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Abstract

Ponderomotive stabilization of rigid plasma flute modes is numerically investi-
gated using a variational principle, for a simple geometry, Qithout eikonal approxima-
tion. While the near-field of the studied antenna can be stabilizing, the far-field has
a small contribution only, because of large cancellation by quasi-mode céupling terms.
The field energy for stabilization is evaluated and is a non-negligeable fraction of the
plasma thermal energy. A new antenna design is proposed, and feedback stabilization

is investigated. Their use drastically reduces power requirements.

W

PACS numbers: 52.35.Mw, 52.35.Py, 52.55.Jd



Stabilization of the plasma flute instability in axisymmetric magnetic mirrors has
been investigated for plasma confinement and controiled thermonuclear fusion. In
particular, stabilization by high-frequency rf fields has been the object of much exper-

imental and theoretical research®—3.

" The results reported here make use of a variational approach introduced earlier®7,
specialized to a; simple geometry: a nonuniform slab, with antenna. The numerical re-
sults lead to important considerations on the design and requirements of ponderomotive
stabilization. Although the model assumes a cold plasma dielectric tensor and consid-
ers only perpendicular electric field, it makes no eikonal approximation, and offers a

clear picture of the basic phenomena.

The main results are summarized as follows. First, the self-consistent reaction of
the fields to the plasma displacement plays an essential role : the propagating rf field
(the "far-field” of the antenna) does not stabilize the rigid motion of the plasma (the
"m=1 flute mode”). Only the near-field is stabilizing, even though its energy content
is normally lower than thg far-field. Because of momentum balance, stabilization can
only be achieved by rf fields which are "backed up” by some conducting structure, such
as antennas, conducting limitors (wﬁich create their own near-field by induction), or
by walls. Second, in the usual case when the rf frequency w is close to the ion gyrofre-
quency (1, the electron ponderomotive contribution is opposed to the ion contribution,
inside the plasma column (i.e. at high enough densities). As a result, rf fields decaying
radially away from the antenna do not stabilize internal interchange modes. Stabiliza-
tion of the rigid flute mode occurs only at the edge of the plasma, where density is low
and ion ponderomotive force dominates. Finally, evaluation of rf energy necessary for
stabilization shows that it is comparable to the energy released by the plasma through
interchange. In a fusion reactor regime, the power required to maintain such rf energy
levels is prohibitively large, unless the Q-factor of the system antenna-plasma reaches

exceeding large values.

\'I



4

Major improvement of this situation can however be reached with two modifica-
tions proposed here. First, feedback control can enhance the rf response to plasma
perturbations, and be used for stability. Second azimuthally localized antennas .are
very favorable, since they can locally communicate momentum to the plasma, which

greatly increases the overall efficiency.

I report results on feedback control, when the antenna currents are allowed to vary,
for instance because of the rf generator finite impedance. By appropriately choosing the
impedances one can adjust the rf field response to reacts in a stabilizing way to plasma
interchange modes. The variational formalism is extended to this case by including the

reactive energy of the generator circuitry in the ponderomotive energy.

A complete description of the oscillation-center formalism which leads to the vari-
ational formulation used here has appeared in previous articles®?. It was shown that’
the stability variational principle is composed of four parts : a) the usual magnetoﬁy—
drodynamic term AWargp which contains the destabilizing interchange terms due to
unfavorable average curvature in axisymmetric mi:!.'rors; b) an equilibrium ponderomo-
tive force term AW, which has the form of a.n’ interchange term; ¢) a pondéro'motive
ma.gneﬁization term AWz, which is small in the present case because of sﬁa.ll plasma
diamagnetism (5% ) and which will not be discussed further; and d) a self-consistent
rf field response term AW 4, proportional to the second variation of the ponderomotive

energy 62V, and involving the response function of the rf wave operator.

The self-consistent calcula.ti-on reported here considers the model of a plasma slab,
uniform in the y- and z- directions, with equilibriurﬁ density profile n(z) and magnetic
field profile B(z) = B(z)z (Fig. 1) . The density is n(z) = neezp(—(z/w)®/2|, with
width w = 0.6 @, and the field is B(z) = B[l — Bn(z)/2ne|, with a diamagnetic
well equal to §/2 = 5%. The antenna is modelled by a pair of antiparallel current
sheet : the rf currents of amplitude I are directed along the y-axis, at w = 1.1 ;.

Since the antenna is localized in the ("parallel”) z direction, the rf field emission has a
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ky-spectrum. The plasma is furthermore surrounded by conducting walls.

For this model, the wave equations are solved, the ponderomotive force density is
evaluated, as well as the terms of the variational principle®?. The calculation of pon-
deromotive forces and wave propagation uses the perpendicular cold plasma dielectric
tensor’®. The antenna is characterized by impedance L, as a function of & [Fig. 2(2)].
One recognizes the component of the far-feld, at resonance (i.e. at ky = k. = 0.47Tk,
where the Alfvén wavevector k4 = Qi/vs = 4.0 e~ !). The near-field includes the
other spectral components and is obtained by a weighted integration over ki, with the

exclusion of the resonant region.

The stabilization properties to a rigid displacement £ of the plasma slab are sum-
marized in Fig. 2(b), the relevant curve being the sum AW, + AW,. It must be

noted that, for most of the spectrum, those terms are separately much greater in mag-

nitude than their sum. The large cancellation, which illustrates the importance of -

self-consistency, is relatively strongest for the far-fleld, i.e., close to &k = k.. The
conclusion is that although far-fields can have an appreciable amplitude, they do not

contribute to stabilization.

The near-fields are illustrated in Fig. 3(a). The rf vector potential fleld!® (4., 4,)
decays in the plasma, on an Alfvén length scale k;l., The ponderomotive force density
F(z) and the interchange term G(z) (which gives information on the stabilization
of internal modes: AW, = [¢£3(z)G(z)dz) are illustrated in Fig. 3(b). They are
negative inside the plasma column, due to electron ponderomotive force®. Only the
outer edge of the plasma gives stabilizing contribution. Those rf fields will therefore
not stabilize internal modes (where £(z) is confined inside). Flat pressure profiles will
result, if finite ion Larmor radius effects do not stabilize those modes. As w approaches
;, the stabilizing part is pushed more and more to the low density region (where
kivi/w? < [2(w = 0,)/Q:]71/%), which leads to a rather pathological stabilization

possibly linked to the instability observed experimentally?®.
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The far-field modes are illustrated in Fig. 3(c). They are characterized by an
amplitude inside the plasma much larger than for near-field modes, at equal current
excitation. Fig. 3(d) shows the corresponding functions F and G. We have mentionned

already that self-consistent effects cancel most of those apparently favorable data.

There is a simple reason why propagﬁting modes (i.e. far-field) do not provide
stabilization of the rigid plasma motion : those modes are entirely supported by the
plasma column, and, as the plasma suffers a displacement, they move with the plasma,
with no change of energy. This interpretation shows that this conclusion holds for

plasma models much more general than the one considered here, both with respect to

dielectric properties, and with respect to geometry. The propagating modes could in

principle interact with the rigid wall surrounding the plasma, and provide some sta-
bilization, but I do not favor this scheme for two practical reasons: wall dissipation
enhances energy losses, and in a fusion device, the necessary distance between wall and
plasma will greatly reduce the wall stabilization efficiency. In conclusion, for stabiliza-
tion, one should use the near-field of the antenna, and possibly the near-field induced
in conducting limiters.

The results for a given localized antenna are obtained by weighting the curves
(Fig. 2) with the kj components of the antenna current intensity. An antenna designed
to suppress the energy-consuming propagating mode (at k,) will have large Q (the
singularity in the impedance curve, Fig. 2(a), corresponds to energy .convected away
by those modes?®). Fof example for this plasma slab, two parallel antennas axially sep-
arated by a distance 27/k,, and conducting opposing currents will satisfy this criterion
(the k, component of the excitation current vanishes).

An estimate of the amount of rf energy follows from Fig. 2(a), E,; = (1/4)L,|I|* =
0.09(47/c?)a|I|3. Similarly, from Fig. 2(b), AW, + AW, = 0.15(4x/c?) x a|I|?(&/a)?.
Stabilization of the interchange mode requires AWargp + AW, + AW, > 0, where

AWrgp = —(1mup)?€? [ mndz, and where yargp is the flute growth rate in absence
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of rf. Typically, for an axisymmetric mirror, vi,p = xv?/a,, with & the unfavorable
average curvature, v; the ion thermal velecity, and a, the pressure gradient length.
These equations lead to the value of current and rf free energy necessary for stabi-
lization. The stability condition becomes here E,; > 0.70 m;a®~v3,5pano, which is a

‘nonnegligeable fraction xa?/ a, of the total plasma thermal energy.

The power loss incurred for sustaining this amount of rf energy is conveniently
expressed in terms of the antenna @, as wE,¢/27Q. In a fusion reactor regime, those
losses are prohibitively large, unless Q is very large (of the order of 5.0 10° for a 20kG
magnetic field and for rf energy circulation time of one second). The conclusion is that
the configuration above (or for an axisymmetric plasma, a single loop antenna) is not

favorable.

Feedback control largely improves the situation. We consider first passive feedback:
the impedance of the generator is finite, and is chosen so that the antenna currents react
properly to plasma motions. The result of the analysis is that the modified expression
of AW, must include the free energy of the rf field stored in the generator circuit,
represénted here by a current source J in parallel with an impedance —iwlL, . In the
formulas, one must substitute for V' = —(1/4)L,|I|* the new value of ponderomotive
energy V' = —(1/4)J°(Ly — Ly(Ly + L,)"'Ly)J. The antenna impedance —iwL,
is to be considered as a function of the plasma parameters, and in particular, of its

3.7, The second variation of the energy becomes §2V' = —(1/4)[I*6%L I —

position
I*§Lo(Ly + Lp)~t6L,I|, where I = (L, + L,)"'L,J is, as before, the equilibrium
value of the antenna current, and where use has been made of the relation §I =
—(Lg+Lp)~'6L,I. We have previouly discussed the first term of 62V’ which gives the
results shown in Fig. 2. The second term is due to the variation of the antenna currents.

One can expect this term to be large and stabilizing, provided the inductances L, and

L, are properly matched.
If tried on the present configuration, the result is disappointing: for a displacement
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€ of the plasma, because of symmetry, the variation § L, va.nis;hes at equilibrium, so that
it is not possible to exploit this kind of feedback. The reason is clear : the symmetry
of the antenna prevents an effective directed action of the rf field on the plasma (the
same conclusion applies to a full-loop antenna surrounding an axisymmetric plasma).
The remedy directly follows : one must allow the current variation.to be different
on each side of the plasma, so that the rf forces increase on the side towards which
the plasma tends to move, and decrease on the other side. For such multi-antenna
system, the generalized expression of §V"’ is identical to the one given above, where
L, and L, are reinterpreted as inductance matrices, and I and J as current arrays.
Assuming the antennas weakly coupled, one gets §L, = 4|I|~2¢ [’ F(z)dz, wﬁich, from
Fig. 3(b) is here 6L, =~ 0.06(16mwe/c*)(&/a). The modified AW, is roughly a factor
0.2(Lp + L;)"'adL,/6& greater then before. The requirement on the antenna Q is
proportionally reduced. The maximum value of ||(L; + L,) !} is of course limited by
dissipation (their imaginary part).

We propose an antenna désign favorable for axisymmetric plasma stabilization
(Fig. 4). It has four quarter-turn antennas, each connected independently to the gener-
ator(s). The azimuthal localization of the ponderomotive force density allows a directed
response to plasma displacements. The distance L is chosen to filter out the propa-
gating mode (L = 2wk !), to give large Q. The generator impedances are adjusted
as described above for stabilizing feedback. Note thé.t this particular geometry still

preserves the axisymmetry of the equilibrium, rf fields included.

Finally, we note the further possibility of active feedback: a set of detectors reg-
istering plasma motion and controlling the antenna currents may allow very sensitive
reaction to plasma displacement. If the current I is forced to vary with &, the corre-
sponding value of §2V" ist! —(1/4)I*6L,61. It is equivalent to a high-Q circuitry, the
sensiti§ity I=161/6¢ taking place of (Ly + Lp)"'6L,/6¢. Assuming high sensitivity,

the power requirement can again be considerably lowered. This system, combined with
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an a.ntem;a. of the type of Fig. 4, probably offers the best features for stabilization.

I am grateful to Allan N. Kaufman for interesting cliscussiolns° This research was
supported in part by DOE contract DE-ACO03-76 SF00098 (Lawrence Berkeley Labo-
ratory), and by the College of Engineering, Cornell University. The numerical results
were obtained at the Institute for Theoretical Physics in Santa Barbara (April 1985),
under NSF grant PEY82-17853, supplemented by funds from NASA.
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In the radiation gauge used here, the rf electric fleld is E = —i(w/c) A.

Although the equations ﬁa.ve lost their self-adjoint property, it is still permissiblé
to use the variational principle perturbatively (the ponderomotive terms are small

compared to the terms in AWargp).



FIG. 1.

FIG. 2.

FIG. 3.

FIG. 4.

Figure Captions

Equilibrium density (solid line) and magnetic field (dashed line) profiles nor-
malized to their maximum values. The center of the symmetric plasma slab
is at £ = 0, the antenna at z = =g = =1, and the wall at z = =3a.

(a) Antenna inductance L, (normalized to 16wa/c?) in function of & (normal-
ized to k4 = 4a™1), forw = 1.10Q;, showing the resonance at ky = k. = 0.47Tk 4.
(b) Total rf contribution AW, + AW, (solid line) versus ponderomotive con-
tribution only AW, (dashed line), normalized to (4x/ cz)alf 12(¢/a)3.

(2) Profiles of the rf field A, (solid- line) and A, (dashed line), normalized
to their maximum value, for w = 1.1Q; and &k = k4. (b) Ponderomotive
force density -F (dashed line) (positive -F is inwards and stabilizing) and
interchange term G (solid line), normalized to (47/c?)|I|? and (47/c?)a™}|I|2.
(¢) and (d) Same as above, for kj = 0.3k 4.

Four quarter-turn antennas, with L = 2wk 1. The arrows show the phases of

the equilibrium rf currents.
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