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It is shown that a formation of hybrid modes (mode hybridization) in a gyrotron cavity occurs as their frequen-
cies approach coincident points induced by background plasma. Such process, which is accompanied by a drastic
change in fields and Q-values of the cavity modes, is studied with respect to some gyrotron parameters. Estimations
are presented for several high-power continuous-wave (cw) gyrotrons.
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INTRODUCTION

High-power cw gyrotrons are among the main
sources of microwave radiation for fusion applications
[1]. Neutralization of the beam space charge is one of
the characteristic processes in their operation. It indi-
cates the presence of low-density plasma inside the
cavities of high-power cw gyrotrons.

When plasma appears in a gyrotron cavity, the cavity
modes become hybrid [2]. With increasing plasma den-
sity, hybrid modes of different types reveal common
features. Those of their fields, which are negligibly
small in the case of an empty cavity, begin to grow and
can affect unpredictably the beam dynamics (and thus
gyrotron efficiency). Furthermore, the similarity of the
fields of hybrid modes can give rise to competition be-
tween them. Such plasma-induced effects were not stud-
ied previously [2, 3] and their impact on gyrotron opera-
tion still remains unknown.

The paper describes the mechanism of hybrid mode
formation caused by plasma in a gyrotron cavity. Here
the plasma is assumed to be uniform. The rough esti-
mates of the effect produced by a non-uniform plasma
have recently been presented in [4].

1. EIGENFREQUENCY PROBLEM FOR THE
PLASMA-FILLED GYROTRON CAVITY

Consider
Ert Brt

gyrotron cavity completely filled with an uniform plas-
ma. The cavity represents a section of a circular metallic

waveguide with slowly varying radius (|dR(z)/dz| <<1)

electromagnetic waves
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and is placed in an external magnetic field B, directed

along the cavity axis z. The cold and collisionless
plasma with immobile ions is considered. A justification
of such plasma model has been presented in [2].

The eigenfrequency problem for the plasma-filled
gyrotron cavity can be solved by the method of separa-

tion of variables (r = r,¢,z )
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where k=o/c, slzl—(ni/ o oy
g, :—c)i(oH/ o -of) , &=1-0)/0’, o, and
o, are the plasma and the cyclotron frequencies, re-
spectively, x°(z) =k’(z)—gk® and the second condi-
tion in (3) yields zero value of E_ on the cavity wall.

Here we introduce

k(@) =-1"(2)/f(2), 4)
and take into account conditions (a= h,,é, k> )
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which are valid for |dR(z)/dz| <<1.

The coupled equations (1) and (2) show that the
waves in a plasma-filled gyrotron cavity are always hy-
brid (h, #0 and é, #0). For a fixed value of z these
equations, along with the boundary conditions (3) on the
cavity wall, transform to the boundary-value problem
for a plasma-filled waveguide with constant radius
R, =R(z) =const [5]. Therefore, fields in such a
smooth waveguide have the same transverse structure as
those in a fixed cavity cross-section. Moreover, the rela-
tion between k’(z) and o can be found from the
known [5-7] dispersion equation of a magnetized plas-
ma-filled waveguide D(w,k,)=0, where k, is the axial

wavenumber. Hence the function k?(z) introduced in
equation (4) for the wave amplitude f(z) becomes

known at a given frequency o . The aim then is to find a
suitable complex o that fulfills the wave boundary (ra-
diation) conditions at both ends of the gyrotron cavity
f'(z)xik,(z) f (Z)|Z:O,L =0, (5)
where L is the cavity length.
Note that the eigenfrequency problem (4) and (5) for
a plasma-filled gyrotron cavity has the same form as for
the vacuum case [1]. The only change is a different type
of the dispersion equation D(w,k,)=0. Under the con-
dition kZ(z)/k® <<1 (0<z<L), it is convenient to
write this equation as D(w,k,) =D, (o,k,)D, (o, k,) -
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—B(o,k,)=0, where |B(w,k,)|<<1 (see notation in
[6, 7]). The above condition is generally valid for all
gyrotrons operating near cutoff [1].

An analysis of the dispersion equation clarifies the
mechanism of hybrid mode formation in a smooth
plasma-filled waveguide (and gyrotron cavity). At
k, =0, when function B(wk,) reduces to zero, this

equation splits into independent equations D,(w,0) =0
and D,(w,0) =0 for cutoff frequencies of TM waves
(e,/h, =0, e, =¢,/ik,) and TE waves (e,/h, =0),
respectively [5]. With condition k?/k? <<1, the wave-
guide modes become quasi-TM (|ez/hz| >>1) and qua-

si-TE (|e,/h,|<<1) modes. Their frequencies o k,

are nearly always close to the solutions of equations
D,(o,k,)=0 and D,(mk,)=0. Exceptions are the
vicinities of simultaneous solutions to these equations,
where the modes become maximally hybrid (|e, /h,| ~1)

and their dispersion curves undergo reconnections
[6,7]. The simultaneous solution of equations
D,(o,k,)=0 and D,(w,k,)=0 induced by plasma
will be called the coincident frequency [8] of TE and
TM waves. Hence hybridization of modes occurs as
their frequencies approach the coincident frequency. A
similar mechanism of mode hybridization has previous-
ly been observed in [8-10].

2. MODE HYBRIDIZATION IN A
GYROTRON CAVITY WITH A
BACKGROUND PLASMA

As an example, consider mode hybridization in the
cavity of the 1-MW 140-GHz cw gyrotron of Karlsruhe
Institute of Technology (KIT) [11]. The operating cavity
mode is TEyxg R(z=L/2)=2.048 cm, L=4.6 cm,
B, =556 T.

Fig. 1,a demonstrates the plasma influence on the fre-
quencies of the TE,, and TM,, modes (hereinafter
the prefix "quasi-" is omitted). As can be seen, plasma
brings these frequencies closer to each other. Such pro-
cess is accompanied by the mode hybridization (Fig. 1,b):
the TE mode reveals the features of the TM mode (its
value of |e,/h,| increases). The reverse process is ob-

served for the TM mode (its value of |e,/h,| decreases).
Both modes become maximally hybrid (Je,/h,|~1) at a

plasma density of o, =o, #0.11n,, . Here their fre-

guencies undergo reconnection (Fig. 1,a).

Such plasma density corresponds to a coincident
frequency of TE and TM modes. Its value can be ap-
proximately found from the equality between the cutoff
frequencies of TE and TM modes in a plasma-filled
waveguide with central radius of the gyrotron cavity

(see Fig. 1,a). For low-density plasma
(o)f)/|oaﬁ1 —w2| <<1), this equality results in
2 4nf,c oy, —
0l = ©F, —0f, (1'0)—2“]“ R SO
oy R,
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where o, =y,c/R, and o, =y,c/R, are the cut-
off frequencies of TM and TE modes, respectively, in
an empty circular waveguide, f, ~ o, /2n~®,Y,' /2t

is the operating frequency, and y, = 1-B° -p? s the

initial beam relativistic factor. For the 1-MW 140-GHz cw
gyrotron, (6) yields o, /o, =0.105.

Hybridization of the modes is also accompanied by a
change in their diffractive Q-values. The Q-values of
TE and TM modes approach each other with increasing
plasma density (Fig. 1,c). The resonance change in the
Q-values [9] occurs when the modes become maximally
hybrid. According to [8, 9], this can be explained by the

strong TE-TM polarization mixing (|e, /h,|: 1) in the
cavity. Notice that plasma shows just a small effect on
the wave amplitude f(z). Therefore, the change in
f(z) only slightly affects the Q-value.

Hybrid modes with similar frequencies, fields, and
Q-values can strongly compete with each other. To
avoid such mode competition, a study of mode hybridi-
zation with respect to gyrotron parameters is required.
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Fig. 1. Plasma influence on: (a) resonant frequencies of
TE,35 and TM,g 7 modes (dashed lines denote their cut-
off frequencies in a smooth plasma-filled waveguide
with radius Ry=2.048 cm); (b) the ratio of the first radi-

al maxima of e, r,L| and |h, r,L | for TEzs and
TM>s 7 modes; (c) their Q-values (Q=Rew/2Im®)
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Equation (6) is useful in such a study. According to
(6), the plasma density o, is lower the higher is the
cavity radius, and the lower are operating frequency and
beam energy E, (y, =1+E,/mc?). Besides, it de-
pends on the difference y,—y, between the trans-

verse eigenvalues of the operating TE and the preceding
TM modes. However, for all high-power gyrotrons,
which operate in very high-order modes (7, >>1), this
difference is almost constant and close to /2.

The risk of mode hybridization is maximal, if the
value of o, coincides with the actual Langmuir fre-

quency o,, for a low-density plasma in the gyrotron

cavity. The density of such plasma approximately
equals the density of the beam electrons n,

(0, ~4me’n, /m, ) [2] and can be found from the rela-
tion o2, ~ l,o,c/ 1,LB,B, [1], where I, and r, are
the beam current and radius, respectively, and 1, is the
Alfven current. For the 1-MW 140-GHz cw gyrotron
(l,=41 A, E,=81keV, r,=101cm, B, /B, =13),
an estimation yields ®, /o, =4.37. Hence the actual

density of the background plasma initiates weak mode
hybridization in the cavity of this gyrotron (see also
Fig. 1,b). This effect may become stronger for more

powerful gyrotrons. In particular, for the 2-MW
170GHz gyrotron at KIT [11], we have
® 0/, =2.67.

CONCLUSIONS

The paper describes the mechanism of mode hybridi-
zation caused by plasma in a gyrotron cavity. It is shown
that plasma of certain density initiates coincidence be-
tween the frequencies of a TE-TM mode pair. Hybridiza-
tion of the modes occurs as their frequencies approach the
coincidence point and becomes maximal in its vicinity.
Maximally hybrid modes represent the strong TE-TM
polarization mixture. Their Q-values differ significantly
from those for modes in an empty cavity.

Mode hybridization has also been studied with re-
spect to some gyrotron parameters. It is shown that this
effect is stronger for the gyrotron cavity with the denser
frequency spectrum, which is excited by the electron
beam with the higher current and the lower energy.

Authors are grateful to Prof. K. Schuenemann, Tech-
nical University Hamburg-Harburg (Germany), for his
interest in this work and fruitful discussions.
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TUBPUJIU3AIIMSA MO/ B PE3OHATOPE THPOTPOHA C ®OHOBOM IJIA3MOM
B.U. lHlepounun, I H. 3azunaiinos

[okazaHo, 4To popMUpOBaHHE IMOPUIHBIX MO (THOPUAM3ALUS MOJ]) B PE30HATOPE TMPOTPOHA IIPOUCXOIMT MO
Mepe NPHOIIMKEHNS UX 9acTOT K TOUKaM COBIAJEHUs, KOTopble (opMupyroTcst GoHOBOMH uta3moil. Takol nporecc,
KOTOPBIN CONPOBOKAAETCS CYIIECTBEHHBIM M3MEHEHHMEM IOJEH M AOOPOTHOCTEH MOJ Pe30HaTOpa, UCCIEAOBAH B
3aBUCHMOCTH OT NapaMeTPOB THPOTpoHa. ONEHKH NPHUBEAEHBI JUTA PSAa MOIIHBIX HEMTPEPHIBHBIX THPOTPOHOB.

I'BPUIANU3ALIIA MO/ Y PESOHATOPI T'TPOTPOHA 13 ®OHOBOIO ITJIABMOIO
B.I Ilepoinin, I'.1. 3acunaiinos

[Nokazano, mo ¢GopmyBaHHS TIOpHIHUX MO (TIOpHIM3aLlis MOJ) Y PE30HATOpPI TipOTPOHA BiIOYBAa€THCS Pa3oM i3
HaOIMKEHHAM TXHIX 9acTOT 10 TOYOK 30iry, siki popmytoTbest poHOBOIO Mutazmoro. Takuii mpoiec, KUl CynpoBo-
JDKYETHCSI 3HAYHOIO 3MIHOIO TIOJIiB Ta TOOPOTHOCTEH MOJT pe3oHaTopa, OyIIo JOCTiKEHO B 3aJIKHOCTI BijI mapame-
TpiB TipoTpoHa. OLiHKM HaBEICHO VISl PSIY MOTYXHHUX Oe3IepepBHUX ripOTPOHIB.
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