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ABSTRACT

We have investigated the high frequency stability of the ELMO Bumpy
Torus (EBT) device when the wave vector has z finite component along
the magnetic field lines.

1. Introduction

Present EBT devices are characterized by the presence c¢f hot
electron rings whose poloidal precession frequency is of the same order
as the ion cyclotron frequency. Since the rings are usuzlly 1located
near the outer radius, one expects a certain amount of coipling between
the hot electron magnetic curvature drift waves and the basically
electrostatic high frequency surface waves.1'2'3) The compressional
Alfven cavity modes may be involved in this coupling process since

their frequencies can be comparzble with those of the above two waves.

Detailed studies of the EBT high frequency stability problem have
been carried out both analytically and numerically in the flute 1limit
(Kl| =0 and w 2 Qci' where &1 is the component of the wave vector
parallel to the magnetic field lines and Qci is the ion e¢yclotron
frequency). It was shown that two types of modes can exist: (1) the
hot electron interchange mode, which determines the maximum allowable
ratio of the hot electron density to the ion density, and (2) the high
frequency compressional Alfven mode, which sets an upper limit on the
warm plasma beta. In this work we generalize the previous results by

allowing for a finite K”, which leads to magnetic field 1line bending.



Qur analysis is related to the study of electromagnetic mnmodes in a
plasma-filled cylindrical waveguide where it is known that four basic
types of modes can exist: (1) the fast magnetosonic cavity modes, which
are global modes satisfying the proper boundary conditions at zoth the
plasma-vacuum and vacuum-metal wall interfaces; (2) the surface modes,
which are usually localized in the neighborhood of the plasma-vacuum
interface; (3) the discrete global Alfvén waves; and (4; the MHD
continuum "modes," related to the condition w? = Kfvi being satisfied
at any point across the radial density profile.u) The latter are not
true eigenfunctions in the MHD limit (Ey = 0) and usually serve to

indicate the presence of a higher order coupling process.

2. Model and Analysis

Qur basic model will remain that of an infinite cylindrical cavity
with a uniform axial magnetic field B, that points in the z-direction.
The hot electron rings are represented by an infinitely long,
circularly symmetric annulus. The present analysiz is limited to the
high poloidal mcde nuaber limit, which allows using a slab model with
the x-axis poirnting in the direction of the inhomogeneity. A detailed
numerical analysis of the more general ¢ylindrical case will be left
for a future publication.S) We assume that the background plasma is
cold and that the hot electrons are aonoenergetic perpendicular to the
magnetic fleld lines and cold in the parallel direction. The parallel
component of the perturbed electric field is neglected because of the
high electron parallel conductivity, but all other electric and
magnetic components are expected to be present. Perturbed quantities
are assumed to vary as #(x)exp{-iwt + iky + iK”Z]- OQur basic system of
aqurations is the equation of motion for the cold particles, the Vlasov
aquation for the not e2lectrons, -he quasi-neutrality conditicn, and the
radial and axial components of Ampere's law, together with the
constraint %| = 0, After a straightforward but lengthy treatment we

arrive at the following dispersicn relation:
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The indices 1 and h denote the 4ion and hot electron populations,
respectively: ox) = Nh(x)/Ni(x); v = Wﬂci.;- thes #M]1fven  speed
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= B¥(uN M) ’2; M{ 1is the ion mass; ==L /R; 6= /L ;

Ln = '\l /i /a- ; ‘o1 = b = Bh/2€ -1, where b 1s the hot zlectron

poloidal drlft frequency normalized to its value in the vacuum field;
PR o i

B, = ZlﬁNiT.Lh/B ; and q = Tiﬂh/ BORC e Expecting that the unstable

modes are localized in the outer part of the rines, we assumed that all

components have similar density profiles (see Fig. 1).

The 1local 1limit of Eqs. (') and (2) may be easily obtained by
ignoring the radial derivatives. Tiis results in a dispersion relation
that possesses three distinct branches; the hot electron drift wave,
the hizh frquency surface wave, and the shear AlLfvén wave. The first
two evolve into two magnetosonic waves propagating in opposite
directions along the field lines as K, 1s increased. During this
process the negative energy OSranch related to hot electron drift
nouples to the positive energzy surface and shear wWaves to produce %wWo
instabilities.

Turning back to the radial problem, it may be seen from £qs. (1)
and (2) that the coefficient of the highest derivative in the resulting
second~order 4ifferential equation vanishes when the dispersion
relation of the shear wave Evf = w¥{1 -~ vy | is satisfied. Tne
local shear Alfvén waves do not thus have corresponding radially



localized eigenfunctions. It is Known that a more complete plcture can

be obtained when cne replaces the E = 0 condition by an appropriate

secend-order differential equa:ion.B) One may also use the -eikonal

assumption to =olve an inhomogeneous axial problem, as was done in the
T)

case of tandem mirrors. A detailed study of this interesting radial

problem is beyond the scope of the present work.

The coupling of the hot electron and surface waves can be
adequately studied using Eqs. (1) and (2). Lccalized eigenfunctions
may be easily obtained using an appropriate radial shcoting ccde.S) A

WKB analysis can also be performed, resulting in tne dispersion

relation:

) 2
(-"-1\k—L1+K_3‘.vA-5v= w? (b -_°‘>
g /lk? A J TN

Q‘Smﬁzi K%
+2—d(—2V—A2+E—2 Sb] ) (3)

where all quantities are evaluated at the location where the wvacuum
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increase, k

pagnetic field radial gradisnt undergoes the largest diamagnetiz
2:2x24+x2=%2+ (2n x)/an and n = 9, 1, 2, We

pay note that the first term on the left-nand side describes :thne
negative energy wave related to the hnot electron drift, while the
second term (in brackets) describes the finite ¥, corrections £to tne
positive energy surface wave. The right-nand side i3 related <o the
magnetosonic mode and the hot esle2ctron contributions. By solving the
above 3imple gquadratic squation {or v we may easily recognize -hat zode
coupling resulzs in a narrow, unstatbls range in ¥, outside whizcn
stapility 13 again ensured. The resulzs 57 tne shooting ccde agres

juite well witn tnose Yased on tne above WK3 2xpression.

In ccnelusion, we Zave described “he coupling bYa2tween <the ring
irift wave and :ne hackground plasma modes due to finite parallel mode

aumbers. The dispersion rel

)

tions obvained may be useful in the

interpretation of the nign frequency fluctuation measurements.



Acknowledgment

Research partly sponscored by the Office of Fusion Energy, U. S.

Department of Energy, under contract W-T405-eng-25 with the Union

Carbide Corporation.

1)
2)

3)
4)

5)
6)

7
§)

A. M. E1 Nadi, Phys. Fluids 25, 2019 (1982).

H. L. Berk, J. W. Van Dam, M. N. Rosenbluth, and D. A. Spong,
Phys. Fluids 26, 201 (1983).

A. M. @1 Nadi and J. C. Whitson, Phys. Fluids 26, 1327 (1983).

X. Appert, HR. Gruber, F. Troyon, and J., Vaclavik, Plasma Physizs
24, 1147 (1982).

A. M. E1 Nadi and J. C. Whitscn (to be submitted to the Paysics of
Fluids).

D. W. Ross, G. L. Chen, and S. M. Manajan, Phys. Fluids 25, 652
('982).

D. E. Baldwin and H. L. Berk (to be published).

H. A. Kirolous, M,Sc. Thesis, Cairo University, Giza, Egypt (1982).



ORNL-DWG82-3120 FED
3 T T T T ]

Bh,mcx =0.45
4+ Bi max =0.00028 _

-2 | l I |
0.4 0.6 0.8 +.0 1.2 i.4
r/r 0

fiz. 1. Normalized radial profiles for the ion density, hot
elactran density, and not electron poloidal maznetic drift velocity
when 2nough hot beta is present %o create a2 diamaznetic well,



