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Abstract

A study of the scalability of the fast magnetosonic
wave heating from present day tokamaks to UWMAK size reactors
is presented. This preliminary work shows that this type of
supplementary wave heating in a reactor appears feasible.
However, part of the report poses important problems which
must be solved in a more detailed manner before further work
on a reactor design can be carried out. First a brief
review of the wave heating possibilities is presented,
concluding that at present the fast magnetosonic mode appears
to offer the best scalability to reactor size machines. Next
a review of the Vlasov wave theory for this mode is presented,
indicating conditions under which the results are valid. Ion
cyclotron, ion finite gyroradius, and electron transit time
damping rates are presented for the fundamental and first
harmonic of the ion cyclotron frequency where account of the
variation of the local gyrofrequency across the minor radius
of the column has been taken into account. The particu-
lar advantages of fast ion cyclotron damping rates for a two
component plasma are also presented. Application of the theory
to a UWMAK reactor shows that many modes are possible and if
modes with sufficiently short perpendicular and parallel
wavelengths are excited, plasma absorption will dominate
over losses by stainless steel or carbon curtain walls.

iii
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Next a discussion of important refinements in the wave
theory and design of an appropriate launching structure

are presented as problems for future investigation. Finally,
adaptation of an rf heating model to a space-time dependent
code for reactor startup is posed as the ultimate goal of

this work.



I. INTRODUCTION

In order to reach fusion ignition conditions in a
tokamak, it is well recognized that a supplementary heating
scheme will have to be employed. The main candidates for
this necessary additional heating capability at present are
(1) neutral beams, (2) rf heating, and (3) magnetic com-
pression. This report will deal only with the rf heating
technique and future reports will attempt to make compar-
isons of the relative merits of rf heating with respect to
other supplementary heating schemes.

Relatively successful experimental work has previously
been done by means of rf heating in the cases of ECRH

heating in magnetic mirror machines and ICRHl’2

heating in the
axial magnetic beach in the case of the C stellarator.
Recently, vigorous theoretical and experimental work has

been done to determine the efficiency by which rf heating

can be applied to the axisymmetric magnetic field and plasma
configuration of a tokamak. The basic problem of rf heating
breaks up into power generation, launching or coupling this
energy efficiently to the plasma with accessibility to the
core region, and absorbing this energy by the plasma ions

and electrons in a way which does not deteriorate the con-

finement properties of the tokamak configuration. If one

1



uses the magnetosonic wave mode, the generation problem is
minimal since amplifier tubes exist "on the shelf" which
provide power outputs in excess of a megawatt at the contem-
plated frequencies of operation of 10-100 MHz. The problems
of wave launching, accessibility to the plasma core, and
absorption are somewhat more complicated and will be
discussed in the following sections of the report. Special
aspects associated with a reactor environment will be dis-
cussed and topics which will be treated in future reports
will be posed.

Let us briefly mention the various types of rf heating
applicable to a tokamak plasma and why we feel that with the
information available at present, the magnetosonic mode
offers the best promise of supplementary heating in a
tokamak reactor. The wave heating types which have been
considered for heating tokamak plasmas are fast and slow
magnetosonic wave heating, lower hybrid wave heating,
transit time magnetic pumping, and electron cyclotron reso-
nance heating. Many other wave modes have been eliminated
because the magnetic field configuration and radial density
profile of a tokamak configuration do not allow accessibility
of the wave to the axis of the discharge. This is because
the modes are evanescent or because of strong reflection of
the wave coming from the vacuum region at the edge of the

plasma boundary. Electron cyclotron resonance heating is



usually eliminated from contention because for reactors
with magnetic fields of 50 kG, microwave sources at fre-
quencies of 100-150 GHz are only available at powers much
less than the megawatt level required and it does not ap-

pear technologically feasible to increase their power

output significantly. A second minor problem is that in
present day machines, direct ion heating is the goal to be
achieved since electron-ion equilibration times are long
compared to energy confinement times. In a reactor with
much longer confinement and heating times it may be possible
to heat the electrons and allow the ions to gain energy via
electron-ion collisions, assuming serious instabilities do
not disrupt this process.

Transit time magnetic pumping has been tried experimen-
tally at Culham and Grenoble but has not been very successful,
resulting in plasma pumpout from the confining region in
stellarators. It has not yet been experimentally tried for
tokamak systems but theoretical work is continuing and may
result in a more promising electron TTMP heating. Coil and
wall losses are calculated to exceed that due to plasma ion
TTMP absorption in calculations done to date for JET?

A final judgment here awaits further theoretical and experi-

mental work but at present it does not appear to be as

attractive as magnetosonic wave heating.



Lower hybrid wave heating has been considered theore-

tically by Puri and Tutter4’5

and experiments have been done
in particular by Hooke and Bernabi.6 The operating fre-
quencies for such a mode would necessarily be higher than
those for the magnetosonic modes but not so high that
megawatt sources cannot be made available. The most serious
problem here seems to be a proper theoretical treatment of
the wave properties at the plasma edge where the wave suffers
a region of evanescence, the fact that the wave heats both
the ions and electrons at a relatively localized hybrid
layer rather than body heating, and the difficulty of
extrapolating from present day PLT size tokamaks to a
reactor. Work at Princeton is planned for an experiment
on lower hybrid heating using a phased array waveguide feed
on the ATC plasma at 200 kW (800 MHz) levels. It will be
most interesting to compare these results with those of
neutral beam experiments on the same machine at comparable
power levels.

This brings us to the magnetoacoustic mode which will
be considered in greater detail in later sections of the
report. Most of the theoretical work on this subject has

7-9

been done by Adam and Samai at Fontenay-aux-Roses,

10-17

Weynants, Messiaen, and Vandenplas at the Ecole Royale

Militaire, Belgium, and by Perkins et all8=20 54 Princeton.

The slow wave (torsional) branch is subject to mode conver-



sion near the edge of the plasma according to work by

Perkins18

and is thus capable of only edge heating. The
fast wave (compressional) magnetoacoustic mode propagates
readily above a critical density which is easily achiev-
able in present day tokamaks and more easily achieved in
larger systems such as a reactor. Present theoretical work
shows that this mode penetrates readily to the center of
plasmas of reactor interest and heats ions over the minor
axis of the plasma in a relatively gentle way so that
instabilities are less likely to occur. Recent experimental
work on the ST tokamak by Adam et al.21 has shown that these
modes can be generated in the plasma at megawatt levels with
efficiencies of 90% and that the ion temperature can be
doubled by short rf pulses with a corresponding heating
efficiency of 20%. Present work is being carried out to
design a similar magnetoacoustic wave experiment on the
French TFR tokamak where stronger toroidal currents and
confining fields may provide better confinement of the hot
ions produced by the wave heating.

This report will first review the Vlasov theory for the
magnetosonic mode, noting the conditions under which the
approximations are valid and obtain the dispersion relation
and damping rates from the hot plasma dielectric tensor.
Then the special advantages of the magnetosonic mode in

regard to a two component TCT reactor will be presented.



Next a sample calculation of operating conditions for UWMAK22

parameters and special reactor considerations including
stainless vs. carbon curtain walls 23 of the torus and wave
excitation will be considered. Finally, a discussion of
the coupling alternatives, implications of the present
heating theory for reactors, and important problems to be

looked at in future reports will be posed.



II. REVIEW OF HOT PLASMA VLASOV THEORY APPLIED TO THFE
FAST MAGNETOSONIC WAVE

As previously discussed, rf heating has several advan-
tages over other forms of supplementary heating. In parti-
cular, waves generated about the ion cyclotron frequency
seem especially promising because of the linear wave damping
processes which can be used in heating the ions in large
tokamaks.

First of all, slow ion cyclotron waves, which have

213,24 appear to be

produced good results in the C-Stellarator
more difficult to excite in an axisymmetric toroidal system the
size of UWMAK. Ion cyclotron waves are characterized by small

wavelengths parallel to the confining magnetic field. At high

13

plasma densities (n > 10 cm-3) there is sufficient charge

separation so that the electric field rotating with the ions
is shielded out.25 In addition to this disadvantage to

using the slow (torsional) ion cyclotron wave, the electro-
magnetic energy which is coupled to the plasma is absorbed

in a localized region of the plasma volume, thus leading to

a high concentration of energy with the accompanying problems
of nonlinear effects limiting the coupling and absorption
efficiencies. 2°

When the ion cyclotron wave is used in a tokamak config-

uration, as it approaches a magnetic beach in the perpendicular



direction, the wave can undergo mode conversion. For a cold
plasma (wci/k“ >>vTe), the inward propagating ion cyclotron

wave is converted into an outward propagating electrostatic

ion cyclotron wave with the following dispersion relation18
2
2 _ 2 1 - EE_ m (1)
W= W K 2 M

which propagates on the low density side of the perpendicular
resonance. In a hot plasma, the incoming wave becomes a slow

wave with the following dispersion relation

e

w2 ok 222 p2y __w_(m)

X ' k 2T (2)
H h\“Te
with
oo —1_12
Y(n) = g'E (u 1_le ~ig)
VT n &
Since the ion cyclotron wave can only propagate for18
|w2 - w 2{ w2 |w2 - w 2|
1 ci 2 pi ci 2
3 5 k" <5< 5 k“ (3)
w c w

it is seen that k must be rather large. At these short wave-
lengths the wave has a large region of evanescence, greatly
reducing the wave amplitude inside the plasma while wall losses
are enhanced. 1In addition, the slow wave which propagates on
the high density side of the perpendicular resonance heats
electrons rather than ions.18 Nevertheless, the ion cyclotron

resonance can still be utilized effectively in conjunction



with the propagation of a different ion wave.

The fast magnetoacoustic or hydromagnetic wave is an
extension of the right hand compressional Alfvén wave
which, due to finite temperature effects, has some left
handed polarization. Perkins19 has shown that only the
fast mode of the ion cyclotron wave can become a normal mode
of a tokamak plasma if w = Wy is to be located within the
plasma. Fast magnetosonic wave heating has three advantages
over other types of heating: (1) The wave easily penetrates
to the plasma core (provided n > a critical density, nc),
(2) A relatively uniform distribution of wave amplitude
throughout the torus produces more uniform body heating,

and (3) Toroidal eigenmodes increase the loading resistance

on the launching structure.18
When w = Woj the magnetoacoustic waves are damped by
the following mechanisms:
(1) Since v¢” N Ve the electrons undergo transit time
damping.

(2) Since Ti # 0, there exists a finite left hand compo-

nent which heats the ions by ion cyclotron damping.

(3) When g = chi' there exists a relatively large left

hand component and finite gyroradius effects provide

the damping.
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Because this damping is weak, linear wave theory may be used
to compute the normal modes. Then, by using Vlasov theory,
the damping decrements may be calculated in order to estimate
the Q of the cavity, the relative importance of electron and
ion damping, and finally, the propagation properties of the
wave.

The magnetoacoustic mode is only slightly affected by
variations in the magnetic field strengths and minor cross
section and for A, << R, curvature effects can be neglected.
The effect of the rotational transform is to distribute the
power throughout the plasma with little effect on the
heating efficienciesj

The magnetoacoustic wave has a density and radius cut-

off, below which the wave cannot be excited. This critical

density is given byz’27
_ 12 M -3
n, = 1.64 x10 7.0 (2p) (4)
with
W
T
ci
and p=1limited plasma radius in cm.
18,19

Adam and Samain7 and Perkins have obtained damping

decrements and wave propagation applicable to the fundamental
and first harmonic of the ion cyclotron frequency. However,

a complete published derivation of these results listing

important approximations and limitations under which

these results are valid does not exist to our knowledge.
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To overcome this, T. K. Mau28 has carried out a complete
derivation of these results from the hot plasma dielectric
tensor which is available as a report. This section of the
report closely follows this work in abbreviated form with
the approximations and limitations clearly put forth.

Let us assume that there exists a homogeneous, unbounded,
collisionless, Maxwellian plasma in a uniform magnetic field
in the 2z direction. In addition, an electromagnetic wave
is assumed to propagate in an arbitrary direction. Then,
both ions and electrons satisfy the Vlasov equation and the

following determinant can be obtained without any further

assumptions.

- - o -
[-‘2 2k -k2 [.‘*i K L*l} K__+kyk,
c) XX c) Xy .C XZ

\ 2 32 2
w W 2 2 w
— K = K =k "=k, —t K = 0 (5)
[CJ yx [CJ yy ¢ LC} Yz
3\ 2 3 2 e 2
W W w 2
-— had 2l K -
[cJ Kpx ¥ Ruky [CJ sz \c] 2z~ %1

In the low frequency limit of w-~ Wi the displacement
current can be neglected. For simplicity, an isotropic

distribution function of the form

2 2
£ ow 2y 2y oL ol Tar *Von
ao ot g" 3/2..3 2
i A\ v
To To

with
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%
2KTa
V =

To MOL

18

is assumed. Then, as obtained by Perkins and derived by

28

Mau, the following dispersion relation can be found for

Ay >> 2.2 cm (UWMAK parameters).

2 2
wEi 2 wgi w2
2 X—ku 1 2 -w (u)+w ) k" k.l.
c C
2 2
- 2 oy w_ . wk
b1 - W pi _2_2 2 2 _ . pi _LY o
2 X w . (UH‘UJ ) 2 X k.L kn +2Be k" (Y l) i 5
¢ * c ¢ w . ck,
Ccl
2
w o wk,Y >
K-k; i pi x _ 2 2y-kf
C w k" c k" )\
De
where
% = 1 o . w - wCi _ ®
T2 4
2 |k VTl Ku VT]_ w + wCl
w
Y = Y|oonno—
Kn vTe ’
Bo = ng KT/ (B /2u)
e e e (o] fo)
and Z denotes the Fried and Conte function.

This dispersion relation does not include finite-
gyroradius effects and cyclotron damping is assumed dom-
is only wvalid when

inant. Equation (6)

T.

m 1

<l\—4 T ><< 1.
e

(6)
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Neglecting the off diagonal terms in the last row and column

and assuming

we can obtain the following equation

2 4
2 2 2 2 2 2
-X|lay +2q. - o (wﬁw ) + w (Qp + gy ) - 2 = >
ci ci w_ . (wtw )
- ci ci
where
qn = ku;' C and q, = XL S yith g << 1.
pi pi ©
The zeroth order dispersion relation for w=w, g is
2 2
q, + 2qy = 1 (8)

The following damping decrement can be calculated by setting
m==wci-+iwi, substituting equation (8) into equation (7),
neglecting the wA@4—wci) term in X, and equating coefficients

of the first power in w_. .

ci
L
2kT. | ¢
_ - 1 1 1
(.Ul - Yl - 3 ku M Im[z (Zl)} (9)
where zi==(w-wci)/k"VTi.

Finally, averaging over the minor cross section in an

axisymmetric torus with B =Bo(l-%cos 6) one obtains the

T
following

kol V..
(1.58) T1 (R (10)

<1
It

ci



2
u)pi 2 pi2 mciw w
[T BR S LI ' ' -
—-2—{x Y'-w'} -k, 15— (X'+y'+ 2 3 wCi) k, k,
c c Wy
. 2 2
W . w ., w . w . k
- pi ! ' cl - W pi LIV B S I - 2 — _; P WX
> {x"+Y' + " .} =—(X'=Y'-W')-k, -k +2Bek_L (Y-1) -i—— o .k"y
c wci - ci c ci
2
W, wk 2
k, k i £ ~ 2 5 Yoky
1 "
c2 wcik" C2k?:>\
De
with
2 2
k,V_. W=2w . .
%1 LT w 7 “oi Y o= W leTl
= , =
2wci k"VTi k"VTi UHwEi 200ci
and
W'o= 1
2 L]
1 i
2
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Retaining the electron term in equation (6) and since

|x| >> 1, we have the following dispersion relation

2

2 2 2u 2 _
q, + 24 0w oy ZBe q, (Y-1) =0 . (11)
ci i

Then, in order to find the damping decrement due to electron

transit time magnetic pumping, we again set w==wci-+iwi,
equate real and imaginary parts and find
2
k KT
-8 -1 %4
Yo =3 € L v a— (12)

ci
One can show that Ye/Yi‘“l~24(k;/k")2-

At the first harmonic ion cyclotron resonance, the

following determinant is obtained.
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Following a procedure similar to that for the fundamental
damping rate, one finally obtains a finite gyroradius

effect damping rate given by

2
v, = LF KR (14)
i 4 M w . a
.?.LL) Ccl

Since leTi/zwci ~<rci>/kl where <rcf is the average
ion gyroradius, this damping process is a finite gyroradius

effect which preferentially heats ions with large perpendicular
and small parallel energy, creating a high energy tail, thereby

possibly enhancing hot ion losses. First harmonic heating can

be seen to be comparable with fundamental heating.



III. DAMPING DECREMENTS FOR THE CASE OF A

TWO COMPONENT PLASMA
Assume again an infinite, homogeneous, collisionless,
Maxwellian plasma in a uniform magnetic field in the =z
direction. In addition,
ionic species of which one, o, is the resonant species.
The nonresonant ions form a cold background and by an

analogous procedure as before, the following determinant

can be derived.

assume that there is more than one

2 2 - -
wEo(, 2 w ) w2
L 3 T ——
2 Xa Ko T2 % w (w+w & ko Ky
o] C co C
2
wzq w2 w o 9 9 5 9 w_ wk,
-i B [x&— J p2 X, -k, -k, +28 k. (¥-1) -i Ly | =0
k
C U)cu(w+wc C chLc "
w? wk, 2
Ky kJ. i —'Ez)———-——“ Y ‘—2———2——2— Y- k.l.
< w K ¢ ku Apg
where
n
o
Vo =
Xa = X naX.

N, is the concentration factor of the resonant species and

arises from the fact that the zeroth order distribution
function is now of the form

2 _ Ny oL Va"
’Vall) = a7 A -

exp -
3/2 .3
T VTu To

£ (V2
oo (o3

|\

i n

with
5

16

(15)
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In addition, Equation (15) now has the more restrictive

condition that

'—]Il-i\
Q

n
n

<< 1 (16)
o

&qma

e

Hence, for resonant ion concentrations of approximately 5%

or greater, Equ. (15) still holds. Following the procedure

stated previously, one finds (dropping the o subscript)

2 4
_ 2 2 2w 2 2 2 ® _
ﬂx[ql_ +2q0 - o (oo 1 + [q,, (a, +4q.) -m} =0
cL c ci ci

and finally the following averaged damping rate
2 2
- _ 1.58 Ko Vqy

i n 3wci (

o[

) (17)

The electron transit time magnetic pumping damping

decrement is still given by
_ 8 1 % kixre
\ 3 M w

e ci

At the first harmonic ion cyclotron resonance, the

determinant is now

2 2 ]
W, W, W LW
2 .
B> nx'=y'-w'} - x5, 1B fnxterts —5—- 2 k, k.
.= i
c c O of
2
‘*’f)i Wi® ‘”Ezi 2 2 2 Woi Wky
- et 1 [} — — L. L t —_ — - —_ ——— - —— =
i-55 {nx'+y'+ 5T 1 7 (NX'-Y'-w')-k, k1+28ekl(Y D -5 R 0
c w - el ¢ c¢® ci
Ccl
2
w . wk 2
. _pi ¢4 w-y .2
k_|_ kll 1 2W k“ Y 2.2,2 k"‘
c c1 c kA
L De

"~ (18)
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where the ith particle is the resonant species. 1In the same

manner one obtains the following averaged damping decrement

k 2KT.
<Yy o @ (12
ZwCi ci

NE

In order to physically interpret the enhanced damping
rate due to the presence of two ion species we present the
following argument which closely follows that of Adam.8
In cold plasma theory no ion cyclotron damping occurs.
However, when hot ions are included, the electric field (E)
is elliptically polarized at W=, - Therefore the ampli-
tude of the E+component is finite at the ion cyclotron
frequency and cyclotron damping is possible. Neglecting
rotational transform effects, when the frequency is adjusted
such that w=w,, on the magnetic axis, cyclotron damping
will occur in a cylindrical layer of width

ku vTiR
W

AR =

Since the electric field is largely polarized in the
opposite sense of ion rotation, the heating rate is weak.
However, the amplitude of the IE+ field may be enhanced by
going to a two component plasma. The density of the non-
resonant species must be high enough such that the fast
wave can propagate but the density of the resonant species
must be low enough so that the Eﬁ- component is not too
strongly damped by the plasma.

Adam finds that the power absorbed by cyclotron damping

goes as
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U_)2
1 i +,2 R
o —Ei— lE"| 5~(ergs/sec) (20)

P =

where |E+[ varies as n—l, n<<l. Therefore the power absorbed
is proportional to n—z. The power absorbed in the main body
of the plasma is then proportional to n—l. n cannot be made
arbitrarily small since it is desired that the power of the
resonant ions be transferred to the entire plasma via collisions.

Physically, the resonant ions are heated by direct inter-
action with the wave field. Initially, when the plasma is
cold, the power absorbed by the resonant ions is almost im-
mediately transferred to the non-resonant ions by collisions.
The heating rate is determined by the rate of dissipation of
the wave. As the plasma becomes hotter, the power absorption
increases while the rate of transfer of the power from one
species to the other decreases; hence the resonant ions are
heated faster and may eventually become runaways. To prevent
this the wave amplitude must be reduced when the temperature
ratio is optimum for collisional transfer.

Though the dielectric properties of the plasma are altered
by the presence of resonant particles, this is a minor effect.
The wave number is not significantly altered by the presence
of resonant ions so that the fast wave can be excited in a
large tokamak. In a D-T tokamak reactor, it is possible to
have resonance for deuterium on the axis and for tritium near
the inside plasma edge. Further, since there are two ion spe-
cies, the possibility of mode conversion to the Buchsbaum two-
ion hybrid resonance exists and its impact on heating rates

needs to be investigated.



IV. APPLICATION TO UWMAK REACTOR

It is expected that for a fusion reactor having an
electric power output of 5000 megawatts, supplementary
power of the order of 100 megawatts will have to be given to
the plasma ions in order to obtain ignition. Aware of the
pitfalls that are possible when one attempts to extrapolate
an approximate wave theory intended for present day machines
with large aspect ratio to a reactor size machine, we
nevertheless set out to determine the scalability, work out
sample calculations, and pose important aspects which will
require more detailed investigation in the future for
reactor size systems. In Table 1, various parameters for
the TFR, PLT, and UWMAK II machines are given as well as
their critical densities and damping decrements.

The first criteria is that the rf power is primarily
deposited in the plasma and not on the walls of the toroid
through skin effect losses. Next the damping rate of the
waves should be fast compared to the confinement time in
the UWMAK which is the order of seconds. The ion cyclotron
damping rates (w==wci) of the compressional magnetosonic

mode has a damping rate given by

_ 2
<Yi>wci = 1.6 ky (KTi)R/Miwcio

where the variation in major radius of the local ion gyro-

frequency has been taken into account. The corresponding
20
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electron damping rate due to transit time effects has a
comparable order of magnitude except that it scales as k,
rather than k, as in the ion cyclotron damping case.
Assuming Ti==l kev, R/a=13/5, and BO==35.7 kG at a
frequency of f£(H) =54 MHz, one obtains an ion damping
rate for UWMAK parameters (see Table I) which can be

written as

<Yi>, | = 3.0 % 10%/2% (m) sec™?
cl

where the scaling with parallel wavelength is explicitly
noted. Thus for parallel wavelengths less than 0.4 m, the
ion cyclotron damping rate would exceed that of either the
stainless steel or carbon curtain wall. Since

the damping rate scales as ion temperature it can be
expected that as the ions are heated, the efficiency with
which power is given to the plasma is increased (by a
factor of 10 at an ion temperature of 10 keV).

The corresponding ion damping rate due to finite gyro-
radius effects at the first harmonic (w==2wci) of the ion
gyrofrequency scales with perpendicular wavelength at an
ion temperature of 1 keV as

<yi> = 7.4 x 103/kf(m) sec™® .
2Wey

For UWMAK parameters it is required that A, < 0.4 m so that
plasma absorption dominates losses by either carbon curtain

or stainless steel walls. Since the damping rates are only
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derived for lower order modes, it is necessary to examine
the higher order modes to see that comparable damping rates
are obtained. The higher order mode might also imply that
the damping would be more distributed over the plasma cross
section rather than over the central slab, in both cases
heating primarily those ions with large v, /v, .

The shorter perpendicular and parallel wavelengths are
doubly advantageous for fast magnetosonic wave heating. They

increase the damping rates of the wave. 1In addition, large

values of k,, Z 10 m 1 increase the radial width over which

appreciable damping exists, minimizing the possibility of mode

conversion to the ion Bernstein mode as expressed by Weynants.l7

One can obtain an estimate of the absorption of the rf
energy due to the walls by using the definition of Q or
quality factor. The frequency of the rf energy is essen-
tially at the ion cyclotron frequency and one defines a
wall damping rate due to skin effect, Q = wci/Yw' Alterna-
tively one can determine the energy stored in the rf fields

and the energy lost to the walls through the skin depth

-1
§ = (rfu,o) . By integrating over a unit length along the

torus one finds a result of order Q = a/§. Solving for the

damping rate for the walls one obtains Yy = wci6/a = (wci/

;’ .
Opo)z/a, where ¢ is the conductivity of the wall material.

6 1

The values used are gSS(BOOOC) = 3 x 10 (Q—m)— and

4 (Q-m)—l. This yields a stainless steel

damping rate of Yog = 1.9 x lO3 sec—1 and a carbon curtain

damping rate of Yoo = 1.8 x lO4 sec—l. In Table 2, the wall

damping decrements for UWMAK II22 are calculated for stainless

O =
ccc(SOO C) = 3.1 x 10
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steel as well as for the carbon curtain.2> As Table
2 shows, the carbon curtain does not increase wall losses
greatly. However, caution should be used in dealing with
the carbon results since the conductivity is used for a
uniform slab. The fact that the curtain is a relatively
loosely woven structure will modify this due to the contact
between the individual strands of the weave. This effect
could be very important and warrants further study.

For present day tokamaks such as the ST, TFR, PLT and
T-10, it is possible to excite only one or two modes in the
device in the fast magnetosonic mode. However, in much
larger devices such as the UWMAK, the critical density for
excitation of a magnetosonic mode is reduced to ~1010/cm3
and many modes can be excited. Indeed, application of the
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cold plasma dispersion relation as derived by Perkins can

be written

wpiz a?/c? = 2/3 [(n+1) (n+3) (n+4) + k.2 a2 (n+4) ]
where a parabolic density profile has been assumed wpi? =
w;io (1-r%/a®) and n=|m-1] (m=0, £1, %2, .. .) where

m denotes the minor azimuthal mode number for fields

varying as elme. For a fixed k,, such that k,, a < 5,

a plasma density of n = 6 x 1013/cm3, and a = 500 cm as is
the case for UWMAK, one obtains an estimate that about 48

azimuthal modes can be simultaneously excited with different

amplitudes and damping rates.
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At first glance one can assume that this will tend to
provide field peaks for different modes throughout the
plasma region and deposit energy more uniformly over the
plasma cross section. However, the problem requires a more
detailed investigation including such topics as calculation
of the relative excitation of the higher order modes for a
given launching structure, derivation of damping rates for
higher order modes, investigation of the effects of rotational
transform on the modes, and the possibility of wave-wave
scattering when a large number of modes are present in the
machine.

In order to supply a 10 MW/waveguide power requirement,
a waveguide of dimension 3 m wide by 1.5 m high could be used
between the toroidal field coils. It would operate in a TElO
mode with the electric field oriented in the vertical direc-
tion and the transverse magnetic field oriented in the to-
roidal direction. This would provide a peak electric field
of about 916 volts/cm with a power density of 220 watts/cm2
This is well below breakdown conditions and the waveguide
could accommodate higher power levels. Future work will
have to consider the effect of the finite wave excitation

region on mode excitation and coupling to the plasma column.



V. DISCUSSION

This section of the report will deal briefly with
topics which will require more detailed investigation in
future reports but could have a major impact on the role of
rf heating in tokamak fusion reactors. The first point is
that of a detailed description of the launching structure
used to couple waves to the plasma column. In order to
design this for large systems, a precise determination of
the desired wavenumbers k, and k, must be determined for
optimum heating. The role of the many higher order modes
which can propagate must also be determined more precisely.
Once this is determined, one can consider the use of rectan-
gular waveguides inserted in the walls of the torus or
waveguide coupling through periodically spaced irises should
the periodic structure of the launching system turn out to
be an important factor. If a slow wave structure outside
the plasma column should be necessary, rippling of the torus
walls could be considered in order to effect such a launcher.
If the rf energy is added at a frequency that is less than
about 100 MHz, insertion loops coupled at some distance from
the plasma might be used if the rf feed points were deeply
recessed from the plasma region so that arcing would not be
a problem. Lastly, the use of the toroidal cavity modes as
observed on ST?' would be quite useful if high k,,lem_l could
be excited in the device. The eigenmodes would produce a

continuum providing good matching of the wave at all times.
25
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Important problems in the area of wave theory include
an examination of whether nonlinear wave effects (e.g.,
parametric instabilities, trapping effects) will play an
important role in reactor plasmas or whether a linear wave
theory will be sufficient due to the relatively small amount
of wave energy to plasma thermal energy density. Further
problems in this area include a more precise determination of
the effects of wave energy velocity space deposition on the
confinement of trapped and untrapped particles in the neo-
classical diffusion regime and a more careful study of the
effect of wave heating on the ohmic heating plasma resistivity
and the effects of rotational transform on the damping rates
and generation of possible instabilities. Dei-Cas and
Samain29 have indicated that, under certain conditions, one
may be able to use magnetic pumping at the ion gyrofrequency
of impurity ions to keep impurities from penetrating to the
center of the discharge.

One of the most important problems that we will work on
in the future is a space-time model incorporating ohmic
heating, neoclassical diffusion losses, and impurity radia-
tion together with an appropriate model for rf heating to
properly treat the startup problem of a reactor. At present
Kessner, Khelladi, and Conn30 are working on a fluid code
developed by Oak Ridge for ORMAK parameters and adopting this

to scaling indicative of a UWMAK size reactor. An important
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problem here is to properly incorporate the velocity space
effects of rf heating in the Vlasov theory to a fluid model
and to present the important differences that one would
expect when compared with heating by means of neutral

beams. Other problems will involve an appropriate choice

of initial density and temperature profiles over the plasma
cross section and a more rigorous treatment of wave boundary

conditions imposed by the plasma and launching structure.
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Table I. Magnetosonic Wave Damping Rates for Sample
Tokamak Plasmas.

PLT TEFR UWMAK II
rP(cm) 45 20 500
R, (cm) 130 98 1300
By, (KG) 45 60 35.7
I (MA) 1.4 0.4 14.9
T.(keV) <1 1(D),1.2(H) 15.2
T_ (keV) ~1 3 13.5
T 1-1s 15~20 ms -4 s
n (cm™3) 5 x 10%3 3.5-7x10%3 ~6x1013
A 2.9 4.9 2.6
nc(cm‘3) 1.83 x 10%2 5.21 x 1012 2.35 x 10%0
fci 68.5 MHz 91.4 MHz 54 .4 MHz
£1 1488 MHz ~1800 MHz 1723 MHz
T, (sec™h)  2.7x10%/2, % (m) 3.4x10% /0 2 (m) 1.6x10°/2 % (m)
Vywoi 6.4x10°/A2(m)  8.1x103/A, ? (m) 1.1x10°/x, 2 (m)

- 2
Y . 3.3x20%/2, % (m) 1.3x10°/2 2 (m) 5.1x10°/% , % (m)



Table II.

Carbon
S.S.

Carbon
5.8.

Carbon
S.S.

Comparison of Carbon Curtain vs.

f =

Temp
(°C)

20
20

500
500

1000
1000

Resistivity

(2-m)

42x10
74x10°

32x10°
105x10°

20x10°
130x10

6
8

6
8

6
8

Conductigity Y

(2-m)

2.4xlO4

1.35x10°

3.lx104
9.5x10°

5.0xlO4
7.7%10°

wall

(sec)

2.2xlO4
2.8xlO3

l.9xlO4
3.4XlO3

l.5x104

3.8x10°
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Stainless Steel
Walls for Various Operating Temperatures at
54.4 MHz for UWMAK II.

Ratio
Y /Y

ccC Ss
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