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The effect of low density background plasma on the electromagnetic field energy density in the ITER relevant
coaxial gyrotron cavity is studied. The model of cold collisionless magnitoactive plasma is used. The dispersion
relation and expression for the density of RF energy in plasma-filled coaxial gyrotron cavity are derived in the ana-
lytical form and analyzed numerically. It is shown that presence of low density plasma in coaxial gyrotron cavity
leads to downshift of the operational frequency and to decreasing Ohmic loads of both the outer and inner conduc-

tors of coaxial gyrotron cavity.
PACS: 52.35.Hr, 84.40.1k

INTRODUCTION AND MOTIVATION

Gyrotrons are seen as the most promising configura-
tions for high-power Electron Cyclotron Resonance
Heating (ECRH) and current drive in tokamaks and stel-
larators [1, 2]. New generation of millimeter-wave gyro-
trons developed for plasma heating utilize coaxial cavi-
ties operating in high-order modes. The choice of modes
is dictated by the mode selection requirements and the
admissible level of the heat load on the cavity walls.
These devices can deliver microwave power more than
2 MW and have potentials for further increasing power-
handling capabilities. For example, 170 GHz coaxial
cavity gyrotrons with 2 MW output power are regarded
as potential ECRH sources in ITER [3, 4]. Low density
background plasma appears in the coaxial gyrotron cav-
ity in the long pulse regimes and can influence gyrotron
operation.

The main goal of the work is to study the effect of
low-density background plasma on electromagnetic
properties of the ITER relevant coaxial gyrotron cavity.

For illustration of the results we use parameters of
the 170 GHz, 2 MW, CW coaxial-cavity gyrotron (rele-
vant to the ITER requirements), which is developed in
Karlsruhe Institute of Technology (KIT), For-
schungszentrum Karlsruhe, Germany.

1. MODEL OF A COAXIAL GYROTRON
CAVITY FILLED WITH PLASMA

Due to significant difficulties of the direct analysis
of the plasma-filled coaxial gyrotron cavity we assume
several idealizations. First, instead of the cavity we con-
sider infinitely long coaxial waveguide with perfect
conducting walls. Second, we assume that the inner rod
is smooth (in reality it is corrugated). Also it is assumed
that the waveguide is filled by a homogeneous cold
magnetized plasma with the tensor of dielectric permit-
tivity (1).

We have started our study, considering plasma effect
on cutoff frequencies of the cavity (k, = 0).
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Using Maxwell equations and the dielectric tensor of
plasma (1) we derived the equation for A _ in the form
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conditions express that tangent electric field at the outer
and inner conductors should be equal to zero.
The solution of (2) with boundary conditions (3) is
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electromagnetic fields are expressed using H .

The dispersion relation for determination the cutoff
frequencies for TE,,, mode is

Z, () +(exm/e, )2, () =0. )

It should be noted that in the case considered cut-off

frequencies of co-rotating (m>0) and counter-rotating

(m<0) modes are different. Assuming £=1 and &, =0

we come to the dispersion relation for a vacuum coaxial
waveguide.

2. NUMERICAL RESULTS

The dependence of the normalized cutoff frequency
versus the plasma density for the operational mode is
presented in Fig. 1. Calculational parameters are pre-
sented in the Table. As it can be seen, background
plasma leads to decrease of the cutoff frequency.
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The effect of plasma on eigenvalues of competing
modes (two triplets {TEss19; TEss19; TEs310} and
{TE_33,20; TE_32’20; TE_31’20}) is demonstrated in Flg 2.

Parameters of the Coaxcial Gyrotron Cavity

Parameters value
Frequency, GHz =170
Magnetic field, T B=6.72
Operational mode TE,,
Inner radius (middle cross-section), cm R =08
Outer radius(middle cross-section) , cm R =2.955
1,06
1,04 ]
1021 Vacuum
2 31,004 ) I .

0,96
0,94 ]
0,92 ]
0,90
0,88 —— —

Ja
(I)l!' (Jp

Fig. 1. Dependence of the cut-off frequency for
operational modeon plasma density

Fig. 2 shows that for ‘plasma’ case the pair of modes
(TE.3320; TEss19) become closer, as well as (TE.5520;
TEs4.19) and (TE.3;20; TE33.10). Besides, co-rotating and
counter-rotating modes show different behavior versus
plasma density. For co-rotating modes the positive slope
becomes larger and for counter-rotating smaller.
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Fig. 2. The effect of plasma on eigenvalues of the most
dangerous competing modes

The effect of plasma density on eigenvalues of
TE3419 and TE-3419 modes is demonstrated in the Fig. 3
for fixed value of C, which corresponds to the middle
cross-section of the coaxial gyrotron cavity. One can see
that for co-rotating mode (m > 0) the eigenvalue shift is
negative, and for counter-rotating mode (m<0) the ei-
genvalue shift is positive. In contrast, in the vacuum
case eigenvalues for these modes coincide.
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Fig. 3. The effect of plasma density on eigenvalues of
TE;, 19 and TE-3, 19 modes

In conclusion, we present the plasma influence on
energy characteristics of the coaxial gyrotron cavity. For
this purpose, analytical expression for the energy den-
sity was derived
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Using expression (6) the dependence of the linear en-
ergy density (energy per unit length of coaxial gyrotron
cavity) on the plasma density was calculated for fixed
value of radiuses ratio, which corresponds to the middle
cross-section of the coaxial gyrotron cavity (Fig. 4).
One can see that energy increases with increasing
plasma density. The values on Fig. 4 are normalized
with the vacuum value of the linear energy density for
which the axial magnetic field on the outer conductor is
the same.
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Fig. 4. The energy content versus plasma density

In order to estimate the effect of the background
plasma on Ohmic losses in the inner conductor we cal-
culated the axial magnetic field on the inner conductor
and compared it with the vacuum value at the same lin-
ear energy density. The results are presented in Fig. 5.
Calculations were made for the middle cross-section of
the coaxial gyrotron cavity.
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Fig. 5. The dependence of axial magnetic field on the inner

rod on plasma density

Since the density of Ohmic losses is proportional to
|HZ|2 one can conclude that the background plasma

lead to decreasing of Ohmic losses in the inner rod of
the coaxial gyrotron cavity.

SUMMARY

The analytical model of the plasma-filled coaxial gy-
rotron cavity is developed. The effect of the low-density
plasma on the cutoff frequencies and the RF energy
density of the coaxial gyrotron cavity are studied. It is
assumed that the inner rod is smooth and the coaxial

{TE35,19; TE3419; TE33,19} and {TE 33 59. TE 3520, TE 31,20/
is shown as well (see Fig. 2).

The analytical expression for the RF energy linear
density was derived. Using this expression the depend-
ence of the linear energy density on the background
plasma density was calculated. Also influence of plasma
on Ohmic losses in the outer and inner conductors of
coaxial gyrotron cavity is investigated. It is showed that
plasma lead to increasing the energy density in the co-
axial gyrotron cavity (due to the additional energy of
plasma electrons oscillating in RF field) and decreasing
Ohmic losses in both outer and inner conductor of coax-
ial gyrotron cavity (due to plasma influence on trans-
verse distribution of field in the coaxial gyrotron cav-

ity).
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gyrotron cavity is filled uniformly by a cold low-density
magnetized plasma.

The dispersion relation (5) for cutoff frequencies
(k=0) is derived taking into account the effect the back-
ground plasma. It is shown that plasma leads to down-
shift of cutoff frequency of the operational mode and
consequently to the downshift the operational frequency
of TFE;4;9 coaxial cavity gyrotron. The effect of plasma
on frequencies of the triplets of competing modes

BJIMSTHUE ®OHOBOM IJIA3MbI HU3KOM MJIOTHOCTH HA YACTOTHBIE
N SGHEPTETUYECKHUE XAPAKTEPUCTHUKHN KOAKCHAJIBHOI'O TNPOTPOHA

10.K. Mockeumuna, I 1. 3acunaiinos, B.U. Tkauenxo

N3yyeno BnusHue (HPOHOBOI IIIa3Mbl HU3KOH IFIOTHOCTH Ha INIOTHOCTH SHEPTHHU 3JIEKTPOMAarHUTHOTO IOJIS B KO-
akcmanpHOM pe3oHaTope ruporpoHa ITER. Hcmomp3yercs momenb OeCCTONKHOBHUTENHHOH, MAarHHTOAKTHBHOW
T1a3Mbl. J{UCIIepCHOHHOE COOTHOIIEHHE U BhIpakeHHe 11l IIoTHOCTH CBY-3Hepruu B 11a3MOHAIIOJIHEHHOM KOAK-
CHAJBHOM PE30HATOpPE TMPOTPOHA TIOJIyYEHBl aHAINTHYECKH M MCCIEeNOBaHbl yHcieHHo. [lokazaHo, 4To Hanndne
TUIa3Mbl HU3KOH INIOTHOCTH B KOAKCHAIIbBHOM PE30HATOPE THPOTPOHA MIPUBOJUT K YMEHBIIEHHIO pabodeii 4acTOThI U
YMEHBIICHNUIO OMUYECKUX MOTEPh HA BHEIIHEH CTEHKE M BHYTPEHHEM NPOBOJHUKE PE30HATOPA KOAKCHAIBHOTO I'H-
pOTpOHa.

BJIMB ®OHOBOI IVIA3MM HU3bKOI I'YCTUHHA HA YACTOTHI TA EHEPTETUYHI
XAPAKTEPUCTUKH KOAKCIAJIBHOI'O TTPOTPOHA

I0.K. Mockeéimina, I'.1. 3azinaiinos, B.1. Tkauenko

BuBueHo BIUMB OHOBOI IUIA3MH HU3BKOI IIUIBHOCTI HA TYCTHHY €HEPTii €JIEKTPOMAarHiTHOrO HOJIs B KOAKCiallb-
HOMy pe3oHaropi riporpona ITER. BukopucroByerscs Mozens 0e33iTKHEHHOI, MarHiTOAKTUBHOI u1a3Mu. Jlucrep-
CiifHI cITiBBiIHOLIEHHS Ta BHpa3 aist ryctuan HBU-eneprii B 11a3MOHaIIOBHEHOMY KOAKCiaJbHOMY PE30HATOPi Ti-
POTpOHa OTpHUMaHi aHATITHYHO Ta MOCIIKEHI ynucenbHO. [loka3aHo, 10 HASBHICTH IJIa3MH Masloi TYCTHHH B KOAK-
ClalIbHOMY pEe30HATOpi TipOTPOHA MPHU3BOAMTE A0 3MEHIICHHA POOOYOi YaCTOTH Ta 3MEHIIIEHHS OMIYHUX BTpAT Ha
30BHIMIHIN CTiHIII Ta HA BHYTPIITHBOMY IPOBITHUKY PE30HATOPA KOAKCIaIbHOTO TipOTPOHA.
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