves will be separated from the
electron beam by means of a stepped waveguide [7,8], see fig. 5.
Here the broad side of the waveguide is stepping up. As a result
of this step, the initial HE;; beam is splitted into two identical off-
axis HE;; beams at about 1.5 m from the step. At this position two
mirrors will be located with a hole in between, large enough to pass
the electron beam without disturbing the mmw beams, see fig. 6.
At the mirrors the two mmw beams are reflected with an adjustable
phase difference by changing the position of one of the mirrors, see
fig. 7. This enables a 0-100 % variation of the reflection coefficient,
i.e. the fraction of the power which returns through the interaction
waveguide to the input side of the undulator, see fig. 8. Here a
100 % reflector is located based on the same principle. Low-power
measurements on a prototype separation system were performed and
were very encouraging.

Tunability is achieved by variation of the width of the waveguide
a (after the step), which is given by a = V2AA, where A is the
length of the electron-beam/mmw splitter: 1.5 m. A system is being
designed to move the sidewalls of the splitter in order to optimize
the dimension a for all frequencies from ¢ = 60 mm for 260 GHz
to a = 85 mm for 130 GHz. This system enables variation of the
frequency over the complete range of 130 to 260 GHz by changing the
accelerator voltage, the splitter width and the reflection coefficient.
All these parameters can be controlled remotely in the time scale of
a few minutes.

The transverse mode purity has been investigated numerically [8].
Via a matrix algorithm the propagation of the mmw beam through
the entire cavity has been simulated, while in the primary wave-
guide the interaction between the electron beam and the mmw beam
have been taken into account. The simulation uses an input of with
10 transverse modes HE;,,, with m odd, at the input of the primary
waveguide. Fig. 9. shows the result of the simulation after 1,2 and
3 roundtrips. Even with a very non-symmetric input signal, after
20 roundtrips over 99.9 % of the mmw power is in the required HE;
mode.

7 —3.K-185. T. 2. 623
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Fig. 9. Transverse field structure of the mmw beam at the end of
the waveguide inside the undulator after 1,2 and 3 roundtrips.
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Fig. 10. Complete mmw system with splitter, 100 % reflector and
combiner.
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Fig. 11. ”Two-storey” combiner.

At the "lower” storey the electron beam is separated from the mm
waves. The electron beam leaves the system to the right. The mm
waves are reflected (with adjustable phase difference) and by 2 more
reflections the output beams go to the "upper” storey recombine and
leave the system to the rigth. The feedback mmw beam stays at the
lower storey and returns to the undulator (to the left). This complete
system will be made with adjustable side walls for wide bandwith.
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Transport of the mm waves from the electron beam/mmw splitter
to outside the pressure vessel will be done in the following way. The
two mmw output beams (see fig. 10) are combined into one beam by
means of a combiner system: the same system as the splitter men-
tioned before, but this one working in the reverse sense. By using a
quasi-optical confocal mirror system the single beam is transferred to
the insulator tube. This is a tube very similar to the 2 MV acceler-
ator tube. However, to let the mm waves pass from the 2 MV level
to earth potential a wider -tapered- bore hole is used for the electric-
field steering electrodes. An advantage of this method of transport
is that no vacuum windows are required at a pressure of 6 bar.

To combine the two output beams a choice has to be made be-
tween the use of a separate combiner system (as in fig. 10) or a
system using a combiner similar to the splitter on top of the real
splitter. The two mmw beams are reflected by two 45° mirrors to the
”upper store” and here combined and coupled out, see fig. 11.

6 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.

To enhance the frequency band some possibilities have been worked
out to enable permittivity transition on both sides of the window, ei-
ther by adiabatic structures (tapers) or by resonant structures (A/4
transformers).

Although these solutions have indeed a much wider frequency
band then usual, still many windows are needed, each one covering
just a small part of the entire frequency band. Therefore we have
now chosen for a window at the Brewster angle. A disadvantage is
the large angle between the incoming mmw beam and the normal
to the window surface. This angle, the Brewster angle, is equal to
arctan /€, so for fused silica (SiO, ¢, = 3.8) ap = 62.9° and for
alumina (poly-crystalline Al;O3, ¢, = 9.7) ap = 72.2°.
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Fig. 12. Broad-band Brewster-angle windows.
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For the first stage of the project a single-disc, edge-cooled Brew-
ster angle window will be sufficient to withstand 100 ms pulses, see
fig. 12. For long-pulse experiments novel ideas like a double disc
Brewster window using for example FC75 as cooling liquid are being
worked out. For cw operation a rotating "cup” can spread the power
over a sufficient large area.

7 Conclusions

Having obtained funding last year, we are now finalizing the design.
Major components such as the undulator, electron gun, accelerator,
power supply and parts of the mmw system are under construction.
First experiments are foreseen at the end of 1994.

For the more remote future new developments are under consid-
eration to enlarge the pulse length from 100 ms in phase I to cw.
Furthermore, first ideas for still larger unit power are being worked
at. An upgrade to 3 MW seems feasible with a system very similar
to the 1 MW system [9]. This could make ECRH a truly competitive
method for plasma heating and current drive.
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For radars, any increase in the radiation power or in the
radiation frequency provides further enhancement of range and
resolution capacities. Prospects on this way have been analyzed in
profound works by Merrill Skolnik, Boris Bunkin, Alexey Tolkachev
and their colleagues [1-3]. The authors of this short survey, being not
radar experts, will only try to correlate these prospects with the
progress of high power ‘microwave electronics and electrodynamics,
emphasizing on microwave sources driven by sub-relativistic and
relativistic electron beams. In our estimates we shall use the simplest
radar equation [1]

Riy =K, Ky K., )
where

K, =Pt /kT, @
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P is the transmitted power, © is the microwave pulse duration,
kT=4.10"21 W/Hz,
K, =cd’/4nA’, A3)

o is the effective target cross section, A=nR? is the antenna area,
A =2m/ @ is the wave length,

K, ={F(S/No)um L}, @
Sp /Ny is the signal to noise ratio, F, is the noise factor, L is the total
system loss. The receiver frequency band is assumed to satisfy the
optimum filtration condition At = 1.

SPACE DEBRIS MONITORING RADAR

Space stations planned to be placed at high orbits over the
Earth (e.g. the well-known "Freedom” project) will meet a risk to
collide with remnants of vehicles launched in previous decades. So it is
necessary to detect the debris, to track them and to examine their
parameters. The problém can be solved, in particular, by high power
microwave radars based on the Earth surface.

The minimum size of the dangerous debris is assumed to be 1
cm. For such an object, to avoid the Raleigh case when the effective
radar cross section proves to be less than the physiéal one, t’{c_
operating wavelength should belong to the millimeter band. On the
other hand, from the atmospheric absorption viewpoint, among the
millimeter wavelengths the most reliable are those close to 8 mm; the
corresponding carrier frequency is near to 35 GHz. A version of such
a radar based on the active array concept was presented in [3].
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steerable
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YW

RF modulator

master oscillator

Fig. 1. Principal scheme of space debris monitoring radar

A passive array version of the 35 GHz radar can be discussed

as well. Indeed, let us take

- antenna radius, R,

- signal-to-noise ratio, Sy /Ny
- noise factor, F,

- total loss of the system, Lg

- microwave pulse length, t

10 m,
15 dB,
10 dB,
10 dB,
100 ps.

Under the above assumptions, according to the radar equation,

the system will be able to detect objects of cross section s=lcm? at

distances up to 1000 km ( of interest for the space stations ), if the

transmitted power is 10 MW. To obtain such a power, one can sum

powers from a number of amplifiers driven by one master oscillator
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and a common RF modulator (Fig. 1). The present day gyroklystrons
have pulse power about 1 MW [4] and there are no serious problems
to provide 0.1 MW average power per device. So 10 gyroklystrons are
sufficient for the radar.

The radar would operate in two modes:

a) Pulse Doppler mode ({1], Chapter 4). For space objects with
radial (relative to the system) velocities up to 5 km/s the Doppler
frequency shift (2v, /) fis up to 1 MHz. To match the receiver of the
10 kHz frequency band to the reflected signal with such a Doppler
shift, it is possible to use a combination of a filter bank and a pulse-
to-pulse changing of the transmitter frequency or of the local oscillator
frequency: e.g., twenty filters in the bank and ten discrete LO
frequencies. If the pulse repetition rate is 1 kHz, all possible velocities
at a fixed direction will be analyzed during 10-2 s. During this time the
angle shift of the space object with azimuthal velocity of 7 km/s will
be 7-10-5 rad, that is much less than the radiation pattern width. The
resolution of the system will be 15 km in range and 30 m/s in velocity.

b) Pulse compression mode ([1], Chapter 11). In this regime the
emitted pulse should be frequency modulated, and the receiver should
contain a pulse compression (analogue or digital) filter. The pulse
compression radar has a relatively large range-velocity ambiguity; but
if the target velocity radial to the radar is known, the target range can
be measured in a single pulse with precision AR~AM(®w/A®), where A®
is the emitted pulse frequency deviation. For Aw/w~10-2, which is
typical for the gyroklystron, AR~1 m.
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With the 20m diameter antenna, the radiation-reception
pattern will have angle 5-10°4 rad (2'). To scan the wave beam (see
Fig. 1), one may combine
- a slow broad-angle change of the antenna direction by a mechanical
method ( with rotary joints) and
- a fast narrow-angle change of the beam direction by a distributed
system of electrically controlled phase shifters.

CLUTTER REJECTION NANOSECOND-GIGAWATT RADAR

Conventional radars in a certain part of their applicability
region meet some difficulties resulting from the traditional signal
processing technique. To combine a long range of target detection
with a high precision of measuring the distance, they use long (0.1 ms)
modulated RF pulses, which after reflection from the target are
compressed in the receiver. But the compressed pulse is always
accompanied by side lobes, and no one practical scheme can reduce
their level beyond -(30-35) dB. If side  lobes of pulses reflected from
different objects are mutually overlapped, the resulting signal becomes
distorted (note that the receiver sums not RF intensities, but RF
fields) and the resolution reduces. So, it is difficult to detect a low-
reflection moving object among high-reflection local objects and under
complicated weather conditions.

These difficulties would be considerably less, if the emitted RF
pulse be short enough, but sufficiently energetic [1,2]. If the radiated
microwave pulse is of nanosecond duration and no pulse compression
in the receiver is used, the pulse from the elementary (point) reflector,
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if optimally filtered, acquires only a short exponentially fading tail.
This results in

- better resolution of mutually close objects with big differences of
effective scattering surfaces,

- better possibility to identify the object using its reflection image
(there is no correlation of signals reflected from different bright points
of the extended object and, so, no strong dependence of the image on
the orientation of the object ),

- some other advantages pointed in [1] (page 421); see also [5] 1).

To estimate the radar capacity, let us take

- carrier frequency, fp 10 GHz,
- transmitted power, P 1 GW,

- pulse duration, t 5 ns,

- frequency band, A 200 MHz,
- signal-to-noise ratio, Sy /Ny 15dB,

- noise factor, F, 7 dB,

- total loss of the system, L 7 dB;

- antenna radius, R, 0.5 m,

- target cross section, o 1 m2 ,

then from (1)-(4) we obtain
Rpyax = 75 km.
To verify the merits of the nanosecond radio location, a model
of radar with the carrier frequency 10 GHz and radiated microwave
pulse power 0.5 GW was made by a cooperation of Russian research

institutes [2]. Microwave pulses of 5 ns duration were produced by an

LAt the same Varenna school there was also a very interesting report by Donald
Prosnitz, who analyzed a possibility to make a radar based on a 35 GHz free electron
laser. A very detailed report on the nanosecond radar was presented at 9th Russian
Symposium on High-Current Electronics, 1992 by Vadim Skosyrev and Michael Osipov.
Regretfully, the both reports have not been printed.
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auto-oscillator driven by an intense relativistic electron beam. The
source of the electron beam was a high-current accelerator. The pulse
repetition frequency was 100 Hz. In the receiver, to maximize the
contrast of the moving object among non-movable and slowly
changing local objects, an over-period pulse subtraction MTI
technique was used.

The radar (Fig. 2) was tested at a bank of river Ob near
Tomsk. In the view of the radar there were the water surface, islands,
forests etc. The moving objects were a small airplane with effective
scattering cross-section 1 m? and small motor boats. The airplane
flying at altitude 50 m over the forest was reliably detected at distances
within 50 km (direct visibility). The distance portray of the plane
represented a sequence of separate bright points varying slowly with
the change of the plane orientation. The boats were clearly seen
among waves and islands. The range resolution was within 1m. The

dead zone was 10 m .

» PRI —);,’ . ) .
ﬂ g i I W]
y b . .
- - St ¥ B E
—_— ‘;,E"-“.'"‘ 1l '\

Fig. 2 Nanosecond radar
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Among possible applications of the nanosecond radar there is
control of aircraft movement and sea vessels navigation under heavy

conditions.

ACTIVE MONITORING OF ATMOSPHERE

In the frame of the atmosphere study problem, main
peculiarities of microwaves are related with the following effects:

- the atmospheric inhomogeneities result in much higher
reflectivity for microwaves, than for longer ones, and , on the other
hand,

- the microwaves penetrate into clouds, smoke and dust more
easily than the light.

Of course, it is expedient to combine microwave methods with
other, in particular optical, ones.

The millimeter waves are especially attractive to investigate the
turbulence of the near-ground atmosphere , because in this frequency
band the back scattering of the waves is expected to be especially
pronounced; these waves are also effective to detect the presence and
investigate parameters of aerosols [6,7]. On the other hand, because
absolute coefficients of the back scattering are not very large, it is
necessary to use transmitters of high power and receivers of high
sensitivity. -

An experiment of the sort [8] was performed with a kind of
radar system composed of a transmitter based on a 84 GHz 30 kW
quasi-CW gyrotron and a receiver of 10-12 W sensitivity in 1 GHz
band with 10-3 s averaging time. In a visually clean atmosphere the
back scattering at 50-200m altitudes was registered. The magnitude of
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the received signal corresponds either to a rather intense near-ground
turbulence (the standard coefficient C,,2 =10"12 cm %/ 3) with
minimum scale within 3-4 mm or to a presence of dust particles
(about 1 particle of 100 pm diameter per 1 cubic decimeter). To solve
the ambiguity a double frequency experiment is planned. For such
experiments frequency tunable gyrotrons are especially attractive [7].
The main goals of these experiments are the study of

fundamental atmospheric phenomena and the ecological monitoring.

CONCLUSION
The general prospects of the high power microwave radars are
clear for a very long time; so the estimates presented in this report
seem quite obvious and even trivial. Let us note, however, that reliable
high power sources of the shortest microwaves and relevant (quasi-
optical) electrodynamic components have been really developed only
in the recent decade. Hopefully, it will stimulate a rapid progress of

- radars.
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Development of Submillimeter Wave Gyrotrons

T. Idehara
Department of Applied Physics, Faculty of Engineering,
Fukui University, Fukui 910, Japan

Development of medium power, step tunable gy-
rotrons which cover millimeter to submillimeter wave
range is described. Single mode operations at the sec-
ond and the third harmonics enable our gyrotron to
be used as millimeter and submillimeter wave sources.
At the second harmonic, 636 GHz (0.472 mm in wave-
length) is achieved under fairly high power of sev-
eral kW. Long pulse operation up to 0.6 sec is also
achieved. An amplitude modulation of gyrotron out-
put in the submillimeter wave range is described. A
fairly high frequency (up to several hundred kHz), 100
percent modulation of the output has been attained
under only a few percent modulation of anode volt-
age. Applications of the gyrotrons to plasma scatter-
ing measurements are also described and some prelim-
inary experimental results are shown.

1 Introduction

The development of gyrotrons has proceeded in two directions.
One is the development of high power gyrotrons as sources in the
millimeter wave range for electron cyclotron heating of nuclear fu-
sion plasmas. An output power of 0.8 MW for single tube has been
achieved at 140 GHz.!) The other is the development of medium
power gyrotrons for plasma diagnostics and for far-infrared
spectroscopy.?)~4) The gyrotrons described in this literature are ones
of the latter.
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Operation at the harmonics of the electron cyclotron frequency
allow higher frequencies to be obtained at lower magnetic fields. A
number of near-millimeter wave gyrotrons have been developed by
using the second harmonic of the cyclotron frequency.’)=®) Recently,
several kilowatt in a 1 usec pulse have been obtained at 503 GHz 1°)
and low-cw power, tunable gyrotrons have attained 330 GHz at the
fundamental and 590 GHz at the second harmonic.'')~13) A related
device, a gyropeniotron, operating at the third harmonic has deliv-
ered 8 kW in a 200 psec pulse at 70 GHz.1%)

At Fukui University, an earlier gyrotron has operated at both the
second harmonic (220 GHz) and the third harmonic (160 GHz).!%)
New gyrotrons operating at the second harmonic has been designed
and costructed.!6)-21)

The gyrotron design was optimized for operation at the second
harmonic of the electron cyclotron frequency in the TEje; cavity
mode, whose resonant frequency is 384 GHz. Experimental results
show that second harmonic operation can occur without mode com-
 petition as long as the beam current I, is low (J <0.8A), but as the
. current is increased, the fundamental TE,3; cavity mode increases
;m\d eventually suppresses the second harmonic (I, >1A). The com-
pefitipn between the two modes is studied in detail. The starting cur-
rent for second harmonic operation is also studied experimentally and
compared with calculated results. Other resonances have also been
examined. With the present superconductiong magnet, the maxi-
mum frequency achieved is 402 GHz (second harmonic operation in
the TEss; cavity mode) at several kilowatts.

Another éyrotron we have developed is a demountable one. It
has achieved higher frequency operations up to 636 GHz at the sec-
ond harmonic resonance under the high magnetic field up to 12 T.
100 percent, amplitude modulation of its output power in the high
frequency range up to several hundred kHz has been achieved under
only a few percent modulation of anode voltage.

Uses of such a gyrotron as a power source of scattering measure-
ment of plasma give us following advantages. 1) The gyrotron is
frequency-tunable, so we can adjust the frequency at the best for the
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measurement. 2) The output power is fairly high even for the op-
erations at the second and the third cyclotron harmonic resonances.
So, we can detect the scattered signal from plasma waves with small
density fluctuations, because of a high signal to noise ratio of the
measurement system using the gyrotron as a power source.

2 Design of the submillimeter wave gyrotrons

The design is constrained by the high voltage beam power supply
(maximum voltage is 40 kV and maximum current is 6 A) and the
superconducting magnets(maximum magnetic fields are 8 T and 12
T).

The diameter and the length of a cavity in the gyrotron using 8 T
magnet are 4.85mm and 14.5mm, respectively. We call this gyrotron
’GYROTRON A’. For the TEj¢; cavity mode, the resonant frequency
is 384 GHz and the total @ value is 12,300. The large total @ value
ensures that the threshold value of the beam current for gyrotron
operation is small. The optimum magnetic field for the mode at the
second harmonic is 7.31 T. Fig.1 shows the calculated beam current
I, necessary to sustain an output power P = 1 kW for many cavity
modes, as functions of the magnetic field intensity By, where the
injection radius 7o of electron beam is assumed to be 1.25 mm. N(=
f/ fc) is the harmonic number. For higher harmonic operation, higher .
beam currents I are necessary to sustain the same output power (1
kW). Note that for some modes, for example, the TEg;1, a high beam
current (~ 3A) is needed, because there is only one radial maximum
in the high frequency field and that is located near the cavity wall.
Consequently, in these cases, the interaction between the field and
beam electrons injected at 7o = 1.25 mm is weak.

Another gyrotron using 12 T magnet ("GYROTRON B’) is also
designed by computer simulation. The diameter and the length of
the cavity are 3.9 and 10 mm, respectively. The gyrotron operates in
the higher frequency range. At the second harmonic, 636 GHz can
be achieved by the TEgg; cavity mode and 595 GHz by the TE;g;
mode.
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Fig. 1: The beam current I to Fig.2: The submillimeter wave-
sustain output power P = 1 kW length gyrotron (GYROTRON
versus magnetic field Bo. A).

3 Experimental arrangement

The gyrotrons used in this work consist of a gyrotron tube, a
superconducting magnet and four copper coils, as shown in Fig.2.
The superconducting magnets supply the main magnetic field up to
8 T and 12 T over the cavity region of the tube and the copper coils
supply an independently variable magnetic field over the electron gun
region. This arrangement allows the ratio between the magnetic fields
in the two regions to be changed, which enables the injection point of
the electron beam in the cavity to be optimized for different modes.
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A pulsed high voltage up to 40 kV is supplied to the magnetron
injection gun from the beam power supply. The pulse width is varied
from 100 usec to 1 msec and repetition rate from 1 to 5 Hz.

The output power is transferred by circular waveguides, inner di-
ameter of 28 mm, and several 90° corner bends, and, for measurement
purposes, fed to the Fabry-Perot and Michelson interferometers. The
output of the Fabry-Perot interferometer is monitored by a pyroelec-
tric detector, sampled and integrated by a boxcar integrator, and
recorded on an XY recorder as a function of the distance between
meshes. This measurement gives the wavelength of gyrotron output.

The output of the Michelson interferometer is fed to a signal an-
alyzer and Fourier transformed to give a frequency spectrum of the
gyrotron output. This measurement is important, because it allows
the power in the fundamental (N = 1) and the different harmonics
(N = 2,3,4) to be monitored and the amount of mode competition
to be assessed.

The pyroelectric detector was calibrated to yield output power by
comparing it with calorimetric measurements using a water load at
several frequencies. The radiation pattern of output was measured
by sweeping the detector above the output window of gyrotron or
by observing the pattern on a liquid crystal sheet placed above the
window of the gyrotron.

4 Experimental results of GYROTRON A

4.1 Operation at the fundamental, the second and the
third harmonics

Fig.3 shows a typical result obtained by the Fabry-Perot inter-
ferometer. The magnetic field in the cavity region is set at 7.34 T,
which lies near the optimum value for second harmonic operation of
TEz61 mode (see Fig.1). At the low beam current of I, =0.5 A (lower
trace), a single mode with a half wavelength of 0.392 mm is observed.
This wavelength corresponds to a frequency of 383 GHz, which is al-
most equal to the calculated resonant frequency of 384 GHz for the
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Fig. 3: Typical experimental re- Fig. 4: Drawing of frequency
sults using the Fabry-Perot in- spectrum measurement system
terferometer, for both the TE¢; using Michlson interferometer.
mode at the second harmonic

and the TE,;3; mode at the fun-

damental at various I,. Bg=T7.14

T.

TEse; cavity mode. The magnetic field corresponds to a cyclotron
frequency of 192 GHz, which is about half the value of the observed
frequency. So, this trace indeed shows an excitation of a single mode
at the second harmonic.

When the beam current is increased to 0.8 A (middle trace), a
new signal whose wavelength is nearly equal to twice that seen at 0.5
A appears superimposed on it. The frequency of the new mode is
about 195 GHz, which is the resonant frequency of the TE,3; mode.
So, this trace shows the simultaneous occurrence of both fundamen-
tal and second harmonic. As the beam current is increased, a kind
of competition between the two types of operations develops. At the
still higher beam current of 1.1 A (upper trace), only the fundamen-
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tal occurs and the second harmonic is completely suppressed. The
suppression may result from the degradation of the quality of electron
beam, for example, the velocity spread and the decrease in the value
of the velocity ratio a = v, /v, which can occur along the length of
the cavity, when the strong fundamental resonance is excited.

Under the other condition, single mode operation at the third
harmonic has been observed. The frequency is 354 GHz which cor-
responds to the resonance frequency of TEqe; cavity mode and the
output power is about 20 w.18)

4.2 Measurement of frequency spectrum

The Michelson interferometer combined with fast Fourier Trans-
form (FFT) techniques is used to observe the frequency spectrum of
submillimeter wave output of gyrotron.?!) Fig. 4 shows a drawing of
measurement system. Gyrotron output power is fed to beam splitter
1.-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. The response of the pyroelectric detector has been
checked and is linear in the power range used here. When a phase
shifter is driven at a constant speed v, the detected interference signal
alternates with frequency

R
f_A/2— c

f (1)
where X and f are wavelength and frequency of the gyrotron output.
The signal from the pyroelectric detector is amplified and Fourier
analized by a signal analyzer. Because the gyrotron is pulsed, a
boxcar integrator is installed before the signal analyzer to sample
the output. The observed frequency (f') spectrum can be easily
converted to a real gyrotron frequency (f) spectrum by using Eq.
(1).

Fig.5 shows a typical result of the measurement. Fig.5 (b) shows
a frequency spectrum of the gyrotron output obtained by Fourier
transforming the detected signal shown in Fig.5 (a). It is seen that
the gyrotron is operating at the fundamental of the electron cyclotron -
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frequency at 196.8 GHz, as well as at the second harmonic,at 388.8
GHz and at the third harmonic, at 580.8 GHz. The sensitivity u(f)
has a frequency dependency determined by that of the reflection co-
efficient R(f) of beam splitters through the equation u = R(1 — R).
At 282 GHz, R is equal to 0.5 and 4 is a maximum. Considering this
frequency dependence of u, we can compare the power of one peak
in the frequency spectrum with that of the other peak.

Fig.6 shows all frequencies observed in such frequency spectra as
functions of Bo. It is seen that many modes at the fundamental
(N = 1) and the harmonics (N = 2,3,4) are excited.

4.3 Competition between fundamental and second har-
monic

The output powers P of the fundamental and the second har-
monic can be estimated from the heights of the peaks in Fig.3, which
are shown as functions of beam current I, in Fig. 7, with the mag-
netic field By as a parameter. The magnetic field was varied over the
range 7.36-7.45 T. For each value of By, as long as the beam current
is low, only the second harmonic is observed. When B increases,the
starting current for the second harmonic Iy, decreases and the rate
of increase of power P with beam current I becomes steeper. This
result suggests that, to obtain the lowest possible starting current for
the second harmonic, the magnetic field should have a value higher
than 7.45 T. For each By, the fundamental appears at the beam cur-
rent Iy; which is higher than Iy, in the field range 7.36-7.45 T. So, in
the current region Iyy < I < Iy, we can get a single mode (TEz¢)
at the second harmonic. When I} is increased further (I, > Iy),
competition between both the second harmonic and the fundamental
occurs. The second harmonicis eventually suppressed by the funda-
mental. When the output power of the fundamental exceeds some
high value (6 kW to 9 kW), the second harmonic disappears.

A culculation of the power in the second harmonic and the funda-
mental versus the beam current is shown in Fig. 8. This calculation
was carried out by integrating the slow equations of motion for the
general case where both the second harmonic and the fundamental
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were present. The appearance of the second harmonic and the funda-
mental and the eventual suppression of the second harmonic, as the
beam current increases, closely matches what is seen experimentally.
We can, following Chu et al,??) attribute the mode suppression to
a change in the electron velocities, as the fundamental mode grows,
from having a distribution that is favorable to the second harmonic to
having one that is not. Differences between our experimental results
and our calculations are due to not including the initial spread in
the components of the electron velocity and not including the detail
how the potentials of the gun electrodes build up in each pulse. The
experimental values of the magnetic fields are slightly higher than
the calculated ones. This difference can be accounted for by the fact
that the accuracy of our gaussmeter is no better than 3 percent.
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Fig. 7: Output power P for the Fig.8: Calculated output power

TE,6; mode at the second har-
monic (solid lines) and for the
TE,3; mode at the fundamen-
tal (broken lines) as functions of
beam current I, with By as the

P for the TE,6; mode at the sec-
ond harmonic (solid lines) and
for the TEy3; mode at the fun-
damental (broken lines) as func-
tions Ip for various fields By.

parameter.

Equipower contours for second harmonic and fundamental opera-
tions in the parameter space I — By are shown in Fig. 9. The hatched
region corresponds to where a single mode at the second harmonic
occurs. It is clearly seen from Figs.7-9 that the setting of I and By
to obtain a single mode at the second harmonic is critical.

The comparison between experimental and calculated results for
the TE,6; mode at the second harmonic is shown in Table 1. The
lower experimental value of efficiency is probably a consequence of
mode competition with the TE»3; mode at the fundamental. The
agreement is good.

Fig. 10 shows similar results for the second harmonic TEg4; and
the fundamental TE43; modes. In this figure, equipower contours for
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Table 1: Comparison between the experiment and simulation for the

second harmonic TE;6; mode.

Experimental | Theoretical
Beam voltage Vj 40kV 40kV
Beam current I 1.05 A 0.6 A
Magnetic Field Bg 743 T 731 T
(in a cavity region)
Magnetic Field B, 030 T 029 T
(in a gun region)
Oscillation frequency f 383 GHz 384 GHz
Output power P 1.3 kW 1.0 kW
Efficiency 7 3.0% 41 %

both modes are plotted in the parameter space I — By. However, in
this case, single mode operation of the TEg4; mode cannot occur even
at low currents. This is because the frequency of the second harmonic
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is very much closer to twice the frequency of the fundamental and, as
a result, the optimum conditions for both occur at almost the same
magnetic field intensity Byo. Where the TEg4; mode is strongest,
the TE42; mode is partially suppressed and a ”valley” appears in
equipower contours for the TE4;; mode. When the TE43; mode is
strongest, the TEg4; mode is suppressed completely.

4.4 The starting beam current for a single mode at the
second harmonic

Single mode operation at the second harmonic is important for
high frequency gyrotron operation at low magnetic fields. As de-
scribed above, we can, for certain modes, get a single mode at the
second harmonic, with a correctly set magnetic field and a suitably
low beam current. Fig.11(a) shows the measured output powers P
as functions of beam current I, for the TE3¢; mode operation at the
second harmonic. The acceleration voltage is kept constant, and the
magnetic field is adjusted to the optimum value. The starting cur-
rent [, is very close to 150 mA. The result is compared with the
theoretical result below.

The starting current for the TE,,;,, mode at Nth harmonic reso-
nance is given analytically, as follows:

—n2eomo YWV n?R? (€2, — m?)J2 (émi)

Iy,
b 4e Qtotal L Efnl
-1
1 ( APwdG
s [v—n (— 2kv) dX i GQ) ] ’ @)

where Qiotar is given by 1/Qiotat = 1/Qaigs + 1/Q0hmic-
The diffraction @, Qdifs, can be calculated from the shape of

cavity and the Ohmic @, Qohmic, is taken to be R/2§, where R
is radius of cavity, § is skin depth of low-conducting surface layers.
Other notations are defined as follows:

G= (-1)"cosnX — 1

2(XZ -1 ®)
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where "

R T )
[Tt m{mito/ R) + TRy m{mirol R)] (WBL N2

} 22N[(N — 1)1)2 » (5)

where 8, = v, /¢, J, is a Bessel function, £, is the lth zero of its
derivative, rg is injection point of electron in cavity, and Q@ = NP.
In Fig.11(b), the starting current Iy, is calculated as a function
of the magnetic field By for the TE26; mode at the second harmonic,
under the conditions assumed for the previous simulation (Fig.l),
that is, V;,=40 kV, a=1.5, and rg=1.25 mm. The minimum start-
ing current is about 379 mA, which is only a little higher than the

654



| T T

0.3+ —
< 02+ .
3\
=

01 -

0 ] ] |
0 0.2 0.4 0.6
t(s)

Fig.12: Long pulse operation for the TE;6; mode at 354 GHz.

experimental result. The difference may mainly come from ignoring
the spread in v)| in the cavity and an uncertainty in the total @ be-
cause of the reflection of a part of power from the window and other
components back into the cavity.

4.5 Long pulse operation at the second harmonic

To apply our gyrotrons as power sources for submillimeter wave
scattering measurement, we tried long pulse operation at the second
harmonic just above the starting current (I > Ip;). Fig.12 shows the
output power measured by using a pyroelectric detector. 600 msec
pulse operation is achieved. The output power is about 110 W, which
is high enough for power source for the scattering measurement.

4.6 Frequency step tunability

As shown in Fig.1, our gyrotron can be used as a medium power
source covering a wide frequency range. As the magnetic field inten-
sity is raised, one after another is excited and the frequency changes
in step. When operations at both the fundamental and the second
harmonic resonances occur at the same time, we can select either one
by using a high-pass or a low-pass filter.
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Table 2: Observed frequencies, operating modes, and output powers
at fundamental and second hatmonic resonances.

Magnetic field | Frequency Mode | Harmonic | Power
By(T) f(GHz) number N | P(kW)
2.86 76 TEon 1 5.46
3.75 104 TE411 1
3.81 200 TEoz1 2
4.09 107 TEj5 1
4.67 247 TEj43; 2
4.77 125 TEs11 1
4.86 252 TE75; 2
4.88 259 TEz4; 2
4.93 131 TEjs; 1
4.93 263 TEo41 2
5.25 138 TEo2; 1 10.08
5.52 150 TEs11 1
5.54 299 TEeg3; 2
6.23 155 TE32 1
6.56 336 TEs4; 2
6.68 165 TE;3; 1
6.84 172 TE7: 1
6.84 354 TE; 61 2 0.92
7.16 183 TE42; 1
7.16 363 TEg41 2
7.25 372 TEg3; 2
7.28 192 TEg11 1
7.32 377 TE4s51 2
7.41 383 TE26; 2 1.4
7.45 195 TE23; 1 9.8
7.61 388 TEoe:1 2
7.62 200 TEop3; 1
7.83 402 TEss; 2
7.92 208 TEs); 1
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The gyrotron covers wide frequency range from 100-400 GHz.
Table 2 lists all resonances we have observed, together with their fre-
quencies f, output power P, harmonic number N, and corresponding
magnetic field By. Fig.13 shows the frequencies observed as functions
of the field intensity By. Observed points lie near the fundamental
(N=1), the second (N=2) and the third (N=3) harmonic resonance
lines. Operation frequency varies from 76 GHz to 402 GHz.

5 Experimental results of GYROTRON B

Fig.14 shows a schematic drawing of the whole device of GY-
ROTRON B. The magnet produces a high magnetic field up to 12
T. The superconducting magnet consists of two coils, an inner coil
made of Nb3Sn wire, and an outer coil of NbTi wire. The gyrotron
is demountable and essentially a vacuum chamber set in the room



temperature bore of the cryostat. The diameter of the bore is 70
mm and the inner diameter of the vacuum chamber is 36 mm. Inside
the chamber there are three parts: a guiding tube for the electron
beam, a cylindrical resonant cavity, and a collector for the electron
beam which also acts as the output waveguide. The diameter and the
length of the cavity are 3.9 and 10 mm, respectively. Conventional
magnet coils around the electron gun allow the field intensity in the
region of gun to be varied independently of that in the region of the
cavity.

5.1 Frequency tunability up to 636 GHz

Fig.15 shows a number of typical frequency measurement using
the Fabry-Perot interferometer. When the field intensity is changed,
many instances of single mode operation are observed. Fig.15 (a) cor-
responds to operation at the fundamental and Fig.15 (b) to operation
at the second harmonic. The measured frequencies are indicated on
the figure.

In only one case, when the field intensity is just below 12 T, is
there operation at both the fundamental and the second harmonic.
The TE7p; cavity mode (fundamental) and the TEgg; cavity mode
(second harmonic) are excited at the same time. The frequency cor-
responding to this second harmonic is 636 GHz, which is the maxi-
mum frequency attained by GYROTRON B and, we believe, may be
a record for a gyrotron. For other single mode operations, measured
frequencies are noted near the corresponding interferometer patterns
in Figs.15 (a) and (b).

In Fig.16, all of the frequencies f observed until now are plotted
as functions of the magnetic field intensity Bo. The gyrotron is a
step tunable, millimeter to submillimeter wave source covering a wide
frequency range. Powers of several hundred watts are obtained at
both the fundamental and the second harmonic.
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Fig.15: Outputs of a Fabry-Perot interferometer for operation at (a)
the fundamental and (b) the second harmonic. V3 = 30 kV and I=
0.6~ 1.0 A.

5.2 Amplitude modulation of submillimeter wave gy-
rotron output

An amplitude modulation of gyrotron outputs is important for
its effective applications to various objectives, for example, plasma
wave excitation by a ponderomotive force, observation of a flow of
millimeter wave energy in plasma coupled to its surface by ECR
antenna, phase sensitive detection of scattered signal from plasma,
studies of relaxation phenomena in plasma and other materials and
so'on. While such an importance is recognized well, the experimental
efforts have not done except a few works.??)

GYROTRON B has a familiar triode type electron gun (so-called
a magnetron injection gun). Anode voltage V, can be modulated
to modulate a velocity distribution function of electron beam. The
modulation of gyrotron output results from the moduration of an
energy transfer function from electrons to electromagnetic field due
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to a velocity moedulation of electron beam.

In a modulation frequency (fm) range from 0.5 to 5 kHz, we
use a high-voltage pulse supply having special operation modes to
modulate an anode voltage, whose modulation ratio is varied up to
25 percent and modulation modes are sinusoidal and square waves.
While, in a higher modulation frequency range up to 1MHz, the out-
put of a high power 7 f oscillator is fed to an anode overlapping on a
dc high voltage pulse. A modulation mode is only a sinusoidal wave.
Typical values of operation parameters are shown in Table 3.

Fig.17 shows a typical result of a modulation of submillimeter
wave gyrotron output with moduration rate (AV,/Vao) of anode
voltage as a parameter. The gyrotron operates under the second
harmonic of cyclotron resonance. The cavity mode is TE;¢;, its fre-
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Takble 3: Typical experimental conditions for study of amplitude mod-
ulation of submillimeter wave gyrotron output.

Frequency of output f 444 GHz

Harmonic number N =w/Q 2

Cavith mode TE161

Output power Pyt 300 W

Cathode voltage Vi 30 kV

Anode voltage Vo 20 kV

Modulation frequency of V, fm < 1 MHz

Modulation rate of V, AV, [V, < 0.25 (fm < 5 kHz)
<2x1073 (fmm < 1 MHz)

Modulation mode sinusoidal or square wave

quency and output power are 444 GHz and about 300 watt. The up-
per traces show high voltage pulse output applied to an anode whose
modulation mode is a sinusoidal wave and the lower traces outputs
of gyrotron. Modulation rate (AP, /PS,;) of gyrotron output in-
creased with that of anode voltage (AV,/Vao). PS, is the output
power, when an anode voltage is not modulated. 100 percent mod-
ulation (AP,u:/P2,=1.0) is attained under the modulation rate of
anode voltage of only several percent (V,/V4o ~ 0.073).

Fig.18 shows a modulation rate of gyrotron output AP,./P2,
as functions of that of anode voltage V,/V,o for both sinusoidal and
square wave modulations. AP,,;/ P2, is linearly related to AV, /Vqo
as AP, /P2, = (17.3 * 3.6)AV,/Vao.

Fig.19 (a) shows a typical result of high frequency modulation of
gyrotron output. Modulation frequency f,, and ratio AP,,:/PS,, are
38.5 kHz and 23 percent, respectively. Fig.19 (b) shows a frequency
spectrum of modulated output of gyrotron. Modulation frequency
observed in the spectrum is 38.5 kHz and the second harmonic com-
ponent (2f,=77.0 kHz) is -17 dB lower than the fundamental one
(fm=38.5 kHz). Amplitude modulations of gyrotron output under
higher frequency up to 1 MHz has been tried. 400 xHz modulation
is attained at a low modulation ratio of anode voltage AV, /V,o =
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Modulation efficiency is (APout/P2:)/(AVa/Vao) ~

5.3 Consideration about amplitude modulation results

To analyze the experimental results, we can use an expression
for energy transfer P,, from electrons to electromagnetic wave in a
TE, i mode cavity, which is given by G.F.Brandl), as follows,
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for a cold electron beam having a small gyroradius, and

(_1)nejn1.'X -1

&= ™
~ jnrX
=t (8)

Eqy is an amplitude of electromagnetic wave in cavity, v electron
charge density involved in a unit length in 2z direction, k£ wave num-
ber of the wave, p| and v components of momentum and velocity of
electron.

Output power P,y from a cavity is calculated as follows,

Pou = Re (P,,) - 4, (9)

where A = we/Qonm, € is electromagnetic wave energy stored in a
cavity and Qonm ohmic @ factor of a cavity.

The real part of the energy transfer function Re(i’,,) for the
second harmonic operation (N = 2) of TE;e cavity mode has a

maximum value near X = —1, as follows
" n2e?|Eo|?v _ | fiw
P, ) = Pl——_4 , 0
and P is proportional to ﬁi.
When an anode voltage V, is modulated as
Vo = Voo + AV stnwmt, (11)
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quantities B, , v, p| and v are modulated as follows,

AV, .
B =Bro (1 + Slwmt) ; (12)
VaO
vy, P = Vo p0<1—azA 2 sinw. t) (13)
l> Pl| = Yljo» PJ| Vo mt |
v =1 (1 +a? AVa sinwmt) ) (14)
VaO

where higher order terms of small modulation ratio AV, /V,o are ne-
glected.

Instituting Eqs. (10) ~ (14) to Eq. (9), and using experimental
data for Qohm, 81, V||, P||, W, To and v, we estimate Poy as

0 1 5 2r(a? +2)\ AV,
Fout = Fou [H 1+ A/Re(P°,,) (2" P T ) Vao] ’
(15)
PO,, is the energy transfer from electrons to 7 f field, when an anode
voltage is not modulated. Amplitude moduration rate is given as

follows,

AP, _ 1 _ (2a2+2+27r(a2+2) AV,?
PS:  1- A/Re(P%,) \ -1 | Vo

(16)

From this equation, the efficiency of amplitude modulation
(APoyut/P2,)/(AV,/Vao) is determined and plotted by a broken line
in Fig.18. The line gives a qualitative explanation to the experimen-
tal data. That is, the mechanism for the amplitude modulation of
gyrotron output is considered as follows. The moduration of elec-
tron beam velocity results from that of anode voltage. As the energy
transfer from electrons to rf field is depend sensitively on the elec-
tron beam velocity in the cavity, the moduration of electron beam
velocity causes that of gyrotron output.

An amplitude modulation of submillimeter wave gyrotron output
has been achieved in the fairly high frequency range up to 400 kHz.
100 percent modulation is attained under only a small modulation
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rate of anode voltage AV, /V,o~ several percent in the low frequency
moduration case (fm < 5 kHz). A qualitative explanation is given
by a simple model .using a energy transfer function from electrons to
high frequency electromagnetic wave.

6 Scattering measurement system using the
gyrotron as a power source

Fig.20 shows a scattering measurement system of 350 GHz band
using the GYROTRON A as a power source.?!) The TE;¢; mode,
second harmonic operation at 354 GHz is used and the output power
of several hundred watt is transmitted by a circular waveguide sys-
tem. Two dimensionally focusing, quasi-optical antenna is used as a
launcher. So, a spatial resolution of the measurement is good. Now,
the system is being applied to measure the spontaneously excited drift

without plasma
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2 30]
§
£ 20
284 Circular vavezuide .
(- Directional with plasma
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Fig.20: Scattering measurement Fig. 21: Scattering signal from
system using a GYROTRON A CHS. (Compact Helical System).

as a submillimeter wave source.
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wave in CHS (Conpact Helical System) of the National Institute for
Fusion Science. Fig.21 shows a preliminary results. Low frequency
(<1MHz), scattering signal from CHS plasma heated by a neutral
beam injection is observed.

7 Conclusion

We have designed, constructed, and tested high frequency gy-
rotrons (GYROTRON A and GYROTRON B) for submillimeter
wavelengths. Both gyrotrons are step tunable and can operate at
the fundamental and the second harmonic of the electron cyclotron
frequency over a broad frequency range.

Experimental results of GYROTRON A are as follows,

1.

The gyrotron covers a frequency range from 100 to 400 GHz.
For almost all operations, the output power is several kW.

. The third harmonic operation at 354 GHz (TE;e mode) is

achieved, whose power is 20 watt.

. Mode competition between the fundamental and the second

harmonicis examined. Even at the optimized value of By for the
second harmonic, the operation is suppressed by the powerful
operation of the fundamental, when I, is increased. While,
at low I, the single mode operation at the second harmonic
occurs.

Long pulse operation is necessary for the source of scattering
measurement. Using the gyrotron, 600 msec operation has been
achieved.

Experimental results of GYROTRON B are as follows,
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1. As 12 T magnet is used in the gyrotron, a wider frequency

range up to 636 GHz is covered by both the fundamental and
the second harmonic operations.

100 percent amplitude modulation of the gyrotron output is
attained under only a few percent modulation of anode voltage.
The highest modulation frequency examined is 400 kHz.

A submillimeter wave scattering measurement system using GY-

ROTRON A as a power source is constructed and installed to CHS
device (Compact Helical System). Preliminary experimental results
for spontaneously excited low frequency drift wave has been obtained.
In future, we will apply the measurement system to study propaga-
tion of incident waves in plasma, in the cases of the electron cyclotron
wave heating and the lower hybrid wave heating.
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DEVELOPMENT OF HIGH-POWER 140 GHZ
GYROTRONS FOR FUSION PLASMA
APPLICATIONS

M. Thumm#*, E. Borie, G. Dammertz, G. Gantenbein, M. Kuntze,
A. Mobius, H.-U: Nickel*, B. Piosczyk, A. Wien*

Kernforschungszentrum Karlsruhe, Institut fiir Technische Physik
P.O. Box 3640, D-76021 Karlsruhe, Germany
* also Univ. Karlsruhe, Inst. f. H6chstfrequenztechnik u. Elektronik
Kaiserstr. 12, D-76131 Karlsruhe, Germany

The state of development work at KfK for 140 GHz high-
power gyrotron oscillators is described. In particular the design and
experimental results of a 0.5 MW gyrotron tube with axial rf output
operating in the TEjp 4 mode are presented. In short pulse operation
(< 5ms) an output power of 690 kW has been obtained with an
electronic efficiency of 31% and a mode purity of about 99%. The
experiments have shown that it is possible to use for step frequency
tuning the azimuthal neighbours of the TEjo4 mode, TEg 4 at
132.6 GHz (420 kW) and TE1; 4 at 147.3 GHz (300 kW) as working
modes by decreasing and increasing the magnetic field respectively.
In view of a planned long pulse operation the TEjg 4 tube is presently
being modified by incorporating an advanced quasi-optical mode
converter that provides a separation between the electron beam and
the linearly polarized Gaussian beam output. The design of this tube
and the next development steps towards 1 MW output power with a
TE22,6 mode cavity are discussed.

1 Introduction

A main goal of the gyrotron development program at KfK is the
design, construction, and test of high-power gyrotron oscillators for
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electron cyclotron wave applications in thermonuclear fusion
experiments. For the next generation of fusion research devices such
as ITER, millimeter wave generators operating at long pulses up to cw
with an rf output power in excess of 1 MW per unit at frequencies
around 140 GHz are needed. In order to fulfil these requirements
development work is still necessary.

As a first step a 140 GHz tube using a TEo,3 mode resonator, capable
of delivering an output power of 120 kW with a mode purity of larger
than 98% was developed and tested [1]. With pulse durations up to
0.4 s this tube has been successfully used for the worldwide first
140 GHz plasma heating and plasma diagnostic experiments
performed at the Wendelstein 7-AS stellarator of the Max-Planck-
Institut fiir Plasmaphysik in Garching [2].

To reach higher power (> 500 kW) at increased pulse length a cavity
mode of higher order must be chosen to reduce the Ohmic losses at
the resonator surface. As a next step KfK has designed, built, and
tested a 140 GHz gyrotron that operates in the TE;04 mode. With this
tube an output power up to 690 kW with a mode purity of about 99%
at pulse lengths up to 5 ms has been achieved. The design of the
gyrotron and the related measurements, including frequency step-
tuning experiments are described in chapter 2. Both tubes, the TE10,4
as well as the previous TEg 3 version, are of conventional design with
the rf power coupled out via an axial window. The next version of the
tube will use a built-in quasi-optical mode converter to transform the
rotating TEj0,4 resonator mode into a Gaussian free-space wave
which will be coupled out by a lateral window. The use of the built-in
mode converter has several principal advantages for high-power
operation as will be discussed in chapter 3. To operate the gyrotron
with the built-in converter a superconducting magnet with a rather
large bore hole (¢ = 275 mm) will be used. It may then be possible to
extend the pulse length up to about 0.2 s at 500 kW limited by the
design of the window and the collector.

In order to achieve an rf output power of at least 1 MW at long pulses
up to cw modes of higher order than the TEjg 4 are required. The
TE22,, modes with p =35 or 6 have been found to be suitable for
output powers up to 1 MW with tolerable maximum surface loss
density (< 3 kW/cm?2) in the resonator. At the considered frequencies

671



the presently available rf windows with cooling at room temperature
limit the maximum power to about 0.5 MW for pulses of 2 s length
[3]. The design of a 1 MW gyrotron operating in the TEj3 ¢ mode
and employing a diode-type electron gun and an improved, compact
quasi-optical mode transducer is presented in chapter 4. For
transmission of rf powers of at least 1 MW at pulses up to cw, windows
operated at cryogenic temperatures are under development [4].

2 TEjp4 gyrotron with axial output coupling
2.1 Design

One of the critical factors in the design of a high-power gyrotron is
the minimization of the Ohmic losses in the resonator walls. This is
the main reason for using a highly overmoded cavity, although the
resulting higher density of eigenmodes enhances competition by
unwanted neighbouring modes. Higher efficiencies and more stable
operation can be achieved if the working mode is chosen to be as
isolated as possible from competing modes. One reason for choosing
the TEjp4 mode, in addition to the necessity of using an already
existing superconducting magnet with a small bore hole, was its rather
good isolation from possible nearby competitors. The space charge of
the electron beam leads to a potential depression proportional to
In(Rp/Ry) where Ry, is the beam radius and R,, is the wall radius in the
cavity. A consequence of the voltage depression is a limiting current,
which is the maximum current that can be transported through a
beam duct for a given accelerating voltage [5]. A decrease in the ratio
Rp/R,, reduces the limiting current and increases the tendency to beam
instabilities. The design current should be considerably less than the
limiting current. For the foreseen values of voltage and current, the
value of Rp/R,, =0.45 for the TE;p,4 mode is just at the expected
lower limit. Some of the main gyrotron design parameters are
summarized in Table 1. As the 100 mm bore hole of the existing
magnet did not permit the installation of a tube with radial output
coupling, first experiments were performed with an axially arranged
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tube. Since the given magnetic field configuration of the magnet
leads to beam deposition on the walls of the uptaper section (high
power density due to small diameter), the maximum pulse length is
limited to a few milliseconds.

beam volt. Upeaqm 80KkV cav. radius R, 8.11 mm
mod. volt. Uppa 25 kV cav. length 11 /16 mm
beam current Ipegm <25 A quality factor Q 590 / 1150

emitter curr. dens. <6 A/cm2? | velocity ratio at cav. & 1.5-1.7 / 1.1
mag. field at cath. 0.187 T mag. field at cav. Bggy 5.5-56 T
cathode radius 19.8 mm beam radius at cav. Rp 3.65 mm
cathode angle 26.6° beam thickness at cav. 0.5 mm

Table 1: Design parameters of the 500 kW, 140 GHz TEj9,4 mode
gyrotron employing a triode-type magnetron injection gun
with an impregnated tungsten emitter coated with Osmium.

Two different resonators have been designed and tested (cf. Table 1).
For the first one (length = 11 mm), the realistic maximum Ohmic
losses at 500 kW output power are approx. 3 kW/cm2. The choice of
geometry was a compromise between the beam current allowing
operation at 500 kW (high quality factor Q), and low maximum wall
losses (which require low Q). As discussed below, the second, higher
Q resonator (length =12 mm + 4 mm due to rounded transitions) was
used to compensate for unexpectedly poor beam quality with an
average velocity ratio of about 1.1. Long pulse operation with such a
resonator would not be possible due to the high wall losses.

Several rf output windows with different reflectivity curves were used
(Figure 1): a double disk sapphire window with tunable spacing
between the disks (DDW), a single disk sapphire window (SDW1), and
a fused silica single disk window (SDW2). The electrical thickness of
each window disk is 5 half wavelengths in the dielectric at 140 GHz.
The relative permittivity at room temperature is 9.4 for sapphire (E-
vector perpendicular to c-axis) and 3.8 for fused silica.

The measurements have been performed either with the sapphire
windows and the 11 mm resonator or with the fused silica window and
the 16 mm cavity.
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Fig. 1:  Power reflection coefficient versus frequency of the three
different output windows used. The spacing of the air-filled
gap in the DDW is 4.41 mm. The arrows indicate the
location of the competing modes observed. With the SDW2
only the underlined modes have been observed.

2.2 Experimental results

The operating mode can be identified by measuring the frequency of
the output signal. A contiguous filterbank receiver with a spectral
resolution of 100 MHz [6] is used for this purpose. In addition,
instantaneous frequency measurement during a single pulse is
performed with a set-up described in [7]. Purity of waveguide modes
is measured with a wave number spectrometer [8] and power
measurements are made using an octanol-filled static calorimeter [9].

During the experiments with the 11 mm resonator and the sapphire
windows (DDW, SDW1 in Figure 1) at B.gy = 5.6 T several modes in
the vicinity of the TE; 4 namely the TE7 s at 137.32 GHz, TEs ¢ at
140.46 GHz, TE3 7 at 142.48 GHz, TEg 5 at 145.08 GHz and even
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the azimuthal neighbour on the high frequency side, the TE;; 4 at
147.53 GHz, appeared as competing modes. The measured frequen-
cies of the working mode and the various competing modes agreed
very well with the calculated values. It has been shown that the starting
currents of the competing modes depend strongly on the spacing of
the two disks of the double disk window. As an example, Figure 2
shows the calculated power reflection of the TE7 s mode and the
measured starting current of the same mode as a function of disk
spacing. Figure 3 shows the calculated starting current of the TE¢ 4
and TE7 5 modes as a function of beam voltage Uj. In addition the
starting current of the TE7 5 mode, calculated assuming a power
reflection coefficient of 35% (A¢ =270°) is shown. In this example,
the reflections of the parasitic mode lead to a reduction of the starting
current, thus increasing the danger of oscillations in the wrong mode
during startup. Similar results have been obtained for the TEg 5 and
TE11,4 modes, and also for the single disk sapphire window [10].

1 OO—R Ilturi (A)
- TE7,S J14
0.80- —12
—110

0.60-

0.404 .

0.20

0.00 T T  — T T T T 0
3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80 S5.00

d (mm)

Fig. 2: Calculated power reflection coefficient of the TE7 s mode
as a function of window spacing and the corresponding
starting current (experimental).

675



| (A)

354
30+
25+

20

55 60 65 70 75 80 85 90
U (kV)

Fig. 3: Calculated starting current of the TE10,4 mode and TE7 5
mode, including the effect of reflections (curve b).
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Fig. 4:  Oscillating area of the TEj9 4 mode (single disk sapphire
window).
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Figure 4 displays the measured mode map for this case. The
oscillating area of the TE19,4 mode is limited by TE7 s- and TEj; 4-
mode oscillations. It was not possible to operate the electron gun with
the design values of the mod anode voltage U,,,q4 OWing to an
unacceptable increase of the leakage current to the modulation anode
and due to instabilities of the electron beam. Both effects were
probably caused by reflected electrons resulting from the velocity
spread of the beam electrons. Thus the achievable velocity ratio was
limited to about 1.1, instead of the design value of 1.5-1.7, leading to
a substantially reduced efficiency. In spite of this low velocity ratio, it
was possible to generate about 450 kW of rf power in the desired
mode, and over 500 kW with a small contribution from the TE; 4
mode. To overcome the problems with the low velocity ratio the
second resonator was designed to give higher efficiency. The length
of the cylindrical mid-part was increased to 12 mm and the transitions
from the mid-part to the tapered input and output sections have been
made with smooth curvatures. This cavity has a higher theoretical
efficiency at reduced a-values and is less sensitive to velocity spread
of the electrons. The curved transitions between the cylindrical and
conical parts of the resonator result in reduced conversion to spurious
modes [11]. :

In this second gyrotron version, in addition to the change of the
cavity, the output window was replaced by a fused silica window in
order to alleviate problems due to window reflections. The new
window had a low reflectivity over a relatively broad frequency range
(SDW?2 in Figure 1) and it was tilted by about 0.5° with respect to the
waveguide axis. With this new tube very encouraging results were
obtained. The mode competition problem was reduced since only the
modes underlined in Figure 1 (TE7,s, TEg ) appeared as
competitors. The reduction of the window reflections for TEj; 4
(from 53% to 23%) results in a considerably larger oscillating area of
the TEj0,4 mode (see Figure 5). At high beam voltage the operation
of the TEj0,4 mode is limited by competition with the TE7 5 mode at
low Up and high U,,,q the TEg 5 mode is prefered. To achieve an
efficient interaction the tube has been operated at a beam voltage as
high as possible to ensure stable TEj( 4 oscillations.
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Fig. 5:  Oscillating area of the TEj9 4 mode with the single disk
fused silica window having a relatively wide passband.

The high-power working region was only accessible via a diode-type
startup scenario (see Figure 6) in which Ujp and U, are raised
simultaneously. Figure 7 shows the output power and the total
efficiency as a function of beam current. The magnetic field was kept
constant at about 5.6 T, while the beam voltage and mod anode
voltage were adjusted for maximum power. Care was taken that single
mode oscillation occured. A maximum output power of 690 kW has
been measured at 87 kV with a beam current of 30 A, corresponding
to a total efficiency of 26%. When the internal losses in the resonator,
uptaper, collector, window, and waveguide towards the calorimeter as
well as the voltage depression, are taken into account, the electronic
efficiency is estimated to be about 31%. The maximum total
efficiency (29%) was measured for a beam current of 23 A and
output power of 560 kW. The corresponding electronic efficiency is
about 33%. The dashed lines in Figure 7 correspond to numerical
simulations with an average velocity ratio of 0.95 and 1.05 and a
velocity spread of AB, /B, = 30% (FWHM) [10].
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2.3 Stepwise frequency tuning

In gyrotrons the frequency can be varied in the percent range by
changing the operating mode [12, 13]. Table 2 gives the frequencies
and output powers which were achieved during step-wise frequency
tuning by excitation of the azimuthal neighbours TEg 4 and TE11 4.

The tuning required a variation of the cavity magnetic field B4y and
an optimization of the beam voltage (75 < Upeam/kV < 87). P35 and
P3¢ denote the rf output power at a beam current of 25 A and 30 A
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respectively. In the TEg 4 mode a power of 420 kW was achieved at
25 A compared with 600 kW in the TEj0,4 mode. A strong
competition with the TEg4 mode at 124.96 GHz and the TE;; 3
mode at 126.24 GHz was observed. It is assumed that this effect is
supported by a high amount of reflections at the frequencies of these
modes (up to 35%) since the window is tuned to 140 GHz. Taking
realistic beam properties and window reflections into account, the
measured peak output power of the TEg 4 mode is in reasonable
agreement with numerical calculations.

Mode B, /T  flGHz  PyskW  P3kW

TE9 4 5.2 132.6 420 ;
TE10,4 5.6 140.0 600 690
TE11,4 5.9 147.3 230 300
Table 2: Frequencies and output powers achieved during step-tuned
operation.
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Fig. 8:  Oscillating area of the TEj; 4 mode.
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Figure 8 shows the oscillating area of the TE1;,4 mode in the U po4-
Uy plane. Several frequencies spaced by approximately 60 MHz have
been observed for this mode, corresponding to different longitudinal
modes of the long-line cavity formed by the gyrotron resonator and
the partially reflecting window. The maximum output power in this
case was 300 kW. In order to reduce the reflected power in a step
tunable gyrotron various types of broadband windows are currently
under investigation [14].

3 TEjo4 gyrotron with radial output coupling and
advanced quasi-optical mode converter

Radial output coupling of the rf power of a gyrotron into a Gaussian
(TEMy,0) mode has three significant advantages for high-power
operation. First, the linearly polarized TEMo ¢ mode is directly usable
for low-loss transmission as well as for effective interaction with the
fusion plasma and no further mode converters are needed. Second,
the converter separates the electron beam from the rf wave path, so
that the electron collector is no longer part of the output waveguide as
in the case of an axially arranged tube. Hence, the collector can be
designed especially for handling the high electron beam power. In
addition, energy recovery with a depressed collector becomes
possible. Third, the influence of rf power reflected from the output
window and the load is expected to be significantly reduced,
especially for modes rotating in the opposite direction from the
design mode.

The arrangement of the TEj04 mode gyrotron with a quasi-optical
mode converter is shown in Figure 9. The rotating TE10,4 cavity
mode is converted to a linearly polarized Gaussian beam by an
advanced mode conversion system designed according to [15, 16]. It
consists of a helically cut quasi-optical aperture antenna with a
deformed feed waveguide and three beam-forming mirrors (see
Figure 10). The rotating mode is converted by the feed waveguide
section into a mode mixture that assures an almost sidelobe-free
radiation pattern when launched through the antenna aperture.
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Fig. 9:  Schematic layout of a TEj9,4 mode gyrotron with quasi-
optical mode converter. Note that the launcher cut is
helical. Indicated dimensions are in mm.
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After being refocused by a quasi-parabolic mirror, that corrects the
phase in the transverse plane, an astigmatic Gaussian beam is
obtained. Two further mirrors remove the astigmatism and direct the
rf beam through the output window. The beam waist has a radius of
22 mm (1/e2 drop of power density) and is located about 12 cm
outside the window. The single disk window is made of pyrolytic
boron nitride which has a permittivity of about 4.7. The transmission
capacity of the edge cooled disk is estimated to be around 500 kW for
up to 0.3s. The electron gun and the beam tunnel are used
unchanged from the axially arranged tube. The collector and sc
magnet have been fabricated and tested. After assembly and bake-out
of the tube, first tests are expected in September 1993.

@ N .
Fig. 10 Photograph of the gyrotron tank with the advanced quasi-
optical mode converter.
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4 1MW TExe gyrotron with radial output coupling
and compact quasi-optical mode converter

In order to generate an output power of 1 MW or even more at long
pulses up to cw, modes of higher order than TEjg 4 have to be used.
The TE32 , modes with p =5 or 6 have been shown to be suitable for
output powers up to 1 MW with tolerable maximum Ohmic surface
losses (< 3 kW/cm2) in the cavity [3]. Mode competition calculations
taking into account TE2 ¢ and TE;9 7 [10, 17] show a wide region in
which the TEj2 ¢ mode should operate stably (Figure 11). The
computations clearly indicate that a simultaneous increase of beam
energy and a during the startup phase is required in order to reach
the stable high-power working point of the design mode, a feature
that was also observed experimentally with the TEjg 4 mode tube
(Figures 5 and 6) as well as in earlier experiments at 150 GHz with the
TEo,3 mode [18]. The use of a diode-type electron gun automatically
leads to a startup scenario of this type. The construction of a 1 MW
TE22,6 mode tube (pulse length 100 ms) has been started at KfK.
Some of the main design parameters are summarized in Table 3.

©W  1e22,6-TE10,7
35+
304
254
20

154

Q= 1000
10
TE19,7-TE22,6 ~~~~=--3
5_

0 T T T T T T T 1
5,460 5.480 5.500 5.520 5.540 5.560 5.580 5.600 ?.?20
B(T
Fig. 11: Region of stable TE32 ¢ mode oscillations. The indicated
points correspond to self-consistent computations.
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beam volt. Upea, 80kV . cav. radius Ry, 15.57 mm
cav. length 15 mm
beam current Ipegm <40 A quality factor Q = 1000
emitter curr. dens. < 3.6 A/cm2| velocity ratio at cav. a 1.4

mag. field at cath. 0.187 T mag. field at cav. Begy 5.5 T
cathode radius 45.2 mm beam radius at cav. Rp 7.93 mm
cathode angle 21.5° beam thickness at cav. 0.5 mm

Table 3: Design parameters of the 1 MW, 140 GHz TE32,6 mode
gyrotron employing a diode type gun with LaBg emitter.

Fig. 12: Photograph of the 3.2 MW diode-type magnetron injection
gun for the 140 GHz TEj23 ¢ gyrotron oscillator.
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The diode-type magnetron injection gun (MIG) for this gyrotron was
designed in collaboration with IAP Nizhny Novgorod and has been
manufactured and successfully tested there (o, AB)/B) and rf
generation). A photograph of the MIG is shown in Figure 12.

An improved quasi-optical launcher for a high order mode like
TE22,6 utilizing a periodically perturbed, mode-converting feed
waveguide is either so long that it will be difficult to integrate it into
the vacuum system of the tube or it needs to be operated very close to
cutoff where reflections may cause problems. Thus here the type of
feed waveguide deformations proposed in [19] will be used. The
general idea is an improvement of the two-subreflector approach,
where an initial caustic formed by rays is transformed via an
intermediate caustic into the desired final caustic. Figure 13a shows
the cross section of the deformed waveguide in the present converter
design with the circular initial caustic U, the resulting intermediate
caustic V, and the circular final caustic W, where the ray density has a
Gaussian distribution. In a three dimensional consideration four in-
waveguide mirrors provide axial and azimuthal bunching of the rays.
The rays at the aperture are launched from the final caustic W which
forms a circularly bent parallelogram with a Gaussian ray density
distribution in both directions. The phase front correction by the
quasi-parabolic mirror leads to a weak ray density alteration. This can
be compensated by a slight predistortion of the ray density on the
final caustic W. In general the total length of the converter section (N
in-waveguide mirrors) and the launcher for a TE, , mode
(eigenvalue x'r, n, wave numbers & and k) is given by the expression

1
12
X
L, = 2[75 + Narccos( 'm )]ﬁl_ m,n

k 1.4
X mn L m
arccos :
X m,n

The waveguide perturbations synthesized by means of geometrical
optics have to be analysed using diffraction theory. In our model the
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calculation is separated in axial and azimuthal directions and the
Huygens integrals are solved on surfaces depending on two dimen-
sions. In this approach it is assumed that the field is radiated from a
single caustic and it is calculated on the waveguide surfaces by means
of Hankel functions. To obtain the radiation field of the launcher the
reflected field from the last waveguide mirror surface is computed
(Figure 13b).

(a) geometrical optics (b) diffraction optics

Fig. 13: Cross section of the mode converter feed waveguide with
two in-waveguide mirrors (azimuthal bunching), caustics,
amplitude distributions (-----), and phase distributions (---):
(a) geometrical optics, (b) diffraction optics.
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Cyclotron Autoresonance Masers:
achievements and prospects of advance to
the submillimeter wavelength range
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Abstract

The cyclotron autoresonance maser (CARM) is considered as a
possible source of high-power millimeter and submillimeter coherent
radiation. At present the most acute problems of CARM creation are
formation of a curvilinear relativistic electron beam with a small spread of
velocities and parasitic modes discrimination. Results of preliminary
CARM experiments are presented as well as achievements of two recent
experimental investigations where improved electron beam pumping
systems (kickers) and high selective microwave systems were used. In
short pulse operation a power 25-50 MW was obtained at millimeter
wavelength range with an efficiency up to 10%. Proposals of modifying
electron-optical and microwave systems of CARM on the way of advance
to submillimeter wavelength range are discussed and two conceptual
projects of submillimeter CARM's are considered.
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1. Principles of CARM operation

The cyclotron autoresonance maser (CARM) [1-3] represents
simultaneously an efficient modification of two types of the short-wave
relativistic HF devices: cyclotron resonance maser (CRM) and free-
electron maser (FEM). Electrons in the interaction space of CARM
(Fig.1b) move along helical trajectories in a homogeneous magnetic field
like in another (higher-developed) CRM modification - gyrotron (Fig.1a).
By virtue of the well-developed strong homogeneous magnetic fields
technology the cyclotron frequency of the electron oscillations @, can be
very high. Besides, electrons in CARM interact at the conditions of the
cyclotron resonance with an electromagnetic wave propagating unlike in
the gyrotron not across but nearly along particles translation motion. So,

at relativistic translation velocities of electrons V), the wave frequency
greatly exceeds the cyclotron frequency due to the Doppler effect:
@
o~n—28
1-8, / Bon
In formula (1) B, =V,/c and B, =V, [c are the normalized

M

translation velocity of particles and phase velocity of the wave,
respectively. It is well-known that the same effect provides high-frequency
properties of another FEM modification - ubitron, where electrons move in
a space-periodic magnetostatic field (Fig.1c). However, creation of a
strong short-period magnetic field is essentially more difficult than of the
homogeneous one. As a result, at the millimeter and submillimeter

wavelength range the CARM requires particle energies significantly lower
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than those for the ubitron, and magnetic fields smaller than those for the
gyrotron. According to this, in a number of cases CARM seems to be an
optimal solution [4-9].

Figure 1. Simplest schemes of: (@) CARM, (b) gyrotron, and
(c) ubitron
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2. Electron-optical and electrodynamic problems in the
elaboration of the effective CARM

Besides the Doppler frequency up-conversion, another consequence of
the quasi-longitudinal propagation of the wave in CARM (when the wave
phase velocity is close to the velocity of light) is partial autoresonance
[10,11] compensation of the variation of cyclotron frequency Aw,, by the
Doppler shift A(hV},). By virtue of this compensation the electrons
resonantly interact with the wave even at considerable variations of their
energies and CARM efficiency at large enough rotational velocities of
particles B, ~ yl(y=¢ / mc? is relativistic factor of electrons) can be
some tens per cent. It is due to the same reason that CARM is
characterized by small sensitivity to particle energy spread. But like other
FEL's and FEM's, CARM is very sensitive to the spread in the pitch
angles of particles. Indeed, the spread is acceptable only when the phase
shifts of various electrons © =(w-hV, - w,,) L/V, during their
interaction with the wave differ from one another by less than 2x. This
imposes the following restriction

B 1 @
B, 4N
2
where N is the number of gyrorotations, b = A isa

2ﬂllﬂph (1 “ﬂu /ﬁph)

parameter characterizing electron recoil during radiation. Numerical
calculations confirm estimation (2).
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Thus, in order to attain high electron efficiency in CARM, the
electron-optical system must produce an electron beam with a sufficiently
great rotational velocity of particles at the small spread. The beam may be
tubular, plane or thin-solid depending on the type of the microwave system
and operating mode.

Another problem that is essential in realization of an efficient CARM
is suppression of excitation of the parasitic modes. The gyrotron and
backward waves are usually most difficult to suppress. In principle, this
problem can be solved by using as an operating mode a lower mode of a
regular waveguide in the regime of tangential dispersion characteristics of
the wave and of the beam, or in a regime close to it. In a number of cases
it appears more natural to employ higher modes, although this requires,
generally speaking, development of effective methods for suppressing low-
frequency generation, for example, a use of an open waveguide as a highly
selective microwave system .

3. Experimental investigations of CARMs at millimeter
wavelengths

Early experiments [12] demonstrated the short-wave properties of
CARM. For relatively low energies of 350-600 keV and magnetic fields of
1020 kOe, the chosen modes: H,,H,, and H,, of cylindrical
resonators with Bragg mirrors were excited selectively at the wavelengths
ranging from 4.5 mm to 2.4 mm with the output power on the order of
10 MW,

A high amplification coefficient in the absence of parasitic
generation was obtained in the joint experiment of the Institute of Applied
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Physics of the Russian Academy of Sciences (IAP) and the Institute of
High-Current Electronics on the first CARM-TWT [13,14]. The
experiment was performed on the high-current direct-action "Sinus-6"
accelerator employing an electron beam with energy 500 keV, current 0.5

KA and pulse duration 25 ns. The H,, -mode of a circular waveguide in

the regime of tangential dispersion characteristics of the wave and beam
was used as an operating mode. The amplified external signal with the
wavelength 8.2 mm was injected into the operating waveguide by means of
a directional coupler. The amplification amounted to 30 dB with the
maximum output power 10 MW and efficiency 4 %. Similar results were
obtained in the investigation of the CARM-TWT in MIT [15].

New experimental investigations of CARM-generators are now
carried out on the "Sinus-6" accelerator at IAP and on the LIA-unit at the
Joint Institute of Nuclear Research (JINR). These investigations are aimed
at producing efficiencies that will be much higher than those in the early
experiments. For this purpose improved kickers are used to provide greater
rotational velocities f, =~y ! with smaller spread and the spread
influence is decreased by shortening the length of the interaction space
down to N~5-7.

In the joint experiment of the IAP and JINR that was carried out at
the LIA-unit in Dubna a thin solid electron beam with energy 1-1.2 MeV
and current 300-500 A produced in a co-axial diode with magnetic
insulation was used [17]. The beam acquired the rotational velocity
B, <0.3 in the kicker in the form of two rectilinear currents of opposite
directions which were located perpendicular to the beam on its both sides
at the distance of a half of the Larmor step 1/2 L, from one another
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(Fig.2). The lower H,, -mode of a cylindrical Bragg resonator 10 mm in

diameter was used as the operating mode.

Two generation regimes were realized in the experiment. In the first
regime (point 1 in Fig.2b), the electron energy was 1.2 MeV and the
n/lagnetic field 10 kOe. Correspondingly, the dispersion characteristics of
the beam and the wave intersected in two points. With sufficiently great
reflection coefficients and short length of the interaction space the
operating mo@e with the wavelength 44 mm was excited. However,
besides that mode a rather powerful radiation at close frequencies was also
observed throughout all the band of cyclotron resonance A f ~20% and
did not disappear even without Bragg mirrors. The radiation power at the
operating wavelength was 50 MW with efficiency 8 %.

In the second regime (point 2 in Fig.2b), the electron energy was
1.0 MeV and the magnetic field, 7 kOe. The dispersion characteristics of
the electron beam and of the wave did not intersect (the characteristic of
the beam was slightly lower than the tangential point). In that case the
power of parasitic radiation was much lower and the radiation efficiency
at the 6-mm wave corresponding to high-Q oscillation of Bragg resonator
was higher: the radiation power amounted to 30 MW with efficiency 10%.

Experiments performed at the "Sinus-6" accelerator employed a thin
tubular electron beam having the energy of 400 keV and current 600 A
that was produced in a co-axial diode with magnetic insulation [16].
Special attention at the new stage of this experiment was paid to
investigation of the quality of the electron beam, formed in the field
emission injector as well as to improvement of the microwave system.
Initially rectilinear tubular electron beam having thickness 0.3-0.5 mm
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Figure 2. (a) Scheme of CARM with Bragg resonator: 1-cathode; 2-

electron beam; 3-kicker in the form of two rectilinear currents; 4-Bragg
resonator; S-sectioned solenoid; 6-copper ring (magnetic screen) for
magnetic field attenuation that provides electron collection; 7-vacuum

window; () Brillouin diagram.
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acquired rotational velocity #, < 0.6 in the kicker in the form of one or

two coils that were co-axial to the beam.
A two-coil kicker had the coils with opposite directions of current that
were placed inside and outside the beam at the distance ~ 1/2 L, (in the

longitudinal direction) from one another (Fig.3). This kicker formed a
transverse component of the magnetic field pumping electrons that was
sufficiently homogeneous through the radius at the electron passing space.
So, a position spread of particles (due to a finite thickness of the beam)
would lead to an insignificant spread in the particles' rotational velocities
at the kicker output. The. calculations show that for a rectilinear 0.5 mm
thick beam of electrons, moving initially strictly along the axis, the
rotational velocity spread of the electrons at the output does not exceed
1-3 % in the wide band (= 50 %) of the magnetic guide field.

A one-coil kicker had only the outside coil, and, according to the
calculation, imparts to electrons of the 0.5 mm thick rectilinear beam the
operating rotational velocity with 17 % spread.

However, the advantage of the two-coil kicker disappears if electrons
initially have no spread in the radii of guiding centers but the thickness of
the beam is caused by existence of initial rotational velocities of particles
leaving the edge of the field emission cathode under some angles to the
guiding magnetic field. In this case, if phases of the gyrorotation of the
particles are uniformly mixed over (0, 27) and a maximum value of the

initial rotational velocities equals to S, ,, at the input then the values of
electron rotational velocities will liec between S, —B., and
Bl + B after akicker.
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Figure 3.  Scheme of the 36 GHz CARM: 1-double cathode;

2-¢lectron beam; 3-two-coil kicker; 4-solenoid; 5-short reflector;

6-operating section; 7-Bragg reflector, 8-copper ring (magnetic screen);
9-vacuum window.

The value of the rotational velocity spread in the electron beam after
the two-coil kicker was measured in the experiment. Moving a thin
graphite disk along the longitudinal axis Z (Fig.4) we measured the current
passed over the disk at fixed values of the magnetic field, the electron
energy and the kicker coils current. For a perfect thin electron beam
without any spread in the rotational (and, correspondingly, in the
translation) velocities of particles (Fig.4a) the dependence of the passed
current on the distance Z;, looks like a step-periodical function with the
period equal to the Larmor step (Fig.4b). The particles' trajectories begin
to mix in the presence of the translation velocity spread and at the
difference between gyrophases 7 the beam become homogeneous along Z-
axis of about the Larmor diameter thickness (Fig.4c). The trajectory
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Figure 4. (a) An electron beam without any spread in the two-coil
kicker; (b) Current passed over the disk for the perfect beam vs distance
to the disk.
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analysis shows that the experimental resuits (Fig.4d) correspond to the
value of the rotational velocity spread in the beam of about 20 %. In the
case of the two-coil kicker this spread value can be explained by the
presence of parasitic initial oscillations in the beam of magnitude up to
B =0.05. Experiments on realization of the CARM-oscillator employing

this electron beam showed insignificant difference in the level of the
obtained efficiency at using of the one-coil and two-coil kickers, which
also proved the truth of stipulating large particle velocity spread by the
presence of the essential initial oscillations in the electron beam provided
by the field emission injector.

A sufficiently high mode of a cylindrical waveguide H,, was used as

an operating mode of the CARM-oscillator. In this case, as seen in the
Brillouin diagram (Fig.5), the parasitic excitation of lower modes at the
quasi-critical frequencies (especially H;, mode according to the
preliminary calculations) presents a serious danger. That is why special
measures to prevent the gyrotron low-frequency generation were taken.

A 2° tapered section of a conical waveguide was used as an operating
part of the CARM cavity (see Fig.3), and allowed to increase considerably
start current of the parasitic oscillation in compare with the case of the use
of a regular cylindrical waveguide. Start current of the operating mode
increases in a much smaller degree and, according to the calculations, due
to favorable distribution of the operating wave phase velocity, the electron
efficiency grows 1.8 times and reaches 30 % at the consideration of the
electron beam without velocity spread of particles.The "hot" experiments
confirmed the danger of the gyrotron generation and the possibility of its
suppression using the conical section.
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Figure 5. Brillouin diagram of the 36 GHz CARM

A new thing in this experiment was employment of a very short
reflector for the operating mode (see Fig.3) [18]. The operation principle
of such a reflector is based on the resonance reflection from a subsidiary
cavity of the operating wave connected with an eigenmode of this cavity
(in this case £, mode). The use of this short reflector at the cathode side

of the CARM cavity allowed to essentially shorten the oscillating electron
beam length, what simplified the gyrotron excitation suppression. The
cathode-side reflector provides a reflection of the H. s; mode in frequency

tand of about 2 % with maximum reflection coefficient close to 100 % at
36 GHz frequency.
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On the collector side of the cavity, where the electron beam was
collecting on the walls, a comparatively long traditional Bragg reflector
with the 5 % frequency band and 85 % reflection coefficient was used.

The frequency f = 36 GHz and the quality Q ~ 1000 of the two-
reflector CARM cavity were measured in the "cold" microwave
experiments and were in a good agreement with the calculations.

As a result of the "hot" experiments the generation of the H;, mode
at the operating frequency 36 GHz (the wavelength A = 8.3 mm) with
maximum output radiation power of 25 MW (corresponding efficiency
above 10 %) was obtained. HF energy in a radiation pulse (Fig.6) was
measured by a calorimeter and the pulse shape and duration which was.
10-15 ns were controlled using a crystal microwave detector. When the
particle rotational velocities was larger than 8, = 0.45 the gyrotron low-
frequency generation with the power 2-3 times higher than in the operating
mode and the radiation pulse duration 20-25 ns approximately equal to
that of the current pulse was observed. Besides, at the operating regime
insignificant admixture of higher frequency radiation with the wavelengths
up to 4-5 mm (Fig.6b) was observed. The parameters of this radiation
depended weakly on the microwave system. Because of a rather large
electron rotational velocity the higher cyclotron harmonics radiation could
occur like if"some other CARM experiments [19].

4. Possibilities of advance into submillimeter wavelengfh rangé

The use of the axial-symmetrical Bragg cavities (in the form of
circular waveguide section) in the CARM-oscillators driven by thin solid
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Figure 6. Experimental results of the 36 GHz CARM investigation:
(a) energy in a radiation pulse vs guiding magnetic field,
(b) Peak radiation power measured by a crystal detector vs the magnetic
field: ¢ radiation at the operating wavelength; e radiation at wavelengths

less than 8 mm.
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or tubular electron beams allowed to obtain HF radiation with high level of
the power within all range of millimeter waves. The shortest wavelength of
1.2 mm was obtained in the experiment [7], where the output radiation
power amounted to 50 MW at the efficiency 3 %. This result, as well as
our recent achievements, encourage us to develop all the submillimeter
wavelength range.

At the advance into the submillimeter range a microwave system of
CARM inevitably should become more overmoded and the problem of
parasitic generation more acute. Under such circumstances, apparently, it
is more expedient to give up the axial symmetry and to move on to more
selective - open from sides - microwave systems, namely, to cavities where
quasi-plane waveguides (Fig.7a) and quasi-plane reflectors of various
types (including Bragg ones) (Fig.7b) are used. As operating modes of
these cavities having small losses H-modes with the electric field parallel
to the plane of symmetry (Fig.7a) should be used. For modes composed of
rays propagating across Z-axis, as well as for along-propagating waves in
the frame moving with their group velocity this quasi-plane waveguide
looks like an open two-dimensional cavity. If the Fresnel parameter for any
mode of the waveguide is small

b*v
8ra’

<1 3)

F=

then this mode will have high diffraction losses and small Q-factor. In
formula (3) a and b are waveguide cross-section dimensions (see Fig.7a),
and v~nn is the transverse wavenumber of the n-th mode. One can use this
circumstance for discrimination of the low-frequency gyrotron modes in
CARM operating at a high-order mode.
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Figure 7. (a) open quasi-plane waveguide and its first H-mode;

(b) Scheme of a submillimeter CARM.

Such an open microwave system gives flexibility in choosing a
scheme of CARM. For example, there is a simple possibility to bend this
open waveguide in the plane of symmetry with a comparatively small
radius without operating wave losses, which allows to effectively solve the
problem of splitting electron and microwave beams (Fig.7b).
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As an example we consider a submillimeter CARM project based on
employing existent high-current accelerators with electron energy
1.5 MeV, current about 100 A and moderate value of the magnetic field
40 kOe. At sufficiently high Doppler frequency up-conversion the
wavelength A=0.8 mm should be reached using a microwave system
similar to one described above and a solid electron beam about 1 mm
thick. We intend to impart the necessary rotational velocity #, = 0.25 to
electrons of initially rectilinear beam in a kicker formed by two wires like
in experimsnt [17]. For the effective CARM operation the value of initial
oscillations in the beam should not exceed S, ,, = 0.01. As an operating

mode, the third mode of the open quasi-plane waveguide (see Fig.7a) with
the height a 10 times larger than the wavelength is intended to be used.
The waveguide width b and their surfaces curvature radius are chosen so
that the operating wave propagates with small losses but the first mode (in
this case this very mode is dangerous as the parasitic gyrotron one) at
frequency close to the cutoff is unstable, because its Fresnel parameter is
three times smaller than those of the operating mode. By virtue of the
possibility of splitting electron and microwave beams the feedback in the
CARM-oscillator should be simple to realize. A 100% reflection blind
metal mirror on the cathode side, a 80% Bragg reflector on the collector
side (Fig.7b) and an operating waveguide section of about 150\ length
should provide necessary Q-factor of the cavity and the optimal for
CARM operation length at the current 100 A. A sufficiently small
coupling coefficient in the Bragg reflector, i.e., small corrugation of its
surface provides a narrow frequency band of the reflection, which allows
to select a single longitudinal mode of the cavity and obtain a single-
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frequency efficient operation. According to the calculations, the efficiency
of the CARM-oscillator and the output radiation power amount 20% and
30 MW, correspondingly, without the particle velocity spread, and 10%
and 15 MW at the spread AB, / §,=0.1.

Using an accelerator with higher electron energy up to 2 MeV and
enhanced magnetic field of 120 kOe it should be possible to create a
powerful submillimeter CARM at 1.5 THz frequency (wavelength of
0.2 mm) for a-particles diagnostics of fusion plasma that has been
announced to be necessary for ITER. In this CARM project, we consider a
comparatively low current (10-12 A) and a very thin (0.2-0.3 mm in
diameter) electron beam produced by strong compression in the tapered
magnetic field. A microwave system similar to one described above
providing small losses for an operating mode can be chosen. Because of a
relatively low electron current the first H-mode of the open waveguide
concentrating near the beam should be used as the operating mode. It is
due to the same reason that the operation section length normalized to the
wavelength and the Bragg mirror reflection coefficient should be increased
up to 450X and 90%, correspondingly, and the waveguide height decreased
to 6A in compare with the previous project. At solving electron-optical
problems and producing the electron beam with rotational velocity of
particles up to 8, = 0.2 with the spread less than 5-7 % the 1.5 THz

CARM of megawatt level radiation power could be realized.
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TUNABLE SOURCES OF MICROWAVE
RADIATION

G. Nusinovich, B. Levush, T. Antonsen, Jr.,
A. Bromborsky; and V. Granatstein
Laboratory for Plasma Research

University of Maryland
College Park, MD 20742 USA

1 Introduction

For many applications of high-power microwaves the frequency tun-
ability of microwave sources is very desirable. Among these are such
applications as plasma heating and current drive as well as suppres-
sion of plasma instabilities.

In principle, the development of frequency tunable microwave
sources has a very long history. However, in the last decades, when
microwave sources driven by relativistic electron beams and gyrode-
vices were developed, this issue in new devices was not studied sys-
tematically enough.

The purpose of this paper is to consider in a more or less general
manner the frequency tunability of high-power sources of microwaves
and to illustrate this consideration with a number of examples show-
ing the tunability in relativistic backward-wave oscillators, free elec-
tron lasers and gyrotrons.

*U.S. Army Research Laboratory, Adelphi, MD
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2 How the operating frequency can be tuned

In general, all means that can be used for frequency tuning can be
split into two classes: electronic means that affect the electron beam
and mechanical means that affect the microwave circuit. A tradi-
tional method of electronic tuning which is widely used in backward-
wave oscillators is variation of the operating voltage. In microwave
sources based on coherent Bremsstrahlung radiation of electrons os-
cillating in external magnetic fields (gyrodevices, free electron lasers)
not only voltage but also magnetic field variation can be used for
frequency tuning. The methods of mechanical tuning include those
shown in Fig. 1 as sliding walls of resonator structures, variable dis-
tance between two mirrors of open resonators, ‘accordion’-like and
‘periscope’-like slow wave structures, tuning probes, etc.

For a slow time scale frequency tuning (in milliseconds and slower)
all methods can be used. For fast tuning in frequency agile microwave
sources, obviously, only the tuning by deviation of the voltage is
available.

To illustrate the methods discussed above it is reasonable to look
at the dispersion diagrams shown in Fig. 2. In Fig. 2a the fast-wave
interaction is shown, which is typical for such fast-wave devices as
free electron lasers and cyclotron resonance masers (including gyrode-
vices). Here the dispersion curve of a smooth waveguide is described
by the equation

w? = c? (kY +K2) (1)

and the beam line corresponds to the condition of the resonance be-
tween electron oscillations in external static fields and Doppler-shifted
frequency of the electromagnetic (EM) wave

w— kv, = sQ. (2)

In Egs. (1), (2) w, ki and k, are, respectively, frequency, transverse
and axial wavenumbers of the EM wave, v,, Q and s are electron
axial velocity, oscillation frequency and resonant harmonic number.
As follows from Fig. 2a there are possible resonant interactions with
forward (k, > 0) and opposite (k, < 0) waves. The partial case is
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the operation near cut-off (k, < w/c), which is realized in gyrotrons
and involves interaction with both waves.

In Fig. 2b the slow-wave interaction is shown, which is typical for
such slow-wave Cherenkov devices as traveling-wave tubes (TWTs)
and backward-wave oscillators (BWOs). Here the dispersion curve of
a periodic slow-wave structure, which is usually a circular waveguide
with rippled metallic walls, depends on the period, d, and the height,
6, of ripples. In such a structure the EM field can be represented
according to the Floquet theorem as the superposition of spatial har-
monics, E = Yoo Eyei@r/d)z and correspondingly, the condition of
Cherenkov synchronism between electrons and the wave can be writ-
ten as

W = (L20+-e2;) Vz, (3)

where k¢ is the axial wavenumber of the zero harmonic. In backward
wave oscillators this condition is valid for the first spatial harmonic.
In Fig. 2b there are shown the cases of electron interaction with the
traveling wave at the zero harmonic and with the backward wave at
the first harmonic (for the last wave the group velocity, vy, = dw/ dk,
is negative).

From these simple pictures one can make two quick conclusions:

1. The most attractive operation for frequency tuning is that of
TWTs in the middle of their passband when in a large frequency
band the condition of the beam line grazing to the dispersion
curve, vy, = v, is fulfilled. Also attractive is operation of fast-
wave devices with traveling waves near grazing points. For fast
waves the grazing condition can be written as v,,v, = c2, where
the phase velocity, von = w/k;, relates to vy, as Vpavg, = c2.

2. The less attractive for frequency tuning is operation at ends
of the passband (near cut-off, at 7— and 27— points, where
k. = 7/d and 27 /d, respectively).

The grazing condition can be realized only in traveling-wave ampli-
fiers which are more complicated devices than oscillators. Second,
this operation can be very sensitive to electron velocity spread. On
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the other hand, the operation near cut-off can be realized in more
simple oscillators. When such oscillators (like gyrotrons) have an ex-
tended interaction space, the frequency spectrum of available modes
is very dense. Therefore, by changing the operating voltage or mag-
netic field one can hop from one mode to another, i.e. realize a
frequency step-tunable oscillator. From this point of view, operation
of oscillators based on excitation of backward and opposite waves can
also be quite robust and effective. We distinguish here the two cases
because for backward waves vy, > 0 and vy, < 0, s0 Tpp T| ¥y, While
for opposite waves vy, < 0 and vy, < 0, 50 Ty T Ty

3 General formalism

To analyze the frequency tunability of the microwave sources one can
use a simple and quite general formalism which is based on consider-
ation of Egs. (1)—(3). Note that although Eq. (1) was written for fast
waves it is also valid for the zero spatial harmonic of the slow wave
if we consider operation which is far from 7-point.

Let us combine the resonance conditions given by Egs. (1), (2)
into one by presenting it in the form

w — kv, = sQ, (4)

where k,; = k;0 + £(27/d) and for fast-wave devices £ = 0, s # 0
while for slow-wave Cherenkov devices £ # 0 and s = 0. Then from
Eq. (1) one can find relation between changes in frequency and axial

wavenumber:
Akzo _ 1 Aw

kzO - h2 _w—, (5)
where h = k,oc/w is normalized axial wavenumber. Using Eq. (5)
one can find from Eq. (4) the effect of variation in all parameters on
the frequency tuning:

Aw B0\ _ w=—3sQ Av, 2T v, Ad s AQ
()= g 2T T ©

Here, 8,0 = v,0/c is the initial axial electron velocity normalized to
the speed of light. The grazing condition v,,-v, = ¢? corresponds here

w
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to h = B,0. So, this is the case when the coefficient of Aw/w is equal
to zero. This means that for operation near grazing condition one
has to take into account second order terms proportional to (Aw/w)?
that give the frequency tuning

Aw Av \V2 A\ AQ\Y?
()~Ca &) &)
which is much larger than in the general case described by Eq. (6).
Equation (6) describes the effect of possible variations in electron
axial velocity, period of a slow-wave structure and electron oscillation

frequency on the opérating frequency of any microwave source. Now
let us consider this effect in a number of high-power microwave tubes.

3.1 Backward wave oscillators.

In linear electron beams the voltage variation, AV, causes the varia-
tion in electron axial velocities, Av,, which are related as

Av, 1 AV
v.0 Yo(0+1) V°
From here it follows that effects of electronic and mechanical tun-

ing in relativistic BWOs cause the frequency shifts according to the
following formula:

(7)

A, Ad
- 2B (8)

£(1+ B0 )_ 1 AV
w Vi—-k2/ - v(p+1l) V

Here k = k) ./w is normalized transverse wavenumber and 79 = 1 +
eV/mc? is the initial relativistic factor of electrons. From Eq. (8)
it follows that as the voltage grows, the electronic tuning described
by the first term in the RHS of Eq. (8) becomes less efficient since
the electron velocity remains close to the speed of light even at large
+ variations in voltage.

Consider, for example, a relativistic BWQO with the operating volt-
age in the range of 500 kV (7o ~ 2) and the ratio of the wavelength
to the slow-wave structure period, A\/d = 1.5 that corresponds to
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the operation in the middle between m— and 27— points. For these
parameters Eq. (8) gives us l

Aw AV Ad
- = 0.05—7 - 0.39-—‘2—, (9)
that shows that mechanical tunability caused by variation in the

structure period is more efficient than the electronic one.

3.2 Gyrodevices with traveling (forward and opposite)
waves

In contrast to linear beam devices (like TWTs and BWOs) in gy-
rodevices beams are used in which electrons move in the external
homogeneous magnetic field along spiral trajectories. In the general
case shown in Fig. 3 the magnetron-type electron guns used in gy-
rodevices are double anode. The voltage applied between the cathode
and the first anode is called the modulation voltage, V;;, and the volt-
age applied between the cathode and the second anode (resonator) is
called the beam voltage, V. Correspondingly, using the elementary
adiabatic theory of electron beams formed in such electron guns [1]
one can find the effect of variation in V,, and V}, on the axial velocity
of electrons:

Av, _ 1+a® AV, AV, (10)
v, T+l W Vim

Here a = v, /v, is ratio of orbital to axial components of electron
velocity. For single-anode electron guns it is enough to assume in
Eq. (10), AV, [V = AV, [V,

Substituting Eq. (10) into the general Eq. (6) with £ = 0 one can
easily derive a corresponding formula for gyro-traveling-wave devices.
We will present here only its simplified version for constant magnetic
fields which describes the frequency agility of these devices, i.e. the
effect of frequency tunability caused by voltage deviation:

Awh=f0 | 1+a®  1-hfBoy0 -1 AVb_azAVm (1)
w kB |70(0+1) hB.0 70 |73 Vm
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Here the second term in square brackets accounts for the voltage
dependence of electron cyclotron frequency. Recall that in the case
of operation with opposite waves h is negative.

Let us illustrate this equation by considering a relativistic elec-
tron beam (yp ~ 2, a = 1) interacting with traveling waves with
normalized axial wavenumber |h| = 0.4. In the case of a forward-
wave gyro-TWT Eq. (11) gives us

Aw AV, AV,
(—;—)f = 0.77/;— + 0.4657m— (12)
and in the case of an opposite-wave gyro-TWT
Aw) AV, AVp,
—) =-0.28 + 0.1 . 13
( w op I/b Vm ( )

Comparing Egs. (12), (13) with Eq. (9) one can conclude that the
strong dependence of the relativistic electron cyclotron frequency
on the voltage leads to larger voltage tunability of relativistic gyro-
traveling-wave devices than that of linear beam backward-wave tubes.

In quasioptical gyrotrons where two-mirror open resonators are
used it is also possible to tune the frequency mechanically be chang-
ing the distance between mirrors, L (see Fig. 1). The modes of such
resonators are formed by electromagnetic waves propagating between
mirrors. Correspondingly, the mechanical tunability may be esti-
mated by a simple formula:

Of course, for gyrotron operation this mechanical tuning must be
supplemented with magnetic field variation.

4 Free Electron Lasers (FELs)

In FELs electrons oscillate in a periodic external magnetic field with
the frequency Q = 27v,/d,, where d,, is a wiggler period (wiggler is
a set of magnets or solenoids producing a periodic magnetic field).
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When the pitch-ratio of electron velocity components, «, is small
enough (a? < 1) the tunability of traveling-wave FELs with variable
wiggler period can be described by the following equation:

Aw ( ﬂzo) 1 AV, Ad,,
—(1-—=) = . — (1= hBy) —. 14
w h 70(70 + 1) ‘/b ( :3 0) dw ( )

For instance, when the operating voltage is the same as in pre-
vious examples (7o =~ 2) and FEL operates with the frequency up-
conversion w/€) = 2 that corresponds to excitation of the forward
traveling wave with h ~ 0.58, Eq. (14) gives us

Aw AV, Ady,
= —0.376‘7b + 1.13 4 (15)

So, again, one can conclude that for these parameters mechanical
tuning is, in principle, more efficient than the electronic one.

5 Effect of frequency tuning on the efficiency

For operation of practically all sources of microwaves the important
parameter is a detuning of synchronism between electrons and EM
waves. Given above Egs. (2)-(4) describe the exact synchronism,
however, efficient operation of electron beams with EM fields in such
devices as TWTs and BWOs, gyrodevices and FELs usually takes
place at a certain mismatch of synchronism, which corresponds to
formation of electron bunches in the decelerating phase of the EM
field. Since the frequency tuning may change this mismatch it can
lead to degradation in the efficiency of operation.

To study this effect it is necessary, in principle, to analyze a set
of equations which describe the operation of a microwave tube and
are different for every specific device. However, there is, at least, one
specific regime of operation when all devices discussed above can be
described by the universal set of equations. This regime is often called
‘operation with the dominant inertial bunching’ [2] that means the
operation when small changes in electron energy caused by interaction
with the EM field lead to significant phase bunching of electrons.

10 — 3.K-185. T. 2. 719



Introducing this phase according to Eq. (4) as 8§ = (w — kv, — sQ)t,
one can present the corresponding set of equations for traveling wave
devices in the form:

= Re(Fe'?)

{d%+zAF = +1 27 edg,. (16)

Here dimensionless axial coordinate ¢, mismatch A and field ampli-
tude F are normalized to the beam current parameter. Interaction
with the forward wave is described by the equation for wave excita-
tion (14b) with sign + in its RHS and the corresponding boundary
condition is F({ = 0) = Fp. Interaction with the backward/opposite
wave is described by this equation with sign — in its RHS and the
boundary condition F({ = (out) = 0. For electrons in both cases
the boundary condition is homogeneous distribution in phases at the
entrance: 8(¢ = 0) = 6y where 0 < 6p < 27.

Integrating Eq. (16) one can determine the normalized efﬁc1ency

27 10
) de 1
1= 5r [ T lemtobo (a7
which is related to the electron efﬁciency, 7, as

n = Cvo(70 + 1) (18)

where C is the Pierce parameter (C3 is linearly proportional to the
beam current and the coupling impedance of electrons to the EM
field). The expressions for the Pierce parameters can be found: for
linear beam Cherenkov devices - in [3], for gyrodevices - in [4], for
FELs - in [5].

When the normalized efficiency is optimized with respect to the
mismatch A in the operating point, the variation in parameters around
this point,as follows from Eq. (18), affects on the electron efficiency

as
An_ 20+ D(r=-1) AW AC

= . 19
1wt % T C it
Here the last term in RHS should be analyzed for a specific microwave
tube.
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6 Examples of frequency tunable designs

6.1 Relativistic BWOs with mechanical tuning

Let us consider two kinds of tunable slow-wave structures for rela-
tivistic BWOs. The first one is an accordion-like structure shown in
Fig. 1. It can be manufactured as bellows. Since the total length of
the structure is constant, the variation in its period causes variation
in the height of ripples. For the rippled-wall radius

R=Ro{1+6-cos (-2%2)} (20)
this corresponds to the condition
2
d [1 - (71'6%9) ] = const. (21)

The second structure is a periscope-like structure also shown in
Fig. 1. It may consist from N sliding elements. Each of them contains
one period of the structure with the fixed height. In such a structure
the variation in its period, d does not affect on its ripples height.

These two kinds of slow-wave structures were studied using the
code described in [6] for a 1.5 GHz frequency range relativistic BWO
driven by 500 kV, 100 A electron beam. Results are presented in
Fig. 4, where the operating frequency is given as the function of
the period of slow-wave structure for three cases: one is accordion-
like structure with variable height, 6, two others are periscope-like
structures with two particular values of the height §. From Fig. 4 it
follows that the most efficient version is the periscope-like structure
with § = 0.273. The coupling of this structure to electron beam
depends on its period very slightly. In such a structure the 40%
change in the period leads to the 13% frequency tuning.

6.2 Sheet electron beam tapered FEL with the elec-
tronic tuning(7]

This design has been studied in the frame of the program of the
development of 94 GHz FEL with a sheet beam configuration at the
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Laboratory for Plasma Research, University of Maryland. The 10-13
A, 500 keV electron beam with the cross-section 0.1 x 2 cm? is placed
into rectangular waveguide 0.32 x 4 cm? operating at the TEq;-mode.
The wiggler parameters are: total length 200 cm, the length of the
first, untapered section 74.5 cm with the period d,= 0.96 cm, the
wiggler field is about 5 kG.

The results of the study of frequency tunability are presented
in Fig. 5 where circles show results of voltage optimization at each
frequency when the beam current is fixed (10 A) while diamonds show
results of both voltage and current optimization for the maximum
efficiency, at each frequency. Figure 5 a shows the optimal voltage
as the function of frequency. Figure 5b and c show, respectively, the
corresponding dependence of the efficiency and output power (for 1
kW input power). Here the optimal current is 12-13 A. The results
presented demonstrate 20% tunability with more or less the same
efficiency and output power.

6.3 Frequency step-tunable gyrotron [8]

As it was mentioned above, in gyrotrons with over-moded resonators
operating near cut-off it is possible to provide the frequency step-
tuning by varying the voltage or external magnetic field, and corre-
spondingly, hoping from one mode to another. Since for millimeter-
wave gyrotrons superconducting solenoids with a large inductance are
used, the typical time of frequency tuning by magnetic field variation
is very large. Even when an additional coil with a low inductance is
used for this purpose, the typical time scale of magnetic field varia-
tion in a few percents is hundreds of milliseconds or more. Such a
version of frequency step-tunable gyrotrons has been considered in
[9].

Below we will consider the tunability of gyrotrons by changing op-
erating voltages that can be realized much faster. Results presented
in Fig. 6 show the map of oscillations for a 140 GHz, MW-level gy-
rotron operating in the TEsg 3-mode and its neighbors (TEs; 3- and
TE49,3-modes). The frequency separation between these modes is
about 2% that corresponds to significant changes in the region of
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microwave power deposition to plasma in large-scale tokamaks like
ITER.

It is supposed that the beam voltage can be varied from 50 to 100
kV and the modulation voltage (see Fig. 3) up to 30 kV. The beam
current is about 50 A, and the pitch-ratio, a, at V3, = 80 kV is 1.5.
Other details of this design are given in [8].

Results presented in Fig. 6 show that each of these modes (0
mode is TEs03, +1 mode is TE5;,3, —1 mode is TE493, etc.) has
the region of stable operation where the orbital efficiency can exceed
60% (orbital efficiency shows efficiency of extraction of the energy of
electron gyration). These regions are shown by hatched curves Fig. 6.
Superimposing these three curves one can find voltages corresponding
to efficient operation at each of these three modes. Note, that there
will be an overlapping of hatched curves that means an existence of
hysteresis phenomena. This means that in the region of overlapping,
when voltage rises the higher mode operates with a larger efficiency
and when the voltage falls the lower mode operates with a smaller
efficiency.

7 Conclusion

Basic possibilities to realize the frequency tuning in high-power sources
of microwaves have been considered above in a quite simple and gen-
eral manner. This consideration was illustrated with a number of
examples showing different versions of frequency-tunable microwave
devices.

This work was supported by US DOE and US Army Research
Laboratory.
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HARMONIC CONVERTER AS A HIGH-POWER SOURCE
FOR PLASMA HEATING AND CONTROL

J. L. Hirshfield
Omega-P, Inc., 2008 Yale Station, New Haven CT 06520 USA; and
Physics Department, Yale University, New Haven CT 06511 USA

Abstract

The theory- for production of
power at a harmonic of the rotation
frequency of a spatiotemporally
modulated gyrating electon beam is
reviewed.  Simulations showing the
evolution of beam parameters in a
2.856 GHz cyclotron autoresonance

accelerator used to create the
required beam for a harmonic
converter are given, including

estimates of the effects of dc space
charge. Parameters derived from
nonlinear multimode simulations
are given for a megawatt-level 140
GHz, 13th harmonic device suitable
for plasma heating.

I. Introduction

It has been evident for several
years that high-power mm-wave
gyrotrons have proven difficult to
bring into practice. This is due to
(a) the presence of serious mode
competition in large-diameter over-
moded resonators that are needed to
accomodate high voltage beams and
bring thermal wall loading down to
acceptable levels, (b) diminution of
potential efficiency due to irredu-
cible axial velocity spread on high
current beams, and (c) arduous
spent beam collector designs needed
to dissipate the huge unused beam
energy. Yet mm-waves have
proven useful in fusion energy
research for plasma pre-ionization,
bulk heating, profile control, and
instability quenching.  As tokamak
parameters demand higher mm-
wave powers at shorter wave-
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lengths, the problems with
gyrotrons will only magnify. This
paper outlines an alternative to the
gyrotron that may circumvent some
or all of these issues, and thereby
help to allow mm-waves sources to
continue to play a significant role
in fusion energy research.

This paper is organized as
follows.  Section II reviews linear
and nonlinear theory and numeri-
cal simulations for the generation
of radiation at the n-th harmonic of
the rotation frequency for a spatio-
temporally modulated gyrating
beam. The beam is taken as having
been prepared using a cyclotron
autoresonance accelerator driven at
high power with a source such as a
cm-wavelength gyrotron or Kkly-
stron. Examples of a nonlinear
multimode simulation are given
that show efficient 13th harmonic
generation at 140 GHz with
insignificant competition from
neighboring modes. A device based
on this analysis could be used for
tokamak heating and control.
Section III shows results of
simulation studies of the phase-
space evolution for a finite-
emittance beam as it undergoes
cyclotron autoresonance accel-
eration. The accelerator para-
meters have been chosen to yield a
beam with energy, current,
velocity ratio and axial velocity
spread that the theory demands for

a S5th - 11th harmonic converter
now under construction at Yale
University. For this beam, an

estimate is given of the effects of
space charge on spatial coherence



for the rotating helical equili-
brium. Section IV contains some
concluding comments.

II.  Review of Theory

A theoretical exposition of the
generation of coherent radiation at
harmonics of the rotation freq-
uency of a spatiotemporally modul-
ated gyrating electron beam has
been given [1-4]. This theory takes
as given a beam with parameters
from a cyclotron autoresonance
accelerator. (See Section III.) Such
a beam contains particles moving
on helical orbits rotating at the
pump frequency p at which the
accelerator is driven, with a pitch-
number & =@ - Q2)/v;, where @ is
the relativistic gyration frequency
eB/my for the electrons, and vz is
their axial velocity.  These orbits
cause the beam to behave as a wave
having an effective axial phase
velocity vz/I1 - Q/p), a quantity
that can be larger or smaller than
the speed of light. The orbits can
thus be phase-matched to traveling
fast guided waves. Maximization of
harmonic coupling [1] leads to the
additional condition Q/fp =1 - B;2,
where B; = vz/c. This is equivalent

to requiring that the axial beam
velocity equals the wave group
velocity. Matching to both phase

and group velocity is equivalent to
operating at the so-called "grazipg"
point in the w-k;z plane, where
most conventional gyro devices also
operate.

Linear analysis for the gen-
eration of coherent radiation at
frequency = mp, where m is the
harmonic index, shows that
traveling-wave power can grow
with z in a first-order process
proportional to Io2a2Km2(z/R)?/8;,
where I, is the dc beam current, &
is the velocity ratio, Kp; is the har-
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monic coupling coefficient, and R
is a transverse dimension of the
waveguide. In a rectangular wave-
guide [2], several waveguide modes
can be driven at a given harmonic
simultaneously.  But with a cylin-
drical waveguide with an axi-
symmetric beam, it has been shown
[4] at the m-th harmonic that only
TE;mn modes will grow. This power-
ful selection rule helps to mitigate
against mode competition at each
value of m. Still, it must be shown
that conditions can be found where
competition between modes with
different m-values is not serious.
Several  important effects are
omitted from the above idealized
description. One is the presence of
a spread in f; on an actual beam.
Another is the slippage from
grazing that will occur as the beam
gives up energy to a wave, and 7y
and v; change. Linear theory can
give an estimate of the effect on
wave growth of a spread in axial
velocity, showing that the growth
falls to half that for a cold beam if

ABz/B; exceeds 7.6N-1, where N is
the number of interaction guide
wavelengths.  However it is clear

that a nonlinear theory is needed to
properly account for the full
dynamics of this process, and to be
able to include a tapered guide
magnetic field B(z) to offset the
aforementioned phase slippage.
Such a nonlinear theory has been
developed and applied to harmonic
conversion [3,4]. Numerical simula-
tions based on this theory have ex-
plored the relevant parameters and
shown that virtually all the perp-
endicular energy on a cold beam
can in principal be drawn off into a
TEm1 mode at frequency mp when
matching is preserved along the
interaction. An example of the
predictions of these simulations is
shown in Figs. 1 and 2 for a
megawatt-level 140 GHz source
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Parameters are given in the Figure.
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operating with m = 13. A cold 1 MV,
2 Amp beam with a@ = 2.0 is chosen
with a pump frequency of 10.77
GHz. It is presumed that for this an
efficient 2.5 MW X-band klystron or
gyrotron could be built on the basis
of existing knowledge. Fig. 1 shows
results from a multimode simulation
[3,4] for efficiency versus axial
coordinate z for the 12th, 13th, and
14th harmonics in the TEj2,1, TEj3,]
and TE14,1 modes, respectively. The
12th and 14th harmonics pose the
greatest threat to operation at the
13th in this case. Coupling to the
12th and 14th is so weak as to hardly
be discernable on the scale of Fig. 1.
The magnetic field profile is taken
to be resonant, i.e. it is determined
in the course of the simulation to be

that field which preserves a
constant phase between the wave
and the gyrating electrons. The

particular field profile found for
the example shown here is shown
in Fig. 2. The field tapers down to
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Fig. 2. Resonant magnetic field profile

for the 13th harmonic example shown in
Fig. 1. (Simulations for the 12th and
14th harmonic cases were run for this
profile as well.)

5.2 kG from an initial value of 9.35
kG. (This shows quite dramatically
the effect on magnetic field of
operation at a high gyro-harmonic:
in contrast to the cryogenic-level
magnetic fields usually required for
mm-wave devices, one needs here a

field that is obtainable from
conventional coils or from
permanent magnets.)

Preservation of phase
matching with the TEj3,; mode

insures that phase matching is not
observed for potential competitors,
such as the TEj2,] and TEj4,;1 modes.
Indeed, these are shown in Fig. 1 to
extract almost no power from the
beam. The 13th harmonic effici-
ency is seen in Fig. 1 to reach about
52%, corresponding to an output
power of more than 1 MW. But the
efficiency grows quite slowly with
interaction length after transverse
energy on the beam is depleted



leading to a diminution in the
harmonic coupling factor K.
Extraction of the remaining beam
energy could be achieved using a
single-stage depressed collector,
since the spent beam electrons are
nearly monoenergetic and in
phase.  Alternately, the beam could
conceivably be spun-up again with
a non-adiabatic magnetic field cusp,

and allowed to interact harmoni-
cally in a second stage output
section.

The theory for gyro-harmonic
generation in a cylindrical wave-
guide [4] has also led to the
following general results:

(a) A beam with a uniform spread
of guiding centers will have a rate
of growth of harmonic power in the
TEmn mode that is no less than 90%
that of a beam having no guiding-
center spread if the ratio of the
outer guiding-center radius Rp to
the waveguide radius R is less than
0.894/smn’, where smp' is the n-th
zero of Jm'(s). For a 13th harmonic
converter in the TEj13,1 mode, this
requires Rp/R to be less than 0.060.

(b) Power transfer from a cold axi-
symmetric beam to TM modes is zero
when the beam axial velocity and
the wave group velocity are equal.
For a beam with a small spread in
axial velocity, nonlinear simula-
tions have shown negligible power
transfer into TM modes as well.

(c) For a linear magnetic field
taper, i.e. a taper that is not exactly
resonant along the interaction
length, the maximum achievable
efficiency is lower than for the
case of a resonant taper. However,
the conversion efficiency is more
resiliant to axial velocity spread for
a linear taper than for a resonant
taper. For S5th harmonic conver-
sion, the efficiency was found to
not fall below 50% unless the axial
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velocity spread exceeded 14%, while
for the resonant taper, efficiency
fell below 40% for spreads greater
than 1%.

III. Beam Formation
On the basis of the theory and
numerical simulations, experiments
have been designed for Sth - 1ith
harmonic conversion using a 20

MW, 2.856 GHz driver. The optimum
beam energy range for these
experiments is in the range 300-

600 keV, with o in the range 1 - 2.
A 100 keV axially-directed beam
from a convergent-flow Pierce gun
with perveance 1.2 x 106 is to be
injected into a cyclotron autoreso-
nant accelerator [S]. Here, a TEj}
mode traveling wave remains in
phase with the beam during accel-
eration by the use of a carefully
tailored magnetic field up-taper.
Prior studies have shown that, in
this way, beams can be produced up
to a limiting energy that depends
on the wave's phase velocity [6].
This limit arises since the rf
magnetic field of a fast wave is
incapable of overcoming the radial
component of the tapered guide
magnetic field, the net result of
which is axial deceleration of the
beam. Acceleration can progress to
higher energy as the wave's phase
velocity is reduced towards c, but
higher order waveguide modes pass
above cutoff as this occurs, thereby
complicating the interaction. Prior
studies did not examine growth in
axial velocity spread as the limiting
energy is approached, and as the
mean axial velocity decreases.
Results are presented here that
show these important details. The
accelerator waveguide radius was
chosen to be 4.8 cm, a value that
allows the TMp; mode to propagate,
as well as the TEy). This reduces the
TE); mode phase velocity and
increases the limiting energy



somewhat from its value when the
TMo; mode is cutoff. It also leads to
a greater acceleration length, with
a concomitant lower (and more
conveniently arranged) magnetic
field gradient. Coupling to the TMg)
mode should not be significant, due
to its azimuthal orthogonality with
the TE{; mode.

For the example to be shown in
Figs. 3-7, an injected monoenergetic
30 Amp, 100 keV beam with an
initial axial velocity spread of 0.5%
is assumed. These parameters are
close to what is expected from the
Litton L5892 gun being employed in
the experiments. The guide mag-
netic field is specified along the
interaction length so as to preserve
phase matching for electrons with
the mean axial velocity and energy.

The energy gain thus varies,
depending upon deviations from
the mean. Fig. 3 shows the growth

in terms of the
Lorentz factor y, as a function of
axial coordinate z (in cm). Growth
from 100 keV to 613 keV is shown,
over a length- of 53 cm. In Fig. 4,
the profile of axial magnetic field is
shown, rising from 708 to 1580 G
along the acceleration length. Fig.

in mean energy,

TP VPP POTOT VTUT POV  FUUTT FOTITY
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Fig. 3.
function
text for

Relativistic energy factor y as a
of acceleration length z. See
parameters.
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Fig., 4. Magnetic field B as a function of
axial distance z along accelerator. Units
of B are kG/1.096.
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Fig. 5. Velocity ratio @ as a function of

axial distance z along accelerator.

5 shows the mean value of velocity
ratio @ as a function of z. The rapid
rise in @ towards the end of the
acceleration is due mainly to 3
diminution in axial velocity, as is
shown in Fig. 6. Finally, the growth
of axial velocity spread is shown in
Fig. 7, rising from an initial value
of 0.45% to (1.0, 1.5, 2.0)% at
distances of (37.0, 42.7, 46.5) cm, and
at mean energies of (434, 496, 537)
keV. At a beam current of 30 Amps,
the accelerator efficiency would be
(50, 59, 66)%. If a beam energy
below 434 keV is desired, this can be
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achieved with an accelerator
shorter than 37 cm, or with lower rf
drive power. These results indicate
that beams with the desired energy,
current, velocity ratio a, and
velocity spread can be created with
cyclotron autoresonance acceler-
ation under conditions as described
here.

The results shown in Figs. 3-7
do not include the effects of either
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fields or self
The space charge
electric field will tend to disperse
the particles along the field lines,
and thereby to smear out any well-
defined spatial feature.  This ten-
dency is opposed by the self
magnetic field, which will tend to
cancel fully the influence of the
electric field as the electron speeds
approach ¢. The quantitative effect
of these fields omn the beam
equilibrium can be estimated by
finding an approximate axial force
on an electron at the beam edge. In
a cylindrical coordinate system
centered on the helical beam, the
locally radial electric field E, and
azimuthal magnetic field Bg are
given by

dc space charge
magnetic fields.

Er = 1/2reorpvy; Be = -polvy/2arp,

where [ is the current in Amps and
rp is the beam minor radius. The
axial force on an edge electron is
F; = elsing(1 - B;2)/2mepcBrb,
where B; = vy/, and ¢ is the pitch
angle, which at grazing is given by
tan¢ = PB,pR/c, with R the mean

helix radius. The axial acceleration
can be written approximately as

d2y/de? = (2c2sing/rpr2 )(1/14),

with I = 4meomc3/e = 17.05 kAmps.
This equation can be used to find
the incremental distance Az from
the mean that the edge electron
moves within an interaction length
L. The result is

Az = (MIg)L2sing/[rp(r? - 1)].
This distance will exceed one-fourth

the helix pitch A,8; when the beam
current exceeds I, where

Io = IpB;yz%Aorp/4L2sing,



with 4, = 27c/p, the pump free-
space wavelength. For the para-
meters shown in Fig. 3 one finds /.
to equal 30 Amps at L = 32 cm, and to
equal 15 Amps at L = 45 cm. These
figures indicate that self fields can
effect the equilibrium distribution
of a spatiotemporally modulated
beam if the current and/or inter-
action length are too large.

Iv. Conclusions

The theory of harmonic con-
version to produce high power mm-
wave power from a spatiotem-
porally modulated gyrating elec-
tron beam has been reviewed. The
results of both analysis and
numerical simulation indicate that
efficient high harmonic operation
could be possible without undue
competition from adjacent modes
and other harmonics. An example
of a megawatt-level 140 GHz source

at the 13th harmonic was given,
showing a conversion efficiency
above 50% using a tapered mag-

netic field no greater than 9.4 kG.
Power flow to the 12th and 14th
harmonics was predicted to not
exceed 2% of the beam power when
a resonant magnetic field taper was
employed.

The formation of an electron
beam with parameters appropriate
for harmonic conversion has been
discussed.  Cyclotron autoresonance
acceleration using an up-tapered
resonance guide magnetic field was
shown to allow a 100 keV 1.2 pperv
beam to be accelerated up over 500
keV without experiencing undue
growth in axial velocity spread.
The effects of self fields of the beam
were examined using an approxi-
mate model for the force on an edge
electron. Parameters typical of
cyclotron autoresonance accelera-
tors for harmonic conversion were
considered. For a 30 Amp beam, it
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was shown that an edge electron
will be displaced axially relative to a
central electron by an amount
equal to one-quarter of the beam's
helical pitch after a drift distance
of approximately 32 cm. This
indicates that lower currents should
be employed to maintain good beam
quality.

For the 2 Amp, 1 MV beam used
in the 140 GHz, 13th harmonic
example, self field effects are less

pronounced.  This suggests that it
may be possible to demonstrate
harmonic conversion efficiencies

comparable to those shown in Fig.1
that were computed by neglecting
the self fields. If so, it could make
possible a new class of mm-wave
sources as possible alternatives to
the gyrotron for fusion plasma
heating and control.
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One Megawatt Gyrotron Development for LHD

M.Sato, K.Ohkubo, S.Kubo, T.Takita, T.Kuroda
National Institute for Fusion Science
322-6 Oroshi Toki-shi Gifu-ken 509-52, Japan

I | Whispering Gallery Tut
Large Helical Device (LHD) is being built in targeting to begin the experiment by
1998. It requires 10 megawatts 84 GHz ECRH system for initiating and heating

plasma with 10 kev and 1020 m3 electron temperature and density respectively.
NIFS is developing one megawatt cw gyrotrons for LHD in two steps with Varian.
The first step was a cavity mode cutput tube with a radial gap which extracts the
spent electron beam from the waveguide to large area of 610 mm diameter
collector.The tube demonstrates the operation in long pulse at 500 kw and 900 kw
at short pulses as shown in fig-1.

—©—Output Power ( Fixed Field) —o—Efficiency (fixed Field)

—@—Output Power (Optimized Field) - - ¢ - Efficiency (Optimized Field )
1000 } } } 40
5 ‘ : 35
L B e e e 30
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o 10
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0 10 20 30 40 50

BEAM CURRENT (A) fig-1
The dynamic ranges in the rf power against operating parameters such as the beam
and anode voltage, beam current and magnetic field strength, are applicably wide
for daily practical use for LHD experiments. The specific heat load on the collector is
less than 0.5 kw at 22 amps with 500kw output. It is low enough even to handle 40
amps beam at the cw conditions. The results show the success of designs of the
electron gun, beam shaver, cavity and collector.

Using the spare components of first tube, the second tube is under assembling. It
has quasi-optical built in mode converter and mirrors. It has 4" diameter FC-75
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cooled double disk window which will be able to operate pure cw at 500 kw.

The two kind of improved efficiency mode converters were considered. One isa 2 “
diameter two dimensional quasi-optical converter with a Visor. The other is the so
called dimple adiabatic 3 dimensional converter. The cavity region is 380 mm under
the top plate of superconducting magnet. The numbers of mirrors must be placed for
3D converter. 2 D converter needs only two mirrors except for visor. Accounting all
the diffraction losses, the ‘efficiency of both converters are in same order.
Considering the merits of simple structure and short development period, 2D system
is employed for the modified tube. The focus mirror generates a hybrid mode of
HE11 + HE21 to the window at the expecting efficiency of 90 %. The cross-sections
of converter and the cold test radiation pattemn at focus mirror are shown in fig.2 (a)

and (b). B

fig-2 (@) Converter / Mirror Layout fig-2 (b) Radiation Pattern on Mirror
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w Developmen
The window is last hurdle to reach to goal of 1000 kw cw operation.
Many ideas of 1000 kw cw window have been studying in many laboratories {1] [2] .
NIFS is studying the new window materials which have higher heat conductivity and
lower or equivalent dielectric loss than that of sapphire. It can realizes the edge
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water cooled single disk window. Diamond is the best material, but it is very hard to
make a single crysral in large size. The diamond or CBN base hybrid composite is
the most realistic candidate.

The multi-crystalline diamond diaphragm can be produced by the new improved
CVD method up to 0.5 mm thickness in keeping the quality in reasonable
manufacturing hours. The preliminary test shows that the heat conductivity reaches
to 1000w/ m k.

We can make a window disk by laminating the diaphragms by ceramic bonding.
The diamond changes to graphite at about 600 deg.C in atmospheric pressure. The
kind of BSiO glass is examined as bonding, since the sintering temperature of it
can be reduced to lower than 600 deg.C and adjust the coefficient of thermal
expansion to diamond. The problem of BSiO is its high dielectric loss. The key is
how we can make thin bonding layers. Using sapphire, the technique for bonding in
§ mm thickness is under studying.

Multi-Crystallin Diamond
BSiO Bonding

)4
@

<
r .
14
94
le
19 €

fO.S mm
338‘0;‘;;;‘;‘;“] 0.005 mm

fig-3 Schematic Viev of Diamond Disk

The maximum microwave power through the window disk is estimated, assuming
to consists of five layers of each 0.5 mm thickness diamond and 0.01 mm BSiO
layers inserting in a waveguide of 100 mm diameter cooled by water from outsid.
Total 5 kw rf absorption increases the central temperature up to 270 deg.C.
Improving the edge cooling condition, it can handle more power.

Another material is CBN-Al,Og multi-crystallin composit. The CBN is stable up to
1300 deg.C. Applying 28 GHz gyratron, it is reported that Al,Og can sinter at below
1250 deg.C. [3] The weight fraction 50,90 and 95%of CBN with Al;Og3 is trying to

sinter in the 28 GHz 10 kw microwave oven. If we succeed in the sintering, we can
expect material with 100-200 w / m k and with low dielectric loss as sapphire. It can
be applied to surface-cool double disks window handling 1000 kw cw microwave.

[1] C.Moeller: Distributed Windows,Proc. 2nd Biennial Workshop on ECRH
Transmission Line Systems, San Diego, 1992
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[2] T. Yamamoto, et al; Development of Cryogenic Window for High Power
Millimeter Wave, ,Proc. 2nd Biennial Workshop on ECRH Transmission Line
Systems, San Diego, 1992

[3] M. Janny, et al ; Diffusion Controlled Processes in Microwave fired Oxide
Ceramics, MRS symposium Proc. Vol189, 1990, p215



USE OF FREQUENCY-TUNABLE
MICROWAVE SOURCES FOR PLASMA
DIAGNOSTICS

O. Dumbrajs, J.A.Heikkinen, and K.Sarparanta
Nuclear Engineering Laboratory,
Helsinki University of Technology, SF-02150 Espoo, Finland

In the fusion machines, microwaves in the frequency range 30 GHz
to 1 THz are used for electron heating, plasma start-up assist, con-
trol of plasma disruptions and MHD modes, and diagnostics of the
plasma parameters. To have a well localized absorption in plasma
heating and possibilities for varying the scattering geometry in di-
agnostics, special requirements for frequency spectrum of microwave
sources have to be satisfied. The present work discusses the needs of
frequency-tunable sources for plasma diagnostics based on collective
scattering with particular emphasis on the use of gyrotrons.

1 Frequency tuning in scattering diagnostics

A. Resolving wave vectors. Because of recent technical develop-
ments the collective Thomson scattering technique [1] appears now
to be feasible for measuring radial and velocity space features of en-
ergetic ion distribution features, and many aspects of plasma turbu-
lence. From the energy and momentum conservation laws

W, = wo + w, E,=£o+ié, (1)

one finds k ~ 2kgsin(6/2) for the fluctuation wave vector k from which
the electromagnetic radiation of wave vector k, scatters through an
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angle § from an incident wave with the frequency wg and wave vector
l-c},. This approximation for the fluctuation wave vector is valid for
wg, w, > w. For given orientations of the emitting and receiving
antennas, the scattering region, the angle 6, and the scattering wave
vector £ become fixed. In order to resolve the wave vector spectrum
of fluctuations in the same spatial region, the measurement has to be
either repeated with different antenna positions or by using several
antennas. In an alternative, the incident wave frequency could be
tuned to change the magnitude of the wave vector k. The frequency
tuning by small steps would be valuable for e.g. to evaluate the group
velocity of the low frequency modes, while tuning in a wider range
would be needed to resolve dispersion relations.

Because the dispersion of resonant modes can be affected by en-
ergetic ions, it has been proposed [2] to get information on ion dis-
tribution with good signal to noise ratio by measuring the resonant
enhancement of scattered power. Here, we consider as an example
the resonant lower hybrid waves damped by alpha particles. In the
parameter regime where w/k,v. > 1 and w/kv; > 1, the electron and
ion contributions to the spectral function S (l:,w) are exponentially
small, and the alpha particle contribution can be dominant. We then
have for the spectral function [1]

1227rnaq§ F(u)lw/k
|klne |er(E,w)[2”

where x. is the electron susceptibility, n, and n. are the alpha
particle and electron densities, respectively, ¢, is the charge of al-
pha particles, F(u) is their distribution function, v = w/k, and

€ = —iw%‘%lw /i is the imaginary part of the dielectric function
of the lower hybrid waves. Here, w,, denotes the plasma frequency
due to the alpha particles. From the approximate dispersion relation
& (B, w) = (K2 [R)(L + W2 /2 — wki/w?) + (K2/R)(1 — Wl /w?) = 0
of the lower hybrid waves, we can easily see that w does not change
when k is changed by tuning wy for a fixed scattering angle. Note that
k./k) remains constant for fixed scattering geometry. This means
that u can be varied by tuning. Hence, it is possible to integrate

S(E,w) = IXe

(2)
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Eq. (2) for the distribution F(u) using the measured S(u). In an
analogous method [3], measurements at different k, with fixed wo
and k with an array of detectors placed on a circle would also resolve
S(u). In the scheme based on frequency tuning only one detector
is needed. However, wy has to be varied in a rather wide regime in
order to cover a significant part of the velocity disribution.

Fig. 1 The positions (chain-dashed) of the cyclotron resonance (wo =
£1.), upper hybrid resonance and cut-off (from left to right in the figure) of
the incident wave with frequencies 180, 170 and 160 GHz on the poloidal
cross section of a ITER-sized tokamak with a major radius 6 m, minor radius
2 m and magnetic field 5 T at the plasma center. The ray trajectories of
the wave are shown by a dashed line for the perpendicular incidence from
the inside in the cold plasma limit.

B. Scanning the scattering region. In another proposal [4],
the incident wave reaches one of the resonances in the plasma. Here,
the wave amplitude and wave vector are enhanced, and the scattering
is dominated from that region. Frequency tunability offers an obvious
way to scan this scattering volume over the radial space in plasmas.
Fig. 1 shows the position of the upper hybrid resonance in a tokamak
poloidal cross section for a variety of frequencies.

As shown in Fig. 2, the wave vector of the incident wave is
strongly enhanced in the very vicinity of the upper hybrid reso-
nance. This together with the varying separation of resonance layers
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for different frequencies offers interesting possibilities for frequency
tunable power sources to scan different plasma regions with a good
signal to noise ratio. For instance, with step tunable gyrotrons with
Awg = £2.5 — 10 %, a rather large region can be scanned within the
same measurement. Because of accessibility problems in high tem-
perature plasmas (T, > 2 keV), this method is relevant only in small
plasmas or on the periphery of large plasmas.
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Fig. 2 The wave vector of the incident wave as a function of position
for the ray trajectories shown in Fig. 1 with various frequencies.

2 Gyrotrons for plasma diagnostics

It appears that a gyrotron is the most valuable microwave source for
plasma diagnostics [5-7]. Indeed, gyrotrens have important combined
capabilities of high-power, long-pulse length, and narrow linewidth
operation. The high power makes it possible to suppress the back-
ground noise, the long pulse length to study temporal dependence of
fluctuations, the narrow linewidth to study frequency dependence of
fluctuations, and the good mode purity to localize the scattering vol-
ume and to minimize stray radiation. It is possible to modulate the
injected power to discriminate between the scattered radiation and
the background cyclotron emission. These capabilities are unique for
a single source in the millimeter wavelength range.
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A typical gyrotron for diagnostics based on the collective scatter-
ing has a frequency of 140 GHz, the power of about 500 kW, and pulse
length of about 1 sec. The linewidth of the gyrotron is of the order of
10 MHz which is narrower than of any other unlocked high-frequency
microwave tube. The mode purity is better than 95%. The overall
noise level, i.e., including both white noise and spurious modes, at 50
MHz from the central line is less than -110 dB below the central-line
power. The frequency stability is of the order of 100 MHz and is
mainly affected by the magnetic field which is very stable in super-
conducting magnets. Electron beam voltage and current variations
influence the gyrotron frequency only indirectly.

As is clear from what has been said in Sec. 1, for plasma diag-
nostics based on resonant modes or scattering at plasma resonances
a frequency-step-tunable gyrotron would be of great value. The sim-
plest method of changing a frequency of a gyrotron consists in vary-
ing the external magnetic field. This technique is well understood
and tested experimentally [8]. For example, it would be possible to
step-tune a gyrotron by changing the magnetic field and jumping
from one operating mode to another: 119 GHz (TE;22), 126 GHz
(TE13’2), 133 GHz (TE14'2), 140 GHz (T.Els'z), 147 GHz (TEle’z),
etc. Unfortunately, owing to high inertia of the magnetic field, this
way of changing frequency is slow (seconds) and cannot be used in
cases when rapidly varying plasma parameters have to be studied, or
a rapid frequency modulation of the injected power is desired.

It has been shown recently [9] that it is possible to tune the fre-
quency of a gyrotron very fast (in microseconds) by changing both
the modulation and beam voltages. The theoretical results demon-
strate that it is possible to provide a single-mode operation in whis-
pering gallery modes separated in frequency by 2.3 GHz in a 140
GHz gyrotron, for example, 137.7 GHz (T E49 3), 140 GHz (T Eso,3),
and 142.3 GHz (T Es, 3). Here, some important issues as, for exam-
ple, stable operation of the electron gun of a gyrotron at different
voltages may need further consideration.
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3 Conclusions

¢ Frequency tuning of the power source in Thomson scattering di-
agnostics may open possibilities to resolve the dispersion char-
acteristics of turbulence within the same measurement at a
given spatial location. In the scattering off resonant modes,
the scattered power can give information on velocity distribu-
tion of energetic ions with a good signal to noise ratio, provided
the source frequency could be tuned in sufficiently wide regime.

o For the scattering at plasma resonances on tokamaks, useful
scanning of the scattering region can be achieved with moder-
ately tuned source frequency (£+2.5 % ..£10 % ).

e The relatively complicated and limited frequency tunability of
gyrotrons, in comparison with tunability of, for example, free
electron lasers, is counterbalanced by their robustness and rela-
tively small size. One can expect that just gyrotrons will be the
first microwave sources used in plasma diagnostic experiments
requiring frequency tuning.
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RESONATOR DESIGN FOR INDUSTRIAL
GYROTRONS
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Mode selection, mode competition, and resonator design for in-
dustrial gyrotrons are considered. It is shown that the T Ey 2 mode
at second harmonic and the T'Ey 3 mode at third harmonic are good
candidates for the operating mode in an industrial gyrotron. Starting
currents for these modes and modes oscillating at lower harmonics are
calculated. It is emphasized that in industrial gyrotrons owing to a
relatively large length of the cavity it is possible to increase signif-
icantly the electron efficiency by introducing inhomogeneity in the
profile of the guiding magnetic field in a caviy. The important issue
of the negative influence of the electron velocity spread on the effi-
ciency is studied quantitatively both for the tapered and untapered
magnetic field. This is of interest also for gyrotrons used for fusion
plasma heating and diagnostics.

1 Mode selection

Typical parameters of a gyrotron for industrial applications are: fre-
quency Fy=30 GHz, accelerating voltage V=20 kV, output power
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P,,:=20 kW in CW operation, and beam current /=2 A.

The design of a resonator begins with the choice of the operating
mode and the number of the cyclotron interaction harmonic. Since
the output power is low, the expected wall losses are also low, and
there is no need to use highly oversized cavities. This means that in-
dustrial gyrotrons can operate in the low-order modes: TEy 3, TEs 1,
TFE4), TE 13, TEs,, TE; , TEg, etc. To operate a gyrotron at a
frequency 30 GHz at the fundamental resonance, one needs a mag-
netic field of the order of 1 T. Since the magnetic system of a gyrotron
constitutes one of the major cost factors, the question arises, whether
it is possible to operate an industrial gyrotron at higher harmonics,
and, thus, reduced strength of the required magnetic field and dimen-
sions of the corresponding magnetic system.

From the general gyrotron theory it is known [1,2] that in principle
it is possible to operate a gyrotron at higher harmonics with rather
high efficiencies: 0.7 for the first and second harmonic, and 0.55,
0.45, and 0.35 for the third, fourth, and fifth harmonic, respectively.
Therefore, it is reasonable to assume that the second and, possibly,
third harmonic are suitable for industrial gyrotrons.

It is well known that generally mode competition is a serious
problem in gyrotrons used for fusion plasma heating or diagnostics.
In gyrotrons working at second or third harmonic mode competi-
tion between lower and higher harmonic modes can occur, as well as
competition between higher harmonic modes themselves. However,
since spacing between the low-order modes mentioned above is large
(with exception of the modes TE4; and TE,;), mode competition
in industrial gyrotrons is not an important matter, as in gyrotrons
used in fusion plasma physics applications. Here it is instructive to
recall some general methods used to facilitate operation at higher
harmonics and suppress lower harmonics:

e choose a higher harmonic where the value Jv(n = 2) or 3v(n =
3) is in the center of as large a gap as possible between consec-
utive values of lower harmonic mode indices v(n = 1, 2);

e use guns with a smaller cathode radius and a higher value of
By, since I (n = 2) ~ I%t97(n = 1)/(45%);
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¢ place the beam in a position where the coupling to lower har-
monic is weak;

e design a cavity where the ratio of the quality factors Q(n =
2)/Q(n = 1) is as large as possible.

2 Magnetic field tapering

It is known [3] that in principle it is possible to obtain almost a 100%
perpendicular efficiency by using a complicated profiling of the mag-
netic field in a resonator. In high-frequency, high-power gyrotrons
used in fusion plasma physics the length of the cavity is only about
10-15 mm. Technically it is not possible to produce over such a short
distance a magnetic field of intricate shapes. Just for this reason
the idea of improving efficiency of a gyrotron by means of a vary-
ing magnetic field in a resonator was tested experimentally only in
the simplest case of fields increasing by about 5% over the resonator
length.

Industrial gyrotrons offer a unique possibility to realize this idea
in practice. Indeed, here the length of the cavity is about 100 mm,
or more. Over such a distance it should be technically possible to
create desired field profiles.

3 Examples

We first consider the T'Ep ; mode at second harmonic as the working
mode in the resonator shown in Fig. 1. The corresponding mode
map is shown in Fig. 2.

Next we consider the T Egp 3 mode at third harmonic as the oper-
ating mode. Since efficient operation at third harmonic at relatively
low power requires either a long cavity, or/and a cavity with high
value of @, we first consider a cavity with iris and length 7) as shown
in Fig. 3. The corresponding mode map is shown in Fig. 4.

It is important to note that one and the same efficiency enhance-
ment can be obtained with two distinctly different shapes of the mag-
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netic field in the input and output sections of the resonator but a
similar shape in the central section, where most of the energy ex-
change between the beam and the high-frequency field takes place
(compare the solid and dash-dot curves in Fig.3). This means that in
a practical design of a magnetic system it is not necessary to create
the complicated shape of the field in the input and output sections
of the cavity, what matters is the sine-like profile in the central part
of the cavity. The cavity shown in Fig. 3 has a very high quality
factor. This, as already mentioned, is beneficial for the perpendicu-
lar efficiency, but leads to very high overall losses which cannot be
accepted.

There are two possibilities of reduction of ¢}, while keeping or
even increasing the length of the cavity needed for high efficiency
operation. One can operate a gyrotron in a mode with the axial
index equal to two, or taper the middle part of the cavity. We have
examined these posibilities and found that here also inhomogeneity
of the magnetic field leads to a considerable increase of efficiency:
25%—32% in the first case, and 19%—25% in the second case (02 =
0.1°).

It is evident from Figs. 2 and 4 that the working mode T'Eq 5 at
second harmonic is well isolated from its closest potential competi-
tors — the TE; 3 and T Eg ; modes at second harmonic, and the T Eg ;
mode at fundamental —, and the working mode T'Ep 3 at third har-
monic is well isolated from its closest potential competitors: the T Es 4
mode at fundamental, and the T'E5 2 mode at third harmonic. This
means that by accurate adjustment of the magnetic field it should be
possible to operate a gyrotron in these working modes without any
danger of excitation of parasitic modes.

4 Velocity spread

It is known [4] that electron velocity spread can reduce consider-
ably efficiency of a gyrotron. Now the question arises whether this
negative effect of velocity spread is enhanced in the case of inho-
mogeneity of the magnetic field in the cavity, i.e., whether the ad-
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vantage of tapering is invalidated by the velocity spread? We in-
vestigated this problem by simulating the velocity spread by means
of a simple triangular model for the velocity distribution consisting
of six fractions of electrons and assuming that év; =45%. As ex-
pected, the velocity spread of electrons degrades the efficiency of a
gyrotron: 1:01=42%— n1,:=34% for the cavity shown in Fig. 1, and
Niot=21%— Not=17% for the cavity shown in Fig. 3. The correspond-
ing numbers in the case of optimized distribution of the magnetic field
are: Niot=53%— Miot=45% and 7:01=24%— M1,:=19%, respectively.
The beneficial effect of tapering the magnetic field in a cavity survives
under the destructive effect of the velocity spread.

5 Conclusions

e On the basis of the starting currents calculated in the linear
theory we have shown that the T'Eg 2 mode at second harmonic
and the TEp 3 mode at third harmonic are good candidates for
the working mode in an industrial gyrotron.

e Tapering of the magnetic field in a cavity can increase consid-
erably the efficiency of a gyrotron.

¢ Relative degradation of efficiency by the velocity spread of elec-
trons in an inhomogeneous magnetic field is of the same order
as in a constant magnetic field.
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FIG. 2. Mode map corresponding to the cavity shown in Fig. 1.
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DESIGN AND PERFORMANCE
OF 94-GHz HIGH POWER MULTICAVITY
GYROKLYSTRON AMPLIFIER

I.I.Antakov,E.V.Sokolov and E.V.Zasypkin
Institute of Applied Physics, Russian Academy of Science,
Nizhny Novgorod, Russia

Four - cavity gyroklystron has been built and tested in pulse op-
eration. At the TEoj; cavity mode output power of 65 kW with
efficiency 26% has been observed. Maximum efficiency 34% has been
achieved with the output power 57 kW. The peak saturated gain was
about 33 dB , the small-signal gain achieved 40 dB . Half-maximum
bandwidth was about 0.3% .

1 Design

A triode magnetron-injection-type gun was utilized to produce a hol-
low annular electron beam with a current of 3-5 A and a beam voltage
VO of 55 kV. The Tsimring code [1] was used to optimize an electrode
shapes. The simulation predicted a transverse velocity spread of 15%
with velocity ratio a = vy / v = 1.73 when the anode voltage V, is
equal to 0.3 V5. The diameter of the emitter was 8 mm , its width
was 4 mm. The beam diameter in the interaction region was about
1.8 mm.

The nominal magnetic field in the interaction region was 3.7 T
and the value of magnetic compression was 25. The cathode coil was
used to control the beam’s velocity ratio.

A schematic view of the RF circuit together with the longitudinal
distribution of the constant magnetic field is shown in Fig. 1. The RF
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circuit consists of four circular cavities operating in the TEq;; mode at
the fundamental cyclotron frequency.These cavities were separated by
drift lengths (Lf:’z,3 ~ 2, where ) is the operating wavelength), which
were cut off at the operating frequency for TE2; mode and other high-
order modes. The optimal parameters of the cavities designed with
the help of the nonlinear theory of gyroklystron [2] were following:
input cavity—@Q; = 150, L; = 1.3), intermediate cavities—Q; ~
Qs ~ 250, Ly = Lg = 1.5], output cavity—Q4 = 300, Ly ~ 2.
The drive signal was introduced to the first cavity through a single -
mode rectangular waveguide connected with the cavity by a system
of four longitudinal slits .The input RF power was supplied by a
100 us, 100 W orotron which was mechanically tunable from 92.5 to
94.5 GHz. The gyroklystron usually operated at a pulse repetition
frequency of 5 Hz and a pulse duration of 100 ms.

2 Experimental results

Figure 2 plots measured dependencies of output power and efficiency
on beam current. Beam and anode voltages, input power level were
fixed, and all other parameters—drive frequency, magnetic fields in
the interaction region and cathode region—were adjusted to maxi-
mize the output power at each data point. The largest output power
65 kW with the efficiency of 26% was obtained at a beam current of
4.5 A. Maximum efficiency of about 34% has been achieved with the
output power 57 kW.

Fig.3 shows the dependencies of output power and gain on input
power.The peak saturated gain was about 33 dB, small-signal gain
achieved 40 dB.

The dependence of the output power on drive frequency at fixed
beam and anode voltages, current, input power and optimal other
parameters is illustrated in Fig. 4. The optimal frequency fo =
93.16 GHz was close to the “cold” eighen-frequency of the output
cavity. Half - maximum bandwidth determined, primarily, by the
Q-factor of the fourth cavity was about 0.3%.

Thus, a 94-GHz pulsed gyroklystron capable of producing 65 kW
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with the efficiency of 26 half-maximum bandwidth of about 0.3% is
now available.
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Experimental Beam Parameters of Different Gyrotron
Electron Guns

B. Piosczyk
Kernforschungszentrum Karlsruhe, ITP, Postfach 3640, D-76021 Karlsruhe

ABSTRACT

Measurements of the velocity distribution of gyrotron electron beams
have been continued using the retarding field method. Improvements of the
experimental equipment allow a larger range of scaling factors. Two different
magnetron injection guns built for 140 GHz TE;-gyrotrons have been
examined. One of the guns is designed to have a laminar and the other a non-
laminar electron flow. The results - relative "transverse" energy, average
velocity ratio and velocity spread - are presented and compared with numerical
calculations.

1. INTRODUCTION

The measurement of the real properties of the electron beam is as well
desired for checking the limits of validity of the available numerical codes as
also for a better understanding of the behaviour of a gyrotron tube and for being
able to perform a reliable gyrotron design. Highly efficient operation of a
gyrotron requires an electron beam with a large relative "transverse" energy t,
=E /E,. The "transverse" and the "longitudinal" energy, E, and E, mean that
part of the total beam energy E,=eU,=E, + E, which is related to the
transverse and longitudinal momentum, respectively. Uy, stays for the beam
voltage. A large t; requires a high average velocity ratio o= /B, with B, and
B” as the transverse and longitudinal velocity in units of ¢ the velocity of light,

respectively. The quantities t; and o are related as:

C1-41-p7  o?

P 1
o means the total velocity in units of the c. The right side of the equation is
only valid for the non relativistic case.

A low velocity spread 8, is indispensable to achieve a high value of a
without reflected electrons. In practice up to now only the method of retarding

fields [1] has proved to be useful for measuring the velocity distribution of
helical electron beams as used in gyrotrons. There are two main disadvantages
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of this method: (1) A special, experimental set-up is required. (2) As a
consequence of the high power density of the electron beam, the measurements
have to be performed at scaled down parameters. Therefore some uncertainty
remains concerning the validity of extrapolating the measured values towards
the operating parameters.

2. EXPERIMENTAL ARRANGEMENT AND PERFORMANCE

The experimental arrangement shown in Fig.l is in principle as
discribed in [2]. Some modifications have been made to allow measurements at
a scaling factor kg as low as about 5. This corresponds to operation at higher
voltages and higher power densities compared to the measurements in [2]. The
scaling factor kg gives the value by which the voltages applied at the gun are
reduced. In addition, to have unchanged electron trajectories the beam current
Iy and the magnetic field B(z) have to be scaled down by (kg)' and (kg)°°,
respectively.

electron gun compression region | Slotted disc

Ureq
- _q!;_ —

Fig.1: The experimental set-up for measurement of the velocity distribution of
an electron beam with the method of retarding field.

The measurement is performed such that the main part of the electron
beam is stopped in front of the velocity analyzing region at a slotted disc with a
2 mm wide slit. The part of the beam passing the slit enters the retarding field
of a negalively biased electrode. The previously used cylindrically shaped
electrode, as is still indicated in Fig.1, has been replaced by a highly transparent
grid made out of tungsten wire. Because the motion within the retarding region
is adiabatic, the retarding field acts only on the longitudinal momentum leaving
the transverse momentum unaffected. Therefore, only electrons with a
“longitudinal” encrgy E, > eUg are able to overcome the potential barricr and
contribute to the current I(Uy.() measured in a Faraday cup.

The mcasurement procedure is as discribed in [2]. For a set of gun
operating paramcters as the bcam voltage Uy, the modulation voltage Up,o4 and
the beam current Iy, the current I to the Faraday cup is measured stepwise in
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dependence of the applied retarding potential Upe;. Usually, the pulse length
was about 100 psec, extended occasionally up to 2 msec, however. Out of the
measured distribution of I.(Upe) the experimental values of the relative
transverse energy t , the average velocity ratio o and the velocity spread 3f, are
evaluated. To be sure, that the chosen gun operating parameters are within
acceptable limits, care has been taken that the current distributions Io(Upep)

have a slope dI/dUpe¢ =~ 0 for Upee =0 as an indication that no electrons are
alread%/ geﬂected at zero retarding field.
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Fig.2: I.(Ue) as measured for the laminar gun with kg = 10.
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A typical distribution I.(Ue() measured for the laminar gun is shown
in Fig.2. In that figure some quantities as needed for the evaluation of the
experimental data’are defined. The average "longitudinal" energy has been
defined as E, = eUpe(50) with Upey(50) being the value of the retarding field at
which the current I; is reduced to 50% of the value at U = 0. Since in general
Ic(Upgep) is not symmetric, it was decided to take the half value Uyet(50) instead
of the average value calculated according to: 0.5%[Upe((90)+Ue(10)] as done in
[2]. The average "transverse" energy is then given by: E, = e[Up-U,(50)] with

Up as the accelarating beam voltage. With that, t, and o are achieved out

of: t, =E,/E, and a=\/(El/E“). The relative transverse velocity spread is
defined as:

8,4 ~ 0.5(AEL/E,) 3p,. ~ 0.5(AE_/E)) 8B, =0.5[ 8B, 4 +5B,.]

AE, and AE_ mean the energy spread at the side with higher and lower
transverse energy than the average value E, respectively. In case of a
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symmetric distribution both values are equal. However, with a non symmetric
distribution, 8 4 limits the maximum achievable "transverse" energy and
velocity ratio without reflected electrons. Therefore, in the case of an
unsymmetric distribution 883, and in the case of a symmetric distribution 3B,
is shown in the graphs.

3. RESULTS

Two guns of the MIG-type designed for a 140 GHz, TE(3-gyrotron
have been examined. One of the guns has a laminar and the other one a non-
laminar electron flow [3]. Both guns are designed for an electron current of 8 A
at 70 kV. The approximate value of the space charge limited current Icp
calculated analytically is about 35 A and 44 A for the gun with the laminar and
non-laminar electron flow, respectively. The measurements have been done
within a wide range of gun operating parameters. The measured distributions
Ic(Uep) are found to be quite symmetric in the case of the gun with the non-
laminar flow. However, Ic(Uep) of the laminar flow gun has a tail with about
10% of the total beam with high "longitudinal” energies as can be seen in Fig.2.

As a result a typical experimental dependance of t , and of 8 is shown
in Fig.3 and Fig.4 as a function of the beam current. The experimental value of
t, is about 10 to 15% higher than the value calculated with the EGUN code [4].

The experimental error of determining t | as well as the error of the gun voltages

used as input for the numerical calculations summarizes to a total error of about
10%. Within that error margin the numerically calculated values are just in
agreement with the experimental results.

25
10 I —A— —=— exp.
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Fig.3: t, and 3, in dependence of the beam current for the laminar gun
Up=7.1kV, Upoq = 2.62 kV, kg = 10
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At low beam currents the experimental values of 8 | are quite close to
the calculated ones (Fig.3 and 4). The estimated experimental error is about
+15%. The spread 3f, increases with the beam current. At about the design

current of 8 A the velocity spread is around 10%. In order to prove the validity
of extrapolation of the measurements in the scaled down region, tests have been
performed at scaling factors of 5, 10 and 20 for different gun parameters. The
experimental result of 3, on the beam current are given in Fig.5. For the
laminar gun 6f 4 and for the non-laminar gun 8p , is shown. The spread 3,
calculated with EGUN was found to be between about 4 and 10% depending on
the operating parameters. It partly contributes to the observed spread in Fig.5.
Out of the results it follows that the measured 38, is within an estimated

accuracy of about *15% independent of the scaling factor. This is a strong
indication that the beam parameters measured at scaled down parameters can be
extrapolated up to the gyrotron operating region. At high currents the slope of
the increase of the velocity spread with beam current becomes steeper. This
happens at significantly lower current for the non-laminar gun than for the
laminar one, namely at Iy~10 A and 25 A, respectively. This corresponds to a
relative value of Iy/Icp, of about 0.2 for the non-laminar and about 0.7 for the
laminar flow. This indicates that the non-laminar flow is more sensitive to
space charge forces than the laminar flow in agreement with numerical
calculations.

10 ~ ) i . _[ —T 25
i ’ —A— --®— exp
0.8 , -t -0~ EGUN 20
" ! i
;1\. i
15~
LUO 0.6 2\1
w o'
i 10 “©
104
02 5
; — 0
00 0 2 4 6 8 10 12 14

I, in A at 70 kV

Fig.4: 1t and 8B, in dependence of the beam current for the non-laminar gun
Up=15.1kV. Up 104 =5.78 kV. kg=5
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i - ’32" 0
5 q-y‘ !Au
0 —r-
0 5 10 15 20 25 30

I, in A bei 70 kV
Fig.5: 8, vs. Iy, for both guns measured with kg=5, 10, and 20.

4. CONCLUSION

Measurements of the beam parameters with the retarding field method
at different scaling factors seem to prove the validity of extrapolation up to the
gyrotron operating parameters. The electron gun with non laminar flow has a
symmetric distribution I.(U,) in contrast to the gun with laminar flow which
show a distinct asymmetry in I.(Up). The reason for the asymmetry -
mechanical tolerances, type of electron flow or something else - is not clear, yet.
The experimental value of t, and o are slightly higher than the numerically

calculated but still within the estimated error. Up to about the design value of
the electron current both guns have a similar velocity spread. Above about 10 A
the non-laminar gun shows a significantly stronger increase of 3B, with current
than the laminar gun. This confirms the results of numerical calculations.

The author gratefully acknowledges the technical support and
stimulating discussions of H. Budig and Dr.G.Dammertz.
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ABSTRACT

To realize spatial coherent radiation of sheet relativistic electron beams
with transverse dimension essentially exceeding the wavelength we propose
the use of a two-dimension distributed feedback. This feedback can be
provided in the Bragg resonator formed by two double-periodic
corrugating metal plates, when additional transverse electromagnetic
energy fluxes, that synchronize the radiation of individual parts of the
electron beam, take place. It is found eigenmodes of 2-D Bragg resonator
and proved its high selectivity. Numerical simulation of excitation of 2-D
Bragg resonator by sheet relativistic electron beam and oscillations build
up demonstrates the possibility to provide spatial coherent radiation up to
beam width 102 —10° wavelength. Concept of super-power FEL
(P~20GW) millimeter wave range is discussed.
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INTRODUCTION

Up to now, free electron lasers and masers with Bragg resonators
formed by sections of waveguides with weak corrugation of side walls
have been widely developed [1-5]. However, in the experiments the
diameters of the waveguides did not exceed several wavelengths (for
example, in [3-5] the radiation with wavelength A=2-4mm was
obtained in the resonator with diameter D/A=2-3). At the same time,
in the paper [10] formation of relativistic a sheet electron beam, whose
characteristic transverse size was up to 102cm, was described. The power
was tens of gigawatts, pulse duration about microsecond and energy
storage 102 —103kJ . Using such beams for generation of short-wave
radiation seems to be rather promising. However, when one designs
generators with such beams, there arises the problem of providing of
spatial coherence of radiation of individual parts of the beam, the distance
between which exceeds the size of zone of diffraction divergence of the
wave.

For solving this problem we proposed in the papers [7,8] to use a
double-periodic Bragg resonator realizing 2-D distributed feedback, when
additional transverse fluxes of electromagnetic energy, that synchronize
radiation of individual parts of the electron beam, appear.

Section 1 of this paper is devoted to description of eigenmodes of the
2-D Bragg resonator. In section 2 we investigate the excitation of a such
resonator by a sheet relativistic electron beam and study the build up
oscillations. In section 3 the project of super-power FEL operating in the
millimeter wavelength band driven by sheet REB that is formed by the
accelerator U-2 (INP, Novosibirsk) is described.
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1. EIGENMODES OF 2-D BRAGG RESONATOR

The transverse energy fluxes can be produced in a resonator formed by
two metal plates with width 1, , length 1, and distance between them
a, (Fig.1a), which are corrugated as

a= a,(cos(Fx—Fz)+cos(ffx+ﬁ_z)) , 1

where E:Eﬁ/Z , K:Zn/d , d is corrugation period, a, is
corrugation depth. Assuming Hal<<l we will seek the field in the
resonator in the form of four coupled waves (Fig.1b): of, propagating in
the £z and B, propagating in the +x directions:

E= Re[Ep(y)(cﬂ+(x, z)e ihz 4 A_(x,z)eihz +

£+(x, z)e-ihx + B (x, z)eihx) ei‘Dt] , \ Q)

where o .(x,z), B,(x,z) are slow functions, h="oaz/c2—kfp ,

ky,=mp/a, , Ep(y) is functions describing spatial structure along y-
direction, p is the index of modes in this direction. Substituting (2) into
the Helmholtz equation with periodic condition on the corrugated surface
of plates (1) after averaging we obtain the following equation set for
amplitudes A, = of,e*9Z | B, =B 69X (comp. ‘[2,6]):

L2 A, FidA, tia(B, +B_)=0,

3
£ B, i%B, tia(A, +A_)=0,
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Fig.1a The general scheme of FEL-generator with two-dimension Bragg
resonator (1) driven by ribbon electron beam (2) (the drift velocnty
of electrons directed along z coordinate)

Fig.1b The diagram illustrated the scattering of the partial wave on the 2-D
Bragg grating

(B are the wave vectors of partial waves A, , B, ; h are the grating vectors)
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where 8 =h—h is frequency mismatch from the Bragg resonance and o

is coupling coefficient” :

a=0a, f4ca, for TEM wave,

a=ha,/2a, for TM wave. @

Let us find Q-factors and spatial structures of the resonator modes.

Assuming the fluxes of electromagnetic energy from the outside to be

absent and the partial waves do not reflect at the end of cavity, we will

represent the boundary conditions for Eqgs.(3) in the transverse and

longitudinal directions in the following form:

A, (x,¥1,/2)=0, B,(F1,/2,2)=0, 5)
" Passing over to integral presentation of Eqs.(3) with boundary

conditions (5), we will find that values f, =A,(x,z)+A_(x,z) and

f,=B, (x,z) +B_(x,z) meet the same equation:

+,/2+1, /2 . Ml

f2(x,2)=0? | If,,z(x',z')els(lx X[z ZDdz'dx'. ©)
“1z2/2-1xf2

It follows from here that

yz(A+ (x,z)+A_ (x,z))z'yx(B+ (x,z)+ B_ (x,z)) y )

* The TM and TEM waves for which Ep | ¥, can be used in such FEL .

version as ubitrons with guiding magnetic field and cyclotron autoresonans
masers (CARM). For ubitrons without guiding magnetic field interaction is

possible only with TE wave (f'.p || X,), which have a very small coupling

coefficient in this corrugation. In this case 2-D feedback may be provided by
mutual scattering TE (A,) and TM (B,) waves.
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where y,, are complex parameters and let us assume y,y,=1.

Relation (7) makes it possible to find solution of Egs.(3) by the variable
separation methods. As result taking into account boundary condition we
obtain for the field amplitudes the following relations:

A, =87 =22 sin(1, (2 £ 1,/2))[8 sin(h, (x + 1,/2)) + ik cos(, (x +1,/2))),
B, = /8% = 12 sin(1, (x £ 1,/2))[8sin(1, (z+1,/2)) + i cos(n,(z+1,/2))],

where A, , =./62 —2ady,, . @®)
Eigennumbers & and y, , meet the characteristic equations
exp(zilez){%;::, exp(zixxlx){%:—z—;%:. ©)
Analysis of Eqs.(9) shows that the cavity has the spectrum of high-Q-
factor modes ( QNH/Z Im|5|>>1 ) wunder the conditions of strong
coupling of the waves al, ,>>1 . Eigenfrequencies of the modes are

situated to the left and to the right from the precise Bragg resonance
6~0, as well as near 8 ~+2a (Fig.2). Solutions for these modes are

given by the relations

A, =—+i , x=—+ , 10
==, Tl L all (10a)
n2mn 72 n?2 m?
§=- —i L 10b
2all 12m21,1x(1z 1XJ (10)
when 6 ~ 0 and
Tn n m Tm
A, =0 _js ™ Lmm_ e 11
=57, " ar =7, Par (11a)
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n2({n2 m? . w2 (n2 m?
=20 +—| —+—||s—1——| — + 11b
[“ 4a(1§ B J]s ‘2a2(1§ 13) (11b)

when 6~12a . In relations (10),(11) n=0, 1, £2... is longitudinal,
and m=0,%1,+2... is transverse indexes of the modes,
s=t1=sign(mn) . According to (10),(11) , high selectivity over both
the longitudinal (n) and transverse (m) indexes takes place and is
provided by diffraction output of radiation not only in the longitudinal +z
directions (similar 1-D Bragg resonators), but also additionally in the
transverse tx directions. The Q-factor will be maximal for the lowest

“ an/QIO
1,0
1T(0,1)
1,1 -1,1] 1,1 -1,1
T - 1 >
1,2
1,2 -1,2 (2,1) -1,2
2,2 -2,2 2,2 -2,2
L T e
4 :\’ 1 11 P
-2« v Y +2a

Fig.2 The spectrum of eigenfrequencies of the resonator modes and their
Q-factor (1, =1,).
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modes with the indexes n=0 m=1and n=1 m=0 (Fig.2). These
modes have the same eigenfrequency (Re(8)=0), and when 1_=1_ they
have the same Q-factor too. Figure 3 gives the spatial structure of the A,
and B, wave for themode n=1 m=0 (the structure of A_ wave is
identical to the structure of A, wave, and B_ is a bilaterally
symmetrical to B,). For this mode the field amplitude A, (we suppose
that the A, wave is synchronous to the electron beam moving in the +z
direction, and the rest partial waves do not interact with the beam) doés
not depend on transverse coordinate X . Note that, the maximal
amplitude A, wave exceeds the maximal amplitude B, essentially
(A= /Bm= =ql ). For the mode n=0 m=1 the spatial structure A,
and B, waves is identical to the structure B, and A, waves
accordingly, if we mutually exchange the Z and X coordinate (in this
case AP=/Br= =1/al, ). Therefore, this mode has fairly low amplitude

of synchronous wave A, and do not effectively excites by electron beam.

2. BUILD UP OSCILLATIONS IN FEL WITH 2-D BRAGG RESONATOR

Let us investigate excitation of a 2-D Bragg resonator by a sheet
relativistic electron beam. Suppose that electrons oscillate either in the
undulator field (ubitron, Fig.4a) or in the uniform axial magnetic field
(cyclotron autoresonance maser - CARM, Fig.4b). As before we assume
that only the A, wave is synchronous to the electron beam moving in the
+z direction and the other partial waves do not interact with the beam.

The resonance condition can be written in the form
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where v, =B, c is electron axial velocity, Q is electron oscillation

frequency (for ubitrons Q=2nv,/d, is bounce-frequency, d_ is

u

undulator period; for CARM Q=eH,/mcy is gyrofrequency, y is the

relativistic mass-factor).

kicker

31/
b.
kicker
Fig.4 The scheme of ubitron (a) and CARM (b) with 2-D Bragg resonator:
(1 - 2-D Bragg resonator, 2 - electron beam, 3a - undulator,
3b - pump section (kicker), H, - guide field)
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For investigation of transition processes we suppose that amplitudes of
partial waves are slow functions of time: Ai(x,z,t) s Bi(x,z,t) and as
carrier frequency in (2) we choose the Bragg frequency ©, . Under such
conditions interaction of the electron beam with partial waves of 2-D
Bragg resonator and oscillations build up can be described by the
following system of equations

(12)

Boundary conditions for Egs. (12) take the form
A, (X,FL,/2)=0 , B.(FL./2,Z2)=0,
(13)

6|Z=—Lz/2 = 90 e[0,27t) s (a—az + B]_ll %)6’2_—1' n =—=A .

Here we have used the following dimensionless parameters and variables:
Z=hzC, X=hxC, t=04C, a=a/hC, Vgr =BgrC is group

. A A eKpL el A%x2pn v A
wave velocity, A,,B, = ~A,, B, , C=| ———| isgain
mcayC 81y ,mc3a,
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parameter (Pierce parameter), 6 =m,t—hz -Ith is electron phase

relative to synchronous wave, ‘A= (ﬂvu +Q - coo) /coo C - initial

mismatch of synchronism, « is parameter describing coupling between
wave and electrons (this parameter is proportional to the oscillatory
particles velocity), p is bunching parameter (for ubitron p=y—2 and for
CARM p=1 —cz/vf,h , where v, is phase velocity of synchronous
wave), I, is electron current, L, , = le_zC .

Electron efficiency is given by relations

S S " . LN de, dx
=" 72 oz °

C . 1 +Ly/2 2R(w )
Z=L,2

nL, RaR)

Dependencies of efficiency on time at the region of parameters, where
the build up of the stationary regime of generation takes place, are
presented in the Fig.5. Note that in numerical simulation we assumed
Vy =V, . At the stationary regime spatial structures of partial waves Ai
and ﬁi are close to the structures of corresponding waves for the most
high-Q mode n=1 m=0 of "cold" resonator (compare Fig.3 and Fig.6).
The frequency of this mode as well as the oscillations frequency coincides

with the Bragg frequency. The self excitation condition for this mode may
be presented in the form p=a2L 14 >250, AL,~=*. Itis important

* Under more great excess over the threshold (governed by parameter p ) it is
observed excitation of another modes (in perticular, mode m=n=1 ), as well
as automodulation regimes of generation. In this case the spatial structures of
waves periodically changed in time.
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Fig.5 Build up stationary regime of oscillations. Dependencies of normalized
efficiency on time: L, =4, A=-1,82, a?L, =1,25:
1. L =08, a=1,25; 2 L, =32, a=0,625;
3L =128, a=0,315; 4 L =288, a=0,208.

A

to note that transverse distribution of amplitude of syicl.ronous wave A,
does not depend on transverse coordinate X that provides equal energy
extraction for all parts of the electron beam.

The principal problem for the considered scheme of FEL is the
question about maximal transverse width of system under which the
regime of space synchronization of radiation of different parts of the
clectron beam can be realized. From Eqgs.(12) it is easy to see that at
stationary conditions (8/0t=0) *, when the fundamental mode n=1

m=0 excites, the dependencies of waves B, on the transverse

coordinate may be presented as
B, -ax(A,+A),  B.=a(L,-x)A, +A) (14)
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This allows to reduce Eqgs.(12) to the form
R ’ R . 2%
LA+ icchx(A+ + A_) =1 Ie-ledeo ,
0
LA i, (A,+A)=0, (15)

;—;—9 = Re(1§+eie) .

Therefore, if the system length L, is constant, distribution of waves
along longitudinal coordinate as well as efficiency does not change when
condition &2L, =const is satisfied. Such a scaling gives us possibility to
increase the width of the interaction space simultaneously decreasing
coupling parameter (for example, decreasing corrugation depth). Computer
simulation of nonstationary equations (12) confirms this conclusion. If
L, <5, the synchronization regime is stable at least up to L, <30 , but

the transition time increases with increasing system's width (see Fig.5).

3. CONCEPT OF SUPER POWER-MILLIMETER WAVE FEL

Using theoretical consideration carried out in Sect.1 and 2 let us
estimate possibilities of realization of FEL with wavelength A =4mm
driven by REB with transverse size 140cm, electron current 1kA/cm
particles energy 1MeV and pulse duration 10°s . Such beams are
formed by the U-2 accelerator (Novosibirsk, INP RAS) [10]. Let the
undulator 4cm, transverse oscillatory electrons velocity B.~x~0,3 ;
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and parameter pu~7y;2~0,1 . In this case, when the distance between
cavity platess a,=5cm , gain parameter is C=0,0065 . Curve 3 in
Fig.5 (0=0,315,L,=4,L, = 12,8)- corresponds to the corrugation
depth a, =0,4mm , the cavity length 36cm and the cavity width
140cm. Transit time is about 150ns. Under efficiency 15% the radiation
power amounts to 20GW. So the 2-D distributed feedback provides
obtaining spatial coherent radiation under oversize coefficient 1, /A = 350.

Note in conclusion that for the 2-D Bragg resonator the single-directed
output of radiation (both longitudinal and transverse one) may be provided
by using additional Bragg reflectors. Figure 7 presents an example of the

resonator emitting only in the +z direction.

t/////w..

Fig.7 The scheme of resonator provided single-directed output of radiation.
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MAGNICON A NEW POWERFUL
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G. V. Serdobintsev V. P. Yakovlev

Budker Institute of Nuclear Physics
630090 Novosibirsk, Russia

Introduction

A magnicon[1,2] belongs to a new type of high power RF devices
where the beam modulation is achieved by the circular deflection. Be-
ing an outgrowth of the gyrocon[3] a magnicon enable one to height-
en an upper limit of the operation frequency and power range having
high efficiency intrinsic to this class of devices.

Historically the devices of this type have been developed by the
Novosibirsk Institute of Nuclear Physics for solution the problems
of power sources for the electron - positron colliders. A Gyrocon
[3] proposed by G.L.Budker was the first of those devices. A few
gyrocons have been developed [2], that demonstrated a possibility of
its successful use in the RF system in the accelerator-storage ring
facilities. At the same time, it was revealed that into the range
of high frequencies (a centimeter range of wavelength) is related to
a substantial reduce in power and efficiency. These limitation are
mainly associated with the overheating and breakdown in cavities as
well as with the difficulty of the passing a high power electron beam
through circular slits in the end walls of the output cavity.

A magnicon is the most advanced innovation using the gyrocon
principle of beam modulation by circular deflection but it is modified
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in such a way that enables one to decrease the limitation mentioned
above.

1 Operation Principle of the Magnicon

The magnicon design is schemat-
ically given in Fig.1. A continu-
ous electron beam from the gun 1
is guided into a circular deflec-
tion systems, which consists of
the drive cavity 2 and one 3 or
a few gain cavities in a longitudi-
nal magnétic field (Q/w = -2, Q-
cyclotron frequency, w-frequency
of input signal)! produced by
solenoid 4. In this cavities the
beam is deflected at an angle oy
by an RF magnetic field rotating
with a deflection frequency (w).
The field distribution in the cav-
ities is shown in Fig.1. The beam
is extracted from the magnetic
field near the device axis through
a hole in the flux shield.

Fig.1 Layout of magnicon

In the drift space, electrons deviate from the device axis and get
into a stationary magnetic field (B,) of the solenoid 5. While en-
tering the magnetic field the longitudinal velocity of the electrons is
transformed into a rotational transverse one, and the degree of the
transformation is characterized by the pitch angle a. Further on,
travelling along a helical trajectory and steadily changing their en-
tering point in the output cavity 6, the electrons excite a wave in the
cavity travelling along the azimuth (7M;;, mode, Fig.1) and trans-

1Sign(-) corresponds to the same direction both of the cyclotron rotation of
electrons and of the wave rotation in the deflection and output cavities

12— 3.K-185. T. 2. 783



fer their energy to this wave. If the magnetic accompanying field is
equal B, = 0.5(7o+ 1)wmg/e , where 7, is the initial value of electron
energy the interaction can remain to be effective during many peri-
ods of RF oscillations. Therefore an output cavity length can be of a
few wavelength, that leads to substantial decrease in the RF field, in
ohmic losses and in a specific heat release. Besides, the large beam
tunells (their diameter is approximately equal to two Larmour ones)
in tandem with the “magnetic accompaniment” practically removes
the problem .of the current interception. The presence of magnetic
guidance in the deflecting device enables one ( compared to gyrocon )
to increase an longitudinal size of cavity and, thereby to decrease the
limitation related to the breakdown and overheating, and also, it en-
ables one to increase substantially the gain by the use of a few passive
cavities as in this case.

After interaction in the output cavity the beam gets into a collec-
tor 7. The RF power is fed from the magnicon through two waveg-
uides 9 placed at 90° along the output cavity azimuth.

2 First Magnicon

A schematic diagram of the first magnicon is given in Fig.1. A diode
gun with a LaBs emitter is used as an electron source. After the
gun the beam is guided into a circular deflection system. The first
cavity is excited by an generator and deflects the beam at a small
angle. The second cavity (passive) is excited by a predeflected beam
and provides the particle deflection at the required angle (o = 30°).
The distance between the cavities [ = §,A/4 is chosen to provide the
maximum gain. After its flight in the drift space the beam gets into
an output cavity (the magnetic field distribution is shown in Fig.1)
and then into a collector section .

The main parameters of the magnicon experimentally obtained
are listed in Table 1.
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Table 1

Frequency, MHz 915 | Output power, MW 2.6
Beam voltage, kV 300 | Efficiency, % 73
Beam current, A 12 | Electron efficiency, % 85
Beam power, MW 3.6 | Pulse width, us 30
Repetition rate, pps 1 Gain, dB 30

Experimental studies [1,2] have shown that a magnicon has the
following features:

1. Smooth the drive characteristics.

2. The magnicon power decrease at variation of the output cavity load-
ing is not large and makes approximately 10 % at a two-fold change
in the output cavity shunt impedance. As it is theoretically predicted
with the unloading of cavity the total current reaches collector, i.e.
the reflection of electrons does not occur.

3. Good phase stability (exceeding the phase stability of klystron of
comparable power).

Besides the experiments described above (when the magnicon was
operated with absorbing loads) the device has been successfully tested
with the accelerating structure of the racetrack microtron [2].

3 X - Band Frequency Doubler Magnicon

As a prototype for the microwave power source of future linear col-
lider there has been developed at INP an advanced magnicon scheme
(Fig.2) providing perveance a by an order of magnitude higher then
to that of the classical one [2,4]. The device is a frequency doubler,
which lacks the drift space between the deflection system and the out-
put cavity with the deflection angle required for attaining the high
efficiency being made directly in the deflection system. Magnicon is
designed for an output power of 50 MW, an operating frequency of 7
GHz and a pulse duration of 2 us.

The beam source is the diode gun 1 with an oxide cathode of
120 mm diameter. The voltage pulse from a step - up transformer is
applied to the gun. The main feature of the gun is a high degree of
a beam area compression [5].
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The beam from electron gun passes the resonance system, which
consists of a circular deflecting system and an output cavity. Beam
deflecting in the drive cavity 2 and in two passive cavities 3,4 is
provided by transverse magnetic field of the T M;;, wave travelling in
azimuthal direction (see Fig.1). The cavities are placed into biasing

magnetic field that is excited by coils 5.
Drive cavity 2 excited by gen-

! erator provides a small angle
m of the beam deflection. Fur-
2 ther increase in the deflection
Z angle up to 50 — 60° is provid-
. ed in passive cavities excited

. by a predeflected beam.
A cylindrical output cavity 6
with the T My, wave (Fig.2)
travelling in azimuthal direc-
| } tion is used to convert the
beam energy to RF. The eigen
frequency of the output cav-
ity is twice greater than the
deflection one [6]. This cavity
is placed into biasing magnet-
ic field too, the field value is
Fig.2 Layout of frequency doubler determined by the conditions
magnicon. which are necessary to achieve

an effective long term

interaction of the electron beam with RF-field [1,2]. The RF power
extraction is provided by two similar slots in the side cavity wall,
which are shifted at 135° in azimuthal direction to support the wave
travelling in azimuthal direction.

At the first stage of the experiment the electron gun was tested.
While testing the following data were obtained: beam power 100MW
at voltage 430 kV and microperveance 0.82, pulse width 2us and the
repetition rate up to 3 pps [5,6].

' The beam diameter, measured with the help of special movable

i
170
*q

9208 :E

2500
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graphite diaphragms is less than 3 mm (i.e. area compression ration
exceeds 1500:1 and energy density is 4 kJ/cm?). The main problems
arising in the process of investigation were caused by the last passive
cavity. A few different version of this cavity had been examined
(with three and two coupled cavities) before succeeded to do away
with selfexcitation of both, klystron-like and operating mode T M,
[6].

For the time being, the very initial test of the magnicon have been
carried out. The parameters obtained are listed in Table 2.

Table 2.
Frequency,GHz 7 Drive frequency,GHz 3.5
Power, MW 20 | Gain,dB 47
Pulse width us 1.3 | Beam voltage kV 400
Efficiency,% 25 | Beam current,A 200
Repetition rate,pps 2
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Relativistic BWO as a part of sectioned
oscillators and amplifiers

E.B.Abubakirov, N.F.Kovalev

Institute of Applied Physics,
Russian Academy of Sciences
Nizhny Novgorod, Russia, 603600

The relativistic BWO is well known as a powerful, reliable and
simple source of pulse microwave radiation. The main quality of BWO
is its adaptivity (due to internal feed back) to the fluctuations of
electron beam parameters, that is of a great importance for high-
current beams formed by explosion-emission (field-emission) cathodes.
Just the BWO was the first successfully realized in 1973 [1,2]
relativistic microwave device. Recently pulse Cherenkov type BWOs
provide output power up to 2 GW in cm wavelength band and about
few hundred of MW in long mm band.

. To increase the output power and to shorten operating
wavelength of BWO it is necessary to use electrodynamic systems with
large (in comparison with wavelength) cross sections. Such space
developed systems allow to transport high currents and powerful
microwaves without high frequency break-down. It should be noted
that these systems are principally multimode and BWO itself has low
selective properties, so the main problem for powerful and high-
frequency BWO is mode selection. This problem is very difficult for
BWO because of its mentioned adaptivity and internal feedback, so it

seems perspective to use RBWO not as an individual microwave
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source but as a part (or section) of more complicated sectioned
devices.

These devices [3,4] consist of a set of sections, and their
selective qualities are determined as a combination of selective
qualities of each section. The idea of sectioning can be illustrated with
a classical TWT with a local absorber. The absorber divides TWT into
two sections, removes electrodynamic coupling between them and, by
this, help to avoid parasitic excitation of tube. Similar to this
sectioning of operating space allows to provide excitation of definite
mode (or combination of modes) in oscillators and to rich high

amplification in amplifiers.

REFLECTOR AMPLIFIER REFLECTOR
(MODULATOR) (TWT) (DEMODULATOR}

Fig. 1. Scheme of sectioned oscillator.

22

The Fig. 1 presents the general view of sectioned generator
based on TWT. Oscillating regime in this generator is realized by
means of feedback provided by reflectors. It is important to note that
reflectors can provide the coupling either between electromagnetic
waves or between electromagnetic and electron beam waves. In the
last case the reflector operates as modulator (or demodulator) of
electron beam, and BWO can be used in that position.

The operation of BWO in sectioned generator may be
described by the following system of equations

789



df 2z .
=—(A+2u); i = Ie °do, ;

0

du 01, 40
E=Re{fe }, ;

d
where u @ - are normalized energy and phase position of electrons, f
- variable, proportional to the amplitude of high-frequency field, A -
mismatch of synchronism. Boundary conditions for the system (1)
depend on position of BWO: for the modulation section they
corresponds to  nonmodulated  stationary electron  beam
u (0)=0;9 (0)=6, € [0,27 )and input wave with initial amplitude f,
which is entered to the anode edge of section f ()= f,; for the
demodulation section initial energy and phase position of electrons
u@)=F, ©6,):600)=F, 6,)i6, € [0,27 )are determined by
operation of previous section, f (,)=0.

Let us consider BWO in the first position as a modulator of
electron beam. In this case we have just a BWO amplifier, but to
obtain more selectivity it is expedient to use regime of regenerative
amplification, that takes place when operating current of BWO-section
is close to the excitation value. In this situation high amplification in
narrow frequency band is realized. It is important to note that this
bandwidth is the less the greater the amplification. So the noise factor,
that is proportional to multiplication of amplification and bandwidth is
constant and it is possible to provide very high amplification
coefficients with low noise levels. The last moment is very useful for
relativistic amplifiers with high-current and, consequently, noisy
electron beams. This possibility has been demonstrated in [5], where
experiments with relativistic sectioned amplifier based on combination
of BWO and TWT were described.
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Let us analyze properties of BWO section in another position -
at the place of output reflector or demodulator. A possibility of
operation of BWO in this position is rather clear: a modulated electron

beam at the output of TWT section can excite in a proper condition a

160.00 —

"""""""""""" "Linear”
120.00 —
—@— 0.0003
| —@— 0.001
80.00 _..__ 0.003
i —A— 001
40.00 —
0.00 : : l : , |
2.40 2.80 3.20 3.60

Sinchronism mismatch
Fig. 2 Transmission coefficient for

BWO-reflector for different input signal amplitudes

backward electromagnetic wave. Of course, at this situation all
properties of BWO, such as regenerative amplification, can be
obtained (Fig.2).

As a matter of fact, for an output section a nonlinear regime is
more important and informative. The results of such study, presented
in Fig. 2, show very high sensitivity of amplification or conversion
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coefficient of BWO-reflector with respect to amplitude of input signal.
Besides that, this sensitivity is the more the closer excitation threshold
and, respectively, the greater "linear” amplification coefficient (Fig.3).
So the BWO-reflector can be regarded as a kind of cleared or
saturated mirror.

Let us assume some applications of this effect of nonlinear
reflection provided by BWO section. First of all nonlinear operating
BWO in feedback channel can realize traditionally rigid (hard) regimes
in oscillators. Additionally generator with nonlinear feedback will have
relatively small initial period of generation that is proportional to the
difference between linear transmission coefficients of main and
feedback channels.

In conclusion it should be said that strong nonlinear effects
exist in every case of coherent sum of eigenwaves. Nonlinear phase
shift of the waves destroys such coherent states in electron devices as
regenerative amplification in BWO, Compfner deep condition in
TWT, suppression of output signal in Bragg reflectors, loaded with
electron beam and some others. It seems to us that application of
these effects for creation of powerful electron devices is very
perspective.* For example, they can be used in oscillators with self-
modulated quality, threshold amplifiers and so on.
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Amplification of BWO-reflector
vs. amplitude of the input signal

for various ratios of operating and starting currents.
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DIELECTRIC CHERENKOV MASERS:
GENERATION IN THE INTENSE BEAM
OPERATION REGIME AND POTENTIAL

FOR ULTRAWIDEBAND AMPLIFICATION

A.S.Shlapakovskii
Microwave centre at the Institute of Nuclear Physics,
Tomsk Polytechnical University, Tomsk, Russia

Dielectric Cherenkov masers (DCMs) continue to be of interest
as high-power microwave sources. Recently rather successful exper-
iments have been performed with high-current DCMs [1,2]. Both
oscillator and amplifier configurations were investigated, and their
potential for high-power operation was demonstrated. In this re-
port important features connected with possible foture intense DCM
development are considered. It consists of two parts regarding high-
current DCM as a short wavelength oscillator and as an amplifier
with snperwide bandwidth.

1 DCM oscillator in the intense beam regime

Simplicity of dielectnic slow wave structures is especially attractive
for short wavelength range, and investigations of low-power DCMs
[3] advanced in this direction. High-current DCM advancement to-
ward millimeter and submillimeter ranges makes the intense beam
operation regime [4] (or two-wave coupling regime) inevitable.

In accotdance with the classical TWT theory the intense beam
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regime takes place when the beam space charge parameter

2/3
o’ = r(—ﬂi) > 1 (1)

adw

Here w is a frequency, O, T, o are beam plasma frequency, AC
space charge depression coefficient, and beam-wave coupling coeffi-
cient. The expressions for ' and o in the case of thin hollow beam
in the circular dielectric-lined waveguide were derived in [5]. € is
connected with the current 7 of such a beam by the formula

2 4el

G = pecep (2)

where rp, u, ¥ are beam radius, velocity and Lorentz factor. It follows
from (1), (2) that the current value corresponding to 0> = 1, I*
7*a®. In the experiments [1] the intense beam regime did not take
place in spite of 12 kA beam current because of rather high beam
energy and long wavelength (strong coupling). But calculations show
that I* € 1 kA for weak coupling levels when the beam-dielectric
gap A becomes comparable with the wavelength.

The amplitude condition of generation for DCM oscillator in the
intense beam regime may be written as

L [folwsly
p cosh (-&-V -2—1:1—,2-') =1, (3)

where p and L are reflectivity and length of the dielectric liner. It is
very important for start current problem consideration to take into
account the dependence of beam-wave coupling on the frequency.
Therefore the relation for the frequency at which the peak gain is
achieved must be added, and the equation follows

_ko(w)u—w 242 Iz

Q= !

2
T = Tag o3 Mccosh 3 (4)

Here, ko(w) is the longitudinal wavenumber in the no-beam system.
The typical curves for right hand side and left hand side of Eq. (4)
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are presented in Fig. 1 (¢ is a dielectric constant, 7, and R are in-
ner and outer radii of the liner, w, is the synchronous frequency).
Lower intersections of the curves correspond to start current; upper
intersections are out of physical sense because a start current mast
increase with decreasing of liner length. Evidently, there is a hmit of
start current increasing when the curves touch. Hence, an important
conclusion follows: at a certain parameters of the electron beam and
the dielectric waveguide, only an amplification but no generation is
possible for any howsoever large current value.

Start current values calculated from Eq. (4) are shown vs beam-
dielectric gap in Fig. 2 (solid curves). Lowest points of those curves

Qpro/'c

0.5

0.0

Fig. 1. Plot of left hand side (dashed curves) and
right hand side {solid curves) of the Eq. (4).

225 R =25 ¢cm, g = 2 cm,

01,7 =2, nn, = 1.5 cm.

:1- 83 cm, 2- 40 cm, 3— 30 cm.

i

£
p
L
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correspond to 02 = 1. At smaller gaps "weak beam regime” takes
place, and Eq. (4) becomes incorrect, so that the dashed curves lying
under the curve I = I" may be considered as truthful. Highest points
corresponds to the limit of start current tising discussed above. It is
significant that this limit lowers with liner length increasing. As a
result, it becomes difficult for kiloampere beams to satisfy simultane-
ously two important requirements: 1) the gap must not be too smrall,
and 2) the operating current must not exceed the start value too
much since stohastization of oscillations occurs, and the generation
efficiency and signal quality strongly change for the worse.

.
I,kA I:I —_— ¢
!
3+ ;
¢
1 1]
L - !
\ 1—¢
/
¢
2 r \ !
!
\ I
!
i / . 4
\=I=I K
/
1 - /// \ o //
1:‘,’ //
I x’//’ ///
i 2-7 W 3-
O _{‘_r-_l-_’l—_-l—— “( 1 i 1 T 1 -~
0.0 0.2 0.4 06 A/rg

Fig. 2. Start current dependence on the beam -
dielectric gap for various liner lengthes. De-—
pression and coupling coefficients' dependences
on fre?uency are taken iohd curves) and not

n

token dashed curves) into occount € = 2.25,
R=25cm, rnn=2cm, v =2 0= 01.
L=: 1- 30 cm, 2= 538 cm, 3= 120 cm.

I-= I is the conditional border current between
two—wave and three—wave operation regimes.
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2 DCM as ultrawideband amplifier

Perhaps, the place of DCMs among other high-power microwave
sources is determined rather by their potential for superwide band-
width amplifier operation. Really, a dielectric-lined waveguide like a
helix in low-voltage traveling wave tube amplifiers is a smooth slow-
wave structure and has a weak dispersion over a wide range of oper-
ating frequencies, a feature necessary for wide-bandwidth operation.
Most previous DCM experiments were carried out with rather thin
dielectric liners when the wave field is evanescent, and the beam-wave
coupling exponentially decreases as the frequency increases making
wide-bandwidth operation impossible. It is, nevertheless, possible in
a case, where the dielectric fills a substantial portion of the waveguide
cross section, and the transverse size of the vacnum channel is less
than the operating wavelength.

Also significant is a proper choice of beam parameters. One can
determine how the DCM bandwidth depends on the beam current and
energy from the dispersion relation of simplest model of total waveg-
uvide filling, both with the dielectric and a cold magnetized beam [6]
(k, p are longitudinal and transverse waverumbers)

BT i 0 B Ey

€ ey (w —ku)? ~ 0. ()
One can derive from Eq. (5) that amplification occurs if the inequality
is satisfied

®(z>0)<0,

(6)
® =23} - ) +22(1 - 5+ 3%) — 2(3¢ + 23) + {4,

where z and ¢ are dimensionless variables

_ ¥ (pu)* _ 8 er(u)?
= -Iﬁ-?’—w'z—, C-—(E cz 1) T%—, (7)

and show that the relative bandwidth is maximized at a certain op-
timum value of { , i. e., at the optimal current magnitude for a fixed
velocity, and vice versa.
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The more natural model is necessary to use for the estimation of
the bandwidth values achievable in DCMs, In Figs. 3, 4 some results
of the numerical solution of the dispersion relation for a thin, hollow
beam in a partially-filled waveguide [4] are presenied. Actual values
of the -3 dB bandwidth depend on the peak gain magnitude and can
be determined for large gains by the formula

5(Imk) _ 10m2lge 3
(imk), . G(dB)+C ~ G(dB)+ C’

Ce€(60,95), (8)

where §(Imk) is the difference between the maximum growth rate
(Imk),, , and the value corresponding to -3 dB power level.

The results of calculations illustrate the DCM potential for ul-
trawideband amplification. For example, for a peak gain of 40 dB
and beam current of 2 kA, Eq. (8) and the corresponding curve in
Fig. 3 indicate a -3 dB bandwidth of about 50%. At the waveguide
radius R = 4 cm, we have an amplifier operating in the X-band with
a length of 95 cm and a beam-dielectric gap of 2 mm. Among the
curves presented in Fig. 4 for a beam of higher energy, the curve with
10 kA current corresponds to the widest bandwidth, 40% at 40 dB
peak gain. For an X-band amplifier with R = 2 cm, the gap would
be 2 mm and the length would be 30 cm.
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THE REASON FOR THE MICROWAYE RADIATION BREAKDOWN
IN A RELATIVISTIC CARSINOTRON

0.T.ILoza, P.S.Strelkov, S.N.Voronkov
Institute of General Physics, Moscow, Russia

The problem of secondary effects in vacuum miorowave devices
became pressing with the development of high-power microwave
technology based on relativistio electron beams (REB). The
process of microwave radiation terminates usually well before the
REB propagation through the generator is ocompleted. The reason
for such a behavior of an oscillator is plasma oreation in
different parts of the setup.

It was shown [1] that the influence of plasma produced in
the collector region can be obviated by removing the oollector
out of the waveguide. Tt's possible also to stabilize the radius
of REB generated by plasma (field-emission) cathode [2], and at
the same tlme to prevent the appearance of plasma at the diaph-
ragm. Creation of plasma in these parts of a miocrowave device
should be taken into aoccount especially if the pulse duration is
of the order of mioroseconds. But only the complete elimination
of plasma in all the regions of a vacuum device makes it possible
to prevent gradval variations of dits properties during the
process and by this means to bring the microwave pulse duration
to that of the electron beam.

Now 1t remains to oonslder the influence of plasma in the
slow-wave structure of a microwave device, 1ts origin and the
ways of possible preventing of plasma emergence. It was this
goal that we pursued in our experimental investigations of
miorosecond relativistioc BWO (oarsimotron) in order to obtain the
complete utilization of REB pulse duration for microwave
radiation in 3 om wavelength band.

The parameters of the eleotron beam were: 500 keV, 3.3 kA,
700 ns. The microwave power did not exceed 100 MW, being usually
twioce less. We got rid of plasma influence on the generator long-
term operation in the collector region, on the cathode and the
diaphragm using the above mentioned methods. Eleotrons of the
hollow REB @ 40 mm with the thiokness of ~ 4 mm propagated along
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the 1lines of a strong magnetic field (~ 1 T) through a rippled
waveguide from a diode to a remote collector, keeping their
initial radius invariant in 8 mm from the wall. Miorowave pulse
duration did not exceed 2004300 ns, and the radiation terminated
some hundreds ns before the beam ourrent finished and did not
resume.

Eleotrostatio field on the Blow-wave struoture walls due to
the beam space charge was always more than the electric component
of the miorowave field, so the field emission of elsctrons from
the walls was prohibited. Our estimations showed, that the space
charge of the REB made it impossible for an ocoasionally (due to
photo- or secondary electron emission) born "thermal" eleoctron on
the wall to gain excess energy in the miorowave field: its flight
time was much less than the field period. Hence, for the lack of
energy a number of electrons could not be multiplied, e.i. a
discharge ignition was impossible. The investigations [3]
oonducted at our setup showed that a residual gas discharge did
not take place in microwave fields of the avallable magnitude in
a time of 1 Us because the pressure was too low: 1074 Tor. For
the Bame reasons the beam relativistic electrons (£ 3'10”0m’3)
could not oreate a noticeable amount of plasma during the pulse.
Besldes, the beam propagation itself did not affect the system
catastrophiocally: it was shown [2] that the process of microwave
radiation can be turmed on as in 100 ns after the onset of the
beam ourrent, as in 500 ns. Hence, no plausible reason taken
alone was available to conceive oreation of plasma.

First, we tried to study, how the bombardment of the
structure walls by relativistic electrons influences on the
radiation pulse duration. By means of artifiocial diminishing of
the magnetic field only inside the corrugated waveguide we varied
the gap between the outer border of REB and the inner radius of
the tube. The moment of electron striking was observed by a
collimated X-ray receiver (<5 ns) adjusted to a definite zone (6
cm) of the exposed area. The magnetic field having being
deoreased step by step, the beam radius expanded, and in an
appropriate moment electrons touched the wall (Fig.1). The
radiation pulse duration having been comparatively large drops
simultaneously with the electron impact.

It was known [4] that backscattered electrons can occur on
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100 ' 300 ' 500 ' 700 t.ns
Pig. 1.

the collector. A portion of them possessing the energy of 2 100
keV can penetrate into the waveguide, overcoming the potential of
the REB. We observed the presence of these electrons inside the
device with the help of special sensitive film. The film was
pasted to the back side of the anode diaphragm at the entry of
the ocarsinotron and at its exit (being proteoted from the direot
REB). '

In the case of axial symmetry the electron beam was wasted
in the walls of emitting horn, and the exposed area of the film
was ring-shaped, 3+4 mm thick. If the remote collector was in use
the beam had to turn as a whole through ~ 90 degrees, drifting
transversely to the plane of bend in the inhomogeneous magnetic
field. Note, that the direot and the reverse beams tend to drift
in the same direction. Therefore, the position of the backstream-
ing electron flux (a half-ring in 1ts visible oross section
beyond the direct REB) at the exit of the Blow-wave struoture was
observed to be 13 mm displaoed with respeot to the direot hollow
beam. The exposed area of the film at the entry was only 4 mm
thick because of comparatively emall diameter:of the waveguide.
This means, that a part of relativistic eleotrons. from the
collector (with a ocurrent of a few amperes) can not fly unimpeded
in the tube and strike ripples of the ocarsinotron since the
beginning of the beam pulse.

Hence, we have proved that electron bombardment of the
slow-wave structure suffices to terminate miorowave radiation,
and then we have elucidated the feasibility of +this: back
scattering on the collector.
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An optical system, comprising a lens, a collimator and a
photo-electric multiplier, enabled us to determine the position
of a glowing object with the accuracy of < 20 om and, that was
more important, it suppressed signals from other light sources.
It was urgent, because a powerful light flux from the exploding
cathode hindered to reveal glowing in any other region. The
signals from the optical receiver, tuned to 1‘.hel center of the
slow-wave struoture, are shown in Fig.2. The piasma cathode is
the only light source if the oscillator i1s inactive (é): ripples
being shunted by a thin tube. With the appearance of miorowaves
(c) a new light becomes noticeable (b) on the background of that
of the cathode, its origin being inside the BWO and the intensity
growth fitting the process of the radiation. We attribute this
phenomenon to the miocrowave discharge and the oreation of a
noticeable amount of plasma iIn the interior of the rippled
waveguide.

So, we consider the scattered electrons from the collector
to be the reason for the primary plasma appearance, a oomparati-
vely small amount of it, and the further fast acocumulation of
plasma i8 due to miorowaves.

To dimlnish the flux of electrons from the collector we
applied an additional solenoid that enhanced the magnetic field
between the collector and the slow-wave siructure twlce. A part
of eleotrons with big pitch-angles reflected from such a magnetic
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filter, and the total amount of electrons oapable to strike the
walls diminished. The more limited number of initial plasma spots
appeared on the surface of the carsinotron, the more time was 1t
neoessary for miorowaves to oreate a sufficient volume of plasma
for the premature shortening of the microwave pulse. As a result
the radiation pulse duration increased from 200 to 400 ns.

The complete elimination of the scattered eleotrons in the
interaction space of an oscillator can be obtained by a spatial
separation of the direct and the backstreaming beams using a
particle drift in an inhomogeneous magnetic field. To achieve
this it is suffiocient to bend the direct beam in the colleotor
chamber. Our estimations and numeric simulations have shown that
it 18 necessary to Bend the beam into a half-torus with a small
(~ 0.1 T) guiding magnetio field.

The ahove results may be summed up aB follows. The electron
bombardment of the slow-wave structure by backstreaming electrons
causes a miorowave discharge in the oscillator. The partial
suppressing of this electron flux has culminated in the inorease
of the radiation pulse duration. Techniques for the oomplete
elimination of the reasons of plasma oreation in a vaouum mioro-
wave device 18 proposed.
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STUDIES ON PLASMA WAKE-FIELD
EXCITATION USING PULSED
RELATIVISTIC E-BEAMS WITH A GREAT
NUMBER OF BUNCHES

A.K.Berezin, Ya.B.Fainberg, I.N.Onishchenko,
V.A Kiselyov, A.F.Linnik, V.V.Uskov,
V.A.Balakirev, G.L.Sidelnikov, G.V.Sotnikov
Kharkov Institute of Physics & Technology,
310108 Kharkov,Ukraine

The idea of possible use of longitudinal charge density waves ,-
the waves excited in plasmas with electron beams or sequence of elec-
tron bunches,~ for charged particle acceleration was first proposed by
Fainberg in 1956 [1]. According to the theory [1-3], the most effec-
tive excitation of such waves occurs during collective interactions of
monoenergetic, low angular divergence (LADREB) electron beams
with plasmas. Our observations at KFTI [4-6] during experiments
on the interaction of monoenergetic LADREB with a dense plasma
confirmed the generation of ultra high frequency (UHF) electric fields
with gradients up to 400 kV/cm, as cansed by beam-plasma insta-
bility. This instability was discovered by Akhieger and Fainberg [7].
The use of such fields for particle acceleration to high energy difficult
to perform, because during the beam-plasma interaction the wave
relativistic factor v,, decreased io the point of v, < 7, where v is
the beam relativistic factor.

The method of producing plasma excited wake fields for particle
acceleration, using a single banch [8,9] or a train of bunches of rel-
ativistic electrons [9-13], remmoved this obstacle, becoming one of
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modifications of collective particle acceleration by means of plasma
charge density waves. The subsequent theoretical studies [14] indi-
cated that a train of electron bunches could be used to achive high
gradient accelerating fields in plasmas. Moreover, the coherent addi-
tion of wake fields of single bunches allowed to excite intence plasma
waves even With the density of each bunch being rather low.

The first experiments on plasma wake-ficld excitation with a train
of relativistic electron bunches [10-12] were carried out using an ex-
perimental set-up which consisted of a linear accelerator, a plasma
gun, a interactions chamber, a magnetic analyzer and a diagnostic
set. Relativistic electron bunches were produced in the electron linac
with the following parameters: beam current I=1 A, beam energy

=2-2.5 MeV, pulse width 7 = 2us, frequency modulation
fm=2805 MHz, beam diameter — 1 cm.

In the process of the autophasing the electrons were bunched with
length 1,7 cm, number of electrons per bunch 2 - 10°, charge
0.32 nC. Frequency repetion was equal to the frequency of modu-
lation. The plasma sourse was a coaxial plasma gun. The inner
electrode of the gun was hollow with 2 cm-diameter and used for
REB-guiding into the main interactions chamber which was a glass
tube 2 m long with 10 cm in diameter, placed in longitudinal homoge-
neous magnetic field whose strength reached up to 2 kG. The initial
pressure was 10~¢ Torr. The plasma electron density was measured
via UHF cut-off frequency signals at the wavelength 10, 3.0 and 0.8
cm and using radiointerferometers at the wavelength 3.0 and 0.8 cm.
This set also helped to define the longitudinal plasma density gradient
in the interaction chamber. The experiments were carried out with
a decreasing density plasma within the limit 103 - 1019 cm~3. The
optimum density of electrons in the plasma was achieved when the
electron Langmuir frequency w,. was equal to the beam modulation
frequancy wy = 27 fm (Wm & Wpe), Npe ~ 101 em™3. Using longi-
tudinal electric probes, the frequency spectrum measurements were
made, as well as those of E, component of the UHF fields which were
excited inside and outside of the plasma via interactions of electron
bunch train with plasma.
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Experimentally measured was the relationship of beam pulse-
averaged energy spectra at the exit from the interaction chamber vs
plasma density (Fig.1). Notably, the maximum beam energy losses
occured at 200-500 keV ( ~ 12%) at the plasma density
fipe ~ 10'1cm ™3 when the beam modulation frequency was close the
plasma electron’ Langmuir one (wy, ~ wp.), the longitudinal gradient
of plasma density at whole length being ~ 6. The appreciable part of
beam elecirons was accelerated to 150-200 keV. At a decrease of the
gradient of the longitudinal plasma density lowering to 2.5 the range
of beam energy losses grew to 300--500 keV. Decreasing of bunch
charges (2 times) caused a lowering of the energy loss range to
80-100 keV.

Measurements of the plasma-excited field longitudinal component
E, indicated that amplitude of this component was 10 times smaller
on the outside of the interactions chamber than inside at a distance
of r = 2 cm from the axis. It was found that the maximum frequency
spectrum corresponded to the accelerator modulation frequency with
the half width of the observable UHF-oscillation spectram being 10-
12 MHz which was not greater than 1.5 times that in vacuum.

In the presence of plasma the field amplitude (Fig.2, 2nd curve)
increased linearly in time for ¢ ~ 1.2 — 1.4us. After achieving its
maximum the field amplitude fell down sharply, and at this moment
the energy spectram displayed the presence of particle acceleration
from the plasma exit port. The same figure shows for comparison the
observable variations of field amplitude without plasma.

In our experiments, we registered an increase of the total current
I, as caused by the appearence of plasma current I, the direction of
beam current Iy (I, = Iy + Ip). The total beam current increase can
be calculated from the ratio I,/f, = G = 1+ (s ~ 5). Fig.3 shows
the total current variations as a function of plasma density for three
different cross sections of the interactions chamber (1 -— L=40 cm, 2
-— L=80 cm, 3 — L = 120 cm). In our case, the resonant dependence
I, v8 ny, is evident. The maximum observable ratio G ~ 5 was at
fige ~ 10 em ™3,

Similar phenomena were observed during passage of modulated
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relativistic electron beames through high density neutral gases
{P=1-300 Torr)[15,16]. The created plasma was dissipative and in-
homogeneous which, to a considerable degree, hampered the develop-
ment of unmodulated beam plasma instabilites and decreased beam
relaxation.

In our experiments, a train bunches (modnlafed REB), passing
through Ti foil, 30 microns thick, was injected into the interactions
chamber filled with neutral gas (hydrogen, air) at pressures
P=1-300 Jorr. At a distance 25 cm of the foll the foil, plasma density
was fip, ~ 1011 — 57 10 cm ™2, and therefore wy, ~ wpe. At larger
distances, the plasma density became substantially lower. The en-
ergy spectra of electron beams which passed through the interactions
chamber are shown in Fig.4 for the distances of 2 cm (curve 1), 6 cm
(curve 2), 15 cm (curve 3) and 25 cm (curve 4). One can see that near
the foil the energy spectrum resembled that in vacuum, and, then,
after the bunches had passed through the interaction chamber, it is
observed an important change in the spectrum containing groups of
accelerated and decelerated electrons. The presence of electron beam
energy losses, UHF radiation with a narrow frequency spectrum and
radiation in the soft X-ray range, lecalized within the interactions
region, all bore witness to generation in the plasma of high-intensity
UHF fields in which beam and plasma electrons can get consider-
able energy gains. As the preceeding case, we also observed the total
current increase but to a lesser degree.

As a result, our experiments confirmed that a train of short elec-
tron bunches, upon passing through a plasma, could excite coherent
ficlds that added up to high values. Our results showed that the lon-
gitudinal electric wake-fields in plasma increased when the frequency
repetition of short relativistic bunches coincided with the plasma fre-
quency Wpe.

We plan to perform the experiments using the same beam, but
a different plasma production system which will consist of a 4m-
long interactions chamber filled with plasmas in counter-streaming
directions to each other to form a plasma column with densities on
the order of 10!° — 101°cm =3 and a low plasma density gradient.

809



10+ {\{ \ E,.a.u.

+ + np,cm
10! 1012
Fig.1 Fig.2
ln“b I,a.u.
l 1
5 3
.’.\ ! f:]o 1 - 1=2cm
/ A 2 1 2 - l=6cm
d o
/ \ y \ 3 - 1=15cm
3 ‘.‘!\ . l \ 4 - 1=25cm
»
‘/./ '\ \ 0,51 g \
[ >~y ry
/0/' \‘ . /.\\‘ / \
g N\ -~ X
1 / AN AN s~
e e S 2 /04 jné_\dc\o
D
: Mpscm3 e W,MeV
1" 12
10 10 1 2 3
Fig.3

810



In this experiment, we shall investigate the parameters of plasma-
excited wake-fields as a function of the number of bunches (from 100
to 6000).

In order to stndy the wake-field generation with more intense
bunches, we intend to use an electron linac, already commissioned
at KFTI, which has the the following parameters: energy — 15-20
MeV, number of bunches - 10-18, bunch duration 30ps, number of
electrons per bunch 10! — 102, current > 10A.

This work was supported by the Ukrainian state Commitee
of Science and Technology.
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A CORRUGATED PLASMA WAVEGUIDE
AS A SLOWING STRUCTURE FOR
POWERFUL MICROWAVE SOURCES

P. I. Markov, I. N. Onishchenko
A. O. Ostrovsky, G. V. Sotnikov

Kharkov Institute of Physics and Technology,
Kharkov, Ukrainc

Introduction

There bas been a great deal of interest in recent years in the study of
slowing structures, where one of the main components is plasma [1,2].
The reason for this interest is the feasibility of constructing powerful
amplifiers and generators of SHF oscillations, since in plasma-filled
slowing structures there is no restriction on the exciting electron beam
power due to the presence of a limiting vacuum current. Further-
more, the presence of the plasma considerably exiends the efliciency
of SHF devices. A significant growth of generated power in a cor-
rugated slowing structure, filled with the plasma resulting from gas
ionization by the beam, has been observed in Refs. [1-6]. The subse-
quent theoretical works and computer simulation of electrodynamic
characteristics of such hybrid plasma-waveguide slowing structures
have revealed a nomber of specific features of these sysiems. The
main of them are:

-~ increase in the coefficient of the beam coupling with the excited
wave and decrease of the starting current, stipulated by volu-
metricity of the waves in the region filled with a plasma {1- 6];

- nonlinear tuning up of synchronism during radiation of the exci-
tated wave and modulation of the plasma in the field of forward
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and backward wave, Ref. [8];
- plasma-induced dispersion displacement, of the resonance to the
region of a more effective beam-wave interaction Ref. [9];
-~ rise of a “dense” specirum of self-sustained oscillations of the
corrugated waveguide filled with a plasma, Ref. [9].

However it shounld be noted that by the present time there is no
definite clarity in the explanation of the phenomena, which lead to a
considerable growth of power in plasma-filled SHYF devices.

Statement of the problem. Input equations

In this paper the dispersion characteristics of a corrugated plasma-
filed slowing structure are investigated in detail. The equation is
denived io describe the characteristics of the electrodynanic system
under study. This equation is solved both analytically in the casc of
small depths of the corrugation for the main radial mode, and nume-
rically for a large pumber of radial and longitudinal harmonics. It is
shown, in pariicular, that the “dense” spectrum of plasma oscillations
is uniformly distriboted in the whole interval of low frequencies.

Let vs consider an axially-symmetric wavegnide with ideally con-
ducting corrugated walls. Tn the cylindrical coordinate system (r, ©,2)
the surface of the waveguide is given hy:

r(z) = ro(1 + arcos ko2), (1)

where r; is the average radios of the wavegnide, ky = 27/D, D is
the spatial period of the structure; o == arfrg < 1, ar 18 the depth
of corrugation. The waveguide is filled with a plasma and is pat
in a strong longiindinal magnetic field, so, the motion of plasma
electrons may be considered as one-dimensional. The countribution
of ions 1o the plasma polarization is neglected. We define the field
configuration and the dispersion characteristics of the electrodynamic
structure described.

The initial equations of the problem are the Maxwell equations
for the material medium, which fall into two subsystems for axially-
symmetric fields. This corresponds to the existence of two uncoupled
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fields of E -~ and H - - type in the plasma waveguide with corrugated
walls.

By virtue of spatial periodicity of the corrngated waveguide slong
the z-axis, let us represent the desired components of the electrical
and magnetic field as infinite series of spatial harmonics:

F(r,z,t) = Z A Fp(r) exp(ik,nz — fwi), (2)

n=-—00

where F(r,z,t) are the K — type field components, a,, F,(r) are,
respectively, the amplitode and the distribution function in the cross-
sectional plane of the waveguide of the n-ih spatial harmonic;
kzn = k;+kon is the longitedinal wave number of the n-th harmonic.
Solving the set of Maxwell equations by taking into account (2) and
using the boundary condition for the tangential component of the

electric field on the lateral surface of the waveguide E, l" =mz) T 0,
we shall obtain the dispersion equation of the form:
det || Conp ||= 0. 3)
where b2
eykokan(n — .
G = 1+ LB 1 (e oxplika(n — mel,
Lr -DJ2

kJ.n = V/EH(LUQ/CQ — k2 12 l

26 = 1 —wlfu?, w, = (drnge?/m)

np is the plasma density; ¢, m are the charge and mass of the electron.

Dispersion characteristics of the slowing structure

The formulation of the problem given above is strict, and the solu-
tion of the dispersion equation (3) can be obtained only by pume-
rical methods. However, in the case of a small corrugation depth,
a < 1, the dispersion equation is significantly simiplified and, as a re-
sult of its solution, one can obtain the analytical relation between the
frequency and the longitudinal wave number. Such kind of a solution
has been given in Ref. {7]. Tt has been shown that the existence of
a small but finite corrugation depth is binding together the spatial
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harmonics. A strong interaction between the space harmonics takes
place when their phase velocities are close to each other, and the
group velocities have opposite ways. This leads to the splitting of the
{requency spectrum and to the formation of frequnency stop bands. As
a result, there cxist the frequency intervals aw, where equation (3) has
no solution relative to k,. For example, near ihe points k, = £#/D
the dispersion curve has a break which is equal to aw ~ aw. In order
to determme the widths of the frequency stop bands in the regions
where the branches with numbers n > 1 intersect, it i8 necessary to
retain the terms of a higer order relative to the parameter « in the
dispersion equation. In this case, the widths of the frequency stop
bands decrease with the growth of their number m.

A more detailed analysis of the dispersion characteristics of the
plasma structure considered can be performed only by the numerical
simulations of the dispersion equation (3). Below the results of nu-
merical simulation are presented for different geometrical parameters
of the waveguide and the plasma density. Figs. 1,2 show the dis-

w/uwy wfw,
4 1.0

T~ — 0.8

]...
02_\_/-\_,,.»-\_/
v W_
A T i g W
s, [ kD
0 T 0.0% 7 17w
0 ] 0 1 2
a b
Fig. 1. .

persion curves of the plasma waveguide with periodic boundaries for

13 — 3.K-185. T. 2. 815



N

0-F ==
0 ) 2
&

Fig. 2.

the following parameters of the structure: ro = 1 cn; kg = 2 cm ™!

@ = 0.2 np = 2.83 - 10 cm™3 for two n = 0,—~1 (Fig. 1) and four
n = 0,412 (Fig. 2} space harmonics. Note that Figs. a show the
complete dispersion patterns of the slow-wave structuse, and Figs. b
show the dispersion curves ounly in the low-frequency region.

Basic results. Conclusions

it should be noted that in Ref. [9] the calculations of the dispersion
characteristics were made only for the first three radial modes. Qur
calculations were carried ount for an cssentially larger namber of radial
modes. It leads to a qualitatively ncw behavior of the dispersion
curves: in the region w < wy, the thickening of the low-frequency
spectrum takes place. This behavior of the dispersion curves is due
te a strong relation between the space harmounics which belong to the

816



radial modes with high numbers s > 1, and the ones near the region
w = 0.

An infinitely large number of radial and space harmonics give a
fundamentally new kind of spectral behavior, 1.0, a “dense” spectrum
in the whole low-freqnency range U < w < wy, Rel. [9]. As a result, in
the interaction of the electron beam with slow waves of a corrugated
wavegmde, oue shoold expect the generation of the meltimode regime
of RF-fields in the low-frequency region.

This work was supported by the Ukraipiar State Commitice of
Science and Technology.
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EXCITATION OF
MICROWAVE-OSCILLATIONS IN
MAGNETICALLY INSULATED
SLOW-WAVE TRANSMISSION
LINES

V.A.Balakirev, D.Yu.Sidorenko, G.V.Sotnikov
Kharkov Institute of Physics & Technology,
310108 Kharkov,Ukraine

Abstract. The theory of electromagnetic radiation
excitation by an electron flow is comnsidered for a flat
magnetically insulated transmission line with a comb an-
ode. The dispersion relation describing the excitation of
electromagnetic oscillations by the Brillouin flow in the
slow-wave structure is derived. The numerical analysis of
dispersion equation has shown that in the presence of the
slow-wave structure, an essential increase in increments
of unstable oscillations takes place. The conditions for
optimum generation of microwave power are found. Effi-
ciency estimates are given for the oscillators of the type
considered.

Introduction
In magnetically insulated transmission lines the Brillouin electron

flow forms{1]. The electrons, emitted from cathode, drifts along the
electrodes in crossed sel-comsistent electrical and magnetic fields.
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Being strongly non-equilibrium, such a flow is unstable [2]. In trans-
mission lines with slow waves (coaxial lines, flat Jines with a corru-
gated anode,comb-shaped structures) the synchronism of the Bril-
louin flow with slow waves of the structure is possible. The insta-
bility, arising under these conditions, will lead to the excitation of
intense electromagnetic oscillations. "The systems of this type can
be vsed as powerful microwave amplifiers and oscillators. In the
- Maganetically Insulated Line Oscillator(MILO) the electron flow for-
mation and the generation of radiation are combined. For the given
geometry of the transmission line, the only external parameter which
defines the characteristics of the oscillator is the voltage applied.

Interaction of the electron flow with the
slow-wave line

The geometry of the flat slow-wave line is shown in fig.1. The anode
has a comb structure. The potential difference applied to the elec-
trodes is sufficient to cause the explosion emission. As a result, the
Brillouin flow with thickness z., pressed to the cathode, forms in the
line. We shall describe the comb using the long-wave approximation

ANODE

8
b i
d

——|——pm

CATHODE

Fig.1. The slow-wave transmission line

kl € 1,where k is the longitudinal wave number, I is the comb
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period. The dispersion equation for TM waves can be obtained by
matching the field impedance in the vacoum gap d > z > z, to the
impedances of the comb and the electron flow. As a result, we shall
obtain

6 = ({s — tanh pB)/((s tanh pB - 1), B ¢
where B = D — X,, D = dw /e, Xu = zuwcfe,

(s = (w/p)tan(wA), G =TRQ/P(AY2+AFIF),  (2)

(s, are the field impedances at the boundaries of the comb z = d and
the eleciron flow z = z., p = (K% — w2, w = wiwe, K = kefw.
are the dimensionless frequency and longitudinal wavenumber, c is
the speed of light, w. = eH./me is the cyclotron frequency, H. is
the magnetic field on the cathode, A = aw.fc, T = w? — K% — 1,
Qs = w— KV,, Vo = vi/c, va is the velocity, 7. is the relativistic
factor of electrons at the flow boundary z = z., A, = 73(23 -1,
A' = dAJdX |x=x., F = F(X.), Fl = dF}dX |x=x., X = zwfc,
the function F(X) is the solution of the differential equation

d*FldX? 4+ (A'JA)AF/dX) - p°F =0, (3)

A=+ -1,y =cosh X, Q = w - KV(X), V(X) = anhX.
On the cathode, the longitudinal component of electric field goes to
zero, therefore, F(0) = 0.

Now we shall analyse the Brillonin flow instabilities in the slow-
wave structure. In the extreme case of K € 1, from the dispersion
equation (1) we shall obtain the expression for phase velocities of
waves

sinh X.cosh X, % [s(s — 1) + sv(s — cosh? X..)]”2 s
sinh? X, + s(1 + ») A

£ _
Vor =

where s = dfz., v = a/d. If we exclude the electron flow by in-
troducing extreme transition X, — 0, then from Eq.(4) we shall
obtain the expressions for the phase velocities of forward and back-
ward waves of the "cold” structure. The Brillouin flow not produce
new branches of oscillations, but it "distorts the "cold” branches.
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The LF-instability anises when the discriminant is negative D =
(s — 1) + sv(s — cosh? X,) < 0. The flow with the minimal current
s = cosh? X, is stable. In this case as in the smooth anode line the
phase velocity of the slow wave VPZ 1s equal to zero. Phase velocity

of the quick wave Vp"' = tanh 2X. /(1 + » cosh? X./cosh2X.) is lower
than that in the hine with smooth electrodes.

The dispersion equation (1) was solved numerically for the mini-
mal current and different slow-wave structure geometries and applied
voltage values. The frequency (fig.2a) and the instability growth
rate (fig.2b) versus wavenumber were obtained for slow-wave struc-
ture with d/a = 4 and the applied voltage U = 0.6 MV. For small
K, in accordance with analytical treatment, the Brillouin flow is sta-
ble and two waves propagate in it. The quick wave branch breaks.
This feature is also observed for the line with smooth walls[2]. Os-
cillations grow in the frequency range W > 1. The growth rate as a
function of the wavenumber has a peak. The gain in the growth rate
is due to the wave being in resonance with the slow-waves structure.
Outside of the resonance region K, the instability has has shows the
same behavior as in the line with smooth walls. Ast the voliage in-
creases, the growth rate peak shifts to the low frequency region, and
the increment value at the maximum decreases. For high voltages
U > 2.4 MV, the resonance instability growth rate is essentially less
than the growth rate of magnetron instability [2], which arises in
the line with smooth walls. Therefore, in this case, the slow-wave
structure will influence weakly the excitation of oscillations in the
transmission ine. The results of namerical calcnlations for the slow-
wave structure with the parameters d/a = 2 and an applied voltage
of 1 MV are represented in fig.3. Here the wave with the frequency
W = 0.8 has the greatest growth rate. And this wave is stable in
the transmission line with smooth electrodes. The region K > 1.8
corresponds to the magnetron instability, and 1.8 > K > 1.3 — to
the resonance instability.

The maximum dimensionless (a) and dimensional (b) increments
vs applied voltage for d = 2 cm and a = 0.5 cin are represenied in
fig.4. Sumilar functions dependencies for d = 2 cm and 4 = 1 cm are

821



Re W / Pe W
2 2
/Y a
{ {
. K K
0 5 o 0 3 S
005 [/77 W/L 5) 005 ]mW 5)
L | ﬂﬁ
0 5 0 3
Fig.2 Fig.3
]/?7 W 0f
005 \ e a) Im Wnax a)
S 005 —
Umg) Ulmg)
° 5 o 2
Smax [ s™)*10 Imax (s ') =10
25| /,/ £) 2 /5)
2 i 15 T
A~ U(MB) ’ Uimg)
0 5 0 { 2

822



shows in fig.5. The grcatest growth rate of resonance instability is
depicted by a solid bne. The dotted Line depicts the gratest growth
rate of magnetron instability. As the applied voltage increases, the
dimensionless growth rates decrease, and dimensional growth rate
behave differently. The resonance instability growth rate decreases
and the magnetron one increases. For relatively low voltages the res-
onance instability 1s dominating. This instability takes place only in
the slow wave structure. For high voltages, the magnetron instabil-
ity is determining. The frequency of the wave, excited by resonance
instability practically does not depend on voltage. The anode effi-
ciency of the oscillator can be determined as

7= Ki(y = n)/(y - 1), (5)

K, is the ratio of the flow current to the total current in the line,
v = 1+ ¢eU/mc®. In particular, for U = 0.5 MV we obtain 9 = 17%.
Formula (5) must be considered as the top efficiency estimation. In
reality the efficiency value will be always lower.

Conclusion

The theoretical analysis has showr MILO to be promising as a su-
perpower microwave oscillator. Under the fixed geometry of the line,
the output oscillator parameters, such as microwave power and ef-
ficiency, depend only on voltage applied. On the other hand, the
generated frequency is practically voltage independent, and this will
ensure frequency stability during operation with voltage variations.
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Radiation Field Formation in Open Periodical
Structures

V.A. Cherepenin, V.N. Kornienko, V.M. Pikunov
Institute of Radioengineering and Ela}(?’orﬁcs, Moscow, Russia

In our report we should like to present the numeric model for
analysing physics processes in limited open periodical structures.
We consider this model as the first step in the development of non-
stationary theory of high power relativistic oscillators and ampli-
fiers such as multiwave Cerenkov’s and diffraction generators with
oversized electrodynamic structures [1,2]. For description of these
devices, one have to solves the problem of electromagnetic field
diffraction on the elements with the dimension about operating wave
length. At the same time linear dimension of the electrodynamic
structure is approximately equal to its diameter. So the solution of
the problem of nonstationary diffraction is one of the basic elements
of numerical model.

In case of finite open electrodynamic structures the magnetic
field equation is [3]:

(7

BT o PG R+ i

Here V - volunie loaded by electron beam, S - surface limiting
this vohure, ¢ - light speed, R - radius-vector from field source point

T-Hir =2 j('( )R], R0 gy Lyav'-
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to view point, ¢'- retarded time detrnmm*d byt =1~ R/ ¢ where £ -
current Hime, T = §3/4x | ) - value of space angle of the observaiion
of surfacc from view pomt - vector of outside surface normal,
Hy - vector of outside nug,netxc field.

Other components of electromagnetic field are determimed by
Maxwel equations.

Boundary conditions for E-field correspond 10 ideal conducting
surface. H-field equation was transformed for the case of axial symv
metric electrodynarric structures.

The cquations of motion of macro particles wust be added to
field equations for self cousistent problem solving, They are:

dPa(t) |

— =gl b+ ZEVJc; Ho+H,),

2
; Vo 1/
Poe={1-23) Yinu 4,

herc gk, mik, Poi, vk - charge, 1nass, umpulse, veloeity of k-th paz-

ticle respectively.
xxlit?w let us consder sone resulls obtained with our numerie
n

Fig.1 and Fig.2 show the result of the excitation of limited open
structure with one and three bulges by th shori electron pulse mov-
mg in vicinity of the surface.

What is really suprising is that threc bulges are encugh for ex-
citation of the opposite phase: osallations c:orrmpomhng {0 Tamrade
oscillations m infinte peniodical structure.

'The result of excitation of limited periodical structure with five
bulges are presented on fig.3. The beam current w greater than the
starting curreni. The frequency of generafion corresponds L0 T-node
of oscillations. In noulinear stage of process the radiation spectrm
has higher time harmomes (fig.4).

Our numerical model was applied for the analysis of the oscil- |
laior excited by the series of short electron bunches . Well studied
excitation of FEL and this one are sumalar but in our case the nter-
action between bearn and field is Cerenkov's one. 1n this case stabi-
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E/Ema

! 1
f, GHz

Fig.1. Radiation spectrum. Electrodyname structare with one
bulge exeited by shor ( Ins) electron pulse.

1.20

E/Em
100

f, GHz

Fig.2. Radiation spectrum. Electrodynamic structure with three
bulges excited by short (1ns) electron pulse.
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Fig.3. E-field in point of exiting cross section. Beam current 1s
greater than starting ope.

f, GHz

FigA4. Radation spectrum in non-hinear regime.
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Fig.5. Radiation spectrum in case of 5 bulgss structure exciteq .
by senes of electron bunches.

1.00
J/dmax
m

Fig.6. Beam current density in cne pomt.

828



generation is possible too. The investigation of this process is inde-
pendent problem. We show only some interesting results. The main
frequency of radiation corresponds to the 7-mode of oscillations but
there are also combination frequencies and their harmonics (fig.5).
Since electron bunch is short and has sharp edges two mechamsms
of generation interfere. The first one corresponds to the transition
radiation, second one - the Cerenkov’s radiation. This fact is i
lustrated by fig.6 which shows the current density in fixed point of
beam. The first maxirmm correspods to the stimulated transition
radiation, second one - stimulated Cerenkov’s radiation.

These results were obtained by using numerical code FROST.
This code can be used even on personal computers.
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INDUSTRIAL GYROTRON
' DEVELOPMENT IN SALUT

S.D. Bogdanov, V.I. Kurbatov, S.A. Malygin,
V.B. Orlov, E.M.Tai
Research & Production Enterprise “Salut”
N.Novgorod, Russia

Introduction

Progress in gyrotrons development has became possible due to the
successes achieved in the electron cyclotron plasma heating experi-
ments. For this application SALUT is producing powerful millimeter
wave gyrotrons and superconducting magnets for them during more
than 20 years. In 1992 SALUT became one of the founders of GY-
COM Ltd. Now SALUT gyrotrons operate not only in Russia (KIAE,
GPI and others), but in Germany (IPP), in Japan (NIFS), in Holland
(FOM), in China (SWIP) also. Installations in Spain (CIEMAT), in
Italy (ENEA) and in Switzerland (EPFL) are in plans.

In Table 1 the last results are presented in comparison with the
results shown three years ago at the first workshop “Strong microwave
in plasmas”®.

A lot of new oscillators (28 GHz and 110 GHz) has designed and
produced. Output power of the 37.5 GHz gyrotron was increased up
to 0.5 MW. Pulse duration of the 140 GHz and 160 GHz tubes was
increased up to 1.1 s and 0.7 s respectively.

All gyrotrons include the quasi-optical built-in converter. The mi-
crowave power is radiated through the output window in the form of
the Gaussian-like beam. The operating efficiency of all tubes is more
than 30%. Gyrotrons have no high pressure water cooling system.
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Tabie 1

1990 1992
F(GHz) [ P(kW) | T(s) | P(kW) | T(s)
28 — — 500 0.1

37.5* 250 0.1 500 0.1
54.5* 500 0.1 500 0.1

83 500 1.0 500 1.0
110 — — 500 0.5
140 500 0.5 500 1.1
160 500 0.1 500 0.7

* Pulse duration of gyrotrons was defined by the customer.

"Water pressure is not more than 5 bar for the collector and 3 bar for
other systems.

In this report the experimental tests results, the techniques of
the pulse duration and output power increasing in the long and short
wavelength gyrotrons and the perspectives of the future development
will be presented and discussed.

1 Design and experimental study
of the long-wavelength gyrotrons

For this class gyrotrons the problem of the mode competition is not
so important as for short-wave tubes because it is enotigh to use
relatively low types of modes to ensure the permissible thermal loads.

Problems of the electron gun design correspond to nonadiabatic
effects in the cathode region, consequently it is necessary to optimize
the gun electrodes configuration.The gun design parameters of the
28 GHz gyrotron are presented in Fig. 1. It is important that the
velocity spread minimum takes place near the operating currents 10-
20 A.

The calculation of the effective converter of the operating mode to
the Gaussian beam is a main problem of long-wave gyrotrons design.
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Beam voltage 70 kV
Nominal beam 20A

| current
Cathode radius 21.5 mm
Beam radius in 7 mm
cavity
Density of | 2.5 A/cm?
emitter current
Pitch-factor . 1.3
Velocity spread 5%

o %

ov.

T —= LA
10 . 30

Fig. 1

For example, 37.5 GHz gyrotron has efficiency more than 40% but
the Gaussian beam purity is low (about 80%). The transformation
efficiency can be increased up to 90% using the mirrors with the
most possible size.It is the result of the 28 GHz tube tests. The
experimental dependences of the output power and efficiency on the
beam current of the 28 GHz gyrotrons are shown in the Fig.2.

In the 53.2 GHz gyrotron the use of the three-electrode electron
gun, optimization of the electrodynamic system leads to the following

results:

output power
beam voltage
beam current
anode voltage
efficiency

Gaussian beam purity
pulse duration

500 kW
80 kV
15 A
52 kV
41.5%
93%
0.1s

In principle it is possible to increase the pulse duration for the
gyrotrons 28-60 GHz to 0.5-1.0 s by small changes in tubes.
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Fig. 2

2 Development of powerful
short-wavelength gyrotrons

This year we produced a new 110 GHz gyrotron. Calculations of this
oscillator was made in collaboration with the colleagues from the
Institute of Applied Physics. The new tape of converter proposed by
Dr.Denisov is used in this tube. The experimental tests results are
showmrin Fig. 3: The Gaussian beam purity at the output window is
98%. . B

: The design and experimental tests of 140 GHz gyrotrons are the
most important SALUT achievements. In-October 1990 the test of
the first long-pulse 140 GHz tube was finished. Output power 0.5 MW
at 0.5 s pulse duration was achieved with the efficiency 30%. Pulse
duration of the gyrotron was limited by high temperature of the out-
put window.

In the next gyrotron the wave angle 50 in converter, the out-
put window diameter 100 mm and special profile of the last mirror
were used to decrease power density at the window. Experiments
for application of the magnetic material rings system to decrease the
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Operatingl TE;5.4

mode

Beam 70 kV

voltage

Beam 22A | PkWinZ% p

current ~50

Output | 500 kW 400+

power

Pulse 05s 30

duration 200 -

Gaussian | 98% 10

beam

purity 10 20 LA
Fig. 3

temperature of the collector and also improvement of the electron
gun for beam current in the range 20-30 A were produced. As a re-
sult in November 1992 we obtained the following parameters at the
experiment:

output power 500 kW
efficiency 35%
Gaussian beam purity 85%
pulse duration 1.1s

Pulse duration of the tube was limited by the resonator ohmic
heating.

It is important that the efficiency is practically independent from
current in the 20-40 A range, consequently the 1 MW output power
regime of the gyrotron is possible.

After this result the cavity construction was changed to improve
the cooling and to decrease the influence of the cavity deformation.
In August 1993 pulse duration 2 s with output power 0.5 MW was
achieved during the third 140 GHz gyrotron experiments. Results
are shown in the Table 2.
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Table 2

Operating voltage 70 kW
Operating current 215 A
Output power 500 kW
Efficiency 33.2%
Pulse duration 2s
Gaussian beam purity 85%
Maximum power density in cavity 1.6 kW /cm?
Maximum power density at collector | 1.2 kW /cm?
Losses in output window 3.28%

3 Future gyrotron development

Recent ECRH experiments have shown that to obtain successful re-
sults it is necessary to use the microwave sources with 0.5-1.0 MW
power and more than 1 s (better CW) pulse duration. Therefore,
to satisfy this requirements now SALUT is executing the additional
investigations. In the future the following issues are planned to be
. developed:
—electron guns operating in the space charge limited current regime
for the increase of the electron beam stability and cathode lasting;
—conical cavity for the decrease of the temperature loads at the cav-
ity walls; _
—collector with the system of nonadiabatic correction of magnetic
field distribution or collector with dynamic spread of the electrons;
—the cryogenic window;
—dquasi-uniform electric field distribution at the output window.
Using these methods it will be possible te achieve the following
parameters of SALUT millimeter wave gyrotrons in the near future:
—pulse duration 2-3 s at output power 0.5 MW;
—pulse duration 0.5-1.5 s at output power 1 MW.



MAGNETRON-INJECTION GUNS OF GYROTRONS IN
SPACE-CHARGE. LIMITED CURRENT REGIMES

B.V.Raisky, Sh.E.Tsimring
Institute of Applied Physics RAS, N.Novgorod, Russia
E. A. Solujanova
R & D Company SALUT, N.Novgorod, Russia

Magnetron—-injection guns operating in space-
charge limited current regime (p-regimed are
interested from the point of increasing of electron
beam stability and improvement of exploitation
conditions. Their main advantage over the guns in
temperature limited current regime (T-regimed is‘ the
absence of current growth in cathode heated by
locking electrons as result their reflection from
magnetic mirror. That makes ‘easier the application
of gyrotrons with high currents and impulse
durations up to the continuocus generation. Besides,
due to the weakening of electric field on cathade
the emitter longevity can be increased. The presence
of the potential minimum relaxes the influence of
the emitter surface roughness on the formed beam
parameteries.

The calculation of guns is produced by the
combination of synthesis and trajectory analysis
methods. It allows to obtain the electrode
configuration for forming the electron beam with set
current density Jo' radius in resonator Ty relative

transversal energy t;, and minimal velocity spread.
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50 |
40 ol =B /B, .
B,~ OPERATING MAGNETIC FIELD.
B.~ CATHODE MAGNETIC FIELD.
30 jo- CURRENT DENSITY.
20 . ‘2
o=10 A/cH
10
o 1 2 3 4 5 B (TL
Fig.1. Frequency ranges. U =70 kV -operating vol-
tage, 0230° - angle between emitter surfase and sym-—
metry axis, e, 24° - angle between magnetic flux line

and symmetry 2%is, ro=4+6 mm -beam radius in resona-
tor, t,=0.6 -relative oscillate energy of electrons.

Fig.1 illustrates the ep~regime guns in
different frequency ranges. The dependence of
magnetic compression a from operating magnetic field
Bo for presented gun parameters is given. It should
be noted that in these guns there are more complex
connections between parameters of forming system and
electron beam than in traditional T-regime guns. As
may be shown the electron gyroenergy in operating
space 1is very sensitive to the cathode magnetic
field C inversely proportional to Bcsband also
strongly depends on the emission current density

Cproportional to 2 5. It is very important, that
prop °
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gyroenergy has weak dependence from anode voltage.
It allows in principle to change the gyrotron power
by the anode voltage without of substantial
efficiency change. According te Fig.i1 the forming
systems in short waves gyrotrons C A< 3.5 mm,
Bo> 3 Tl > need in comparentively high current
densities ( j°> 5 Asem’ >. The forming systems for
A< 2mm (C Bo> 8 Tl D are not realized practically
with ordinary gyrotron cathodes (radius or current
densityd.

At the Fig.2 the examples of possible electrode
configurations are giveé. The cyiindricity parameter
v is the main parameter determining the oscillating
energy of electrons in the resonator. It is neéred
to ratio larmore radius to cathode radius on value
order. The guns presented at the Fig.2 may be used
in gyrotrons suitable both for different versions of
plasma heating and for technological purposes.

The gun 3 was investigated experimentally in
electron gun analyser in scaling regimes; the high
temperature cathode was used. At the Fig.3 the
cathode construction is shown. The advantages of
graphite as material used for manufacturing of
cathode details are the low values of the parasitic
thermoelectron emissionyand the secondary emission
coefficient. In inverse case it does no sucsess to
get rid of emission from the focusing screens. In
this case filament characteristics have view on
Fig.4 and p-regime is not reached. This fact
attracts attention as obviously that mentioned
parasitic emission exists and in T-regime guns too.
It can cosiderably spoil the beam quality.
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ANODE ANODE

ELECTRON BEAM

e
ELECTRON BEAM

CATHODE

CATHODE

2 B =15 TL CA~7mr

1 B,=35 TL CA~3mm)
Q =0.016 -~ CYLINDRICITY PARAMETER 0-0.036
Jo=6 A/cM® ~CURRENT DENSITY Jom4 AscM’
Zo=D MM = BEAM RADIUS IN RESONATOR Zo=5 MM
Z =34 MM = CATHODE RADIUS Z =26 mm
ol =48 - MAGNETIC COMPRESSION COEFFICIENT L =28

Uy,=U,=70 KV - OPERATING AND ANODE VOLTAGES

ANODE. U, U,
— 3 30-0.57 TL (A~
=0.065
j°-15 A/cH’

ELECTRON BEAM
Zo=49 MM

: ) Z =20 MM

oL =16.7
U,=30 kv
U,=23 kv

CATHODE .
_ 2 3_., 2.5 2 3

Fig.2 v—Jo/eon chc—Joa /son roBo :

e -dielectric permeability of vacuum,

n°—specific electron charge.
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Fig.3. Cathode construction. 1 -emitter, 2 -gra-
phite or molibden kern, 3,4 - graphite focusing
screens, 5 - thermal clearence C(~0.4mmd, 6 ~pro-
Jection C~0.1mmd.

1 -~ BAD THERMAL ISOLATION,
NONGRAPHITE SCREENS

2 - BETTER THERMAL ISOLATION.
NONGRAPHITE SCREENS

Py

Fig. 4. View of filament characteristics in non-
optimum cathode constructions. P, -filament power,
I - emission current, I - currént corresponding

e .
p-regime Ccalculated)D.
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The emission characteristics shown at Fig.S
were obtained by graphite electrodes using. As seen
the clear p-regime was achieved. The fact of
principal absence of current growth effect was
experimentally verified. Moreover, when the strong
effect of electron reflection from the magnetic
mirror had been realized, it was discovered that
trapped electrons were able to reduce essentially
the emission in area of full space charge. As may be
supposed, it opens for these guns the unigue
possibilities of self-adjustment to optimum regime
CFig.6>.

I (A A1 gmad
° U,=15KY $ Prs1=670-870W,
/
27 27
Py, =575W
Py, =530W
1] 1
,<\\L9ALCULATED CURRENT
B Ppyy (WD TRAY)
o 300 500 700 o 5 10 15
Fig. 8. Filament and Volt-Ampere characteristics

of gun M3 C(scaling regimes).

On finishing the direct current interception
regime the anode current decreases to zero and is
"absent in trap regime. The calculation of electron
velocity spread in beam by the anode current cut-off

curve gives value &V, ,~ 30%. By the curve of IeCBc)
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dependence the regime with maximum electron energy

under little electron reflection may be selected.

Also the operating regime with reflected electrons

is possible. The power of the device will be less by

that, but efficiency will not decrease essentially.

IO

Ia

N I,

] 1

J ! ]

1 1 :

t ] ]

! ] !

! l i

[ i [

1 ' )

1 ! ]

1 ] i

|- ) i

B
I 0 Beogt Be ; 1 Beye  Be
Fig. 6. View of emission current dependence from
cathode - magnetic field and corresponding anode
current cut-off curve. I - regime of direct
current interception on anode, II - magnetic trap
regime, B - -optimum magnetic field on the
Copt

cathode.

Thus in present time there are preconditions

for creation of gyrotrons with guns workiné in

p—regime.
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