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Current generation by minority species heating '

N. J. Fisch
] Plasma Physics Laboratory, Princeton University,

Princeton, New Jersey 08544

ABSTRACT

It is proposed that electric currents be generated
from the preferentizl heating of ions traveling in
one direction but with no net momentum injected into
the system, This can be accomplished with, for example,
traveling waves in a two-ion-species plasma. The
current can be genera.ed efficiently enough for the
scheme to be of interest in maintaining steady-state

toroidal currents in a reactor.
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1. INTRODUCTION

The confinement of plasma in tokumak devices relies upon
the maintenance of toroidal electric currents which sustain a
poloidul magnetic field. There exist several methods for
Ariving these toroidal currents in the plasma. The method
most usually employed is the inducing of a toroidal electric
field by means of a time=varying magnetic £ield. This method
suffers, however, from the liability that it cannot operate in
the steady state. The most promising other methods that have

been proposed rely upon pushing electrons with fast w'aves,l'2

4 Interest in these other schemes

slow waves,3 or neutral beams.
arises because of their steady~-state nature which affords the
possibility of continuous operation of tokamak reactors.

This paper describes yet another way to drive toroidal
current continuously. This new gcheme differs fundamentally from
the other schemes in that it employs waves that interact with
ions rather than electrons, and yet these waves need not have
net toroidal momentum. The operation of this schemewmay be
thought of as comprising of two steps. The first stgp is the
inducement of the minority ion species to drift toroidally
relative to the majority ion species. The second step is the
reac£ion of the electrons to the ion distributions. The electrons
can drift even when the total ion current vanishes.

To show that electrons can drift when the firsftstep is
satisfied, consider the electron response to opposié?ly drift-
ing ion speciés with diffg}ing ion charge ‘states. fhe electrons,

being so light, do not sense the ion mass, but they‘éo sense

X
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the ion charge and velocity. 1In a neutral plasma the total
current is, of course, frame invariant. Consider then the frame
of reference in which the total ion current vanishes. There

may, howeaver, persist an imbalance in the forces on the elec-
trons since they collide more frequently with the species

that has the larger ion charge state. The imbalance in forces
gives rise to an electron drift. Since the ion current vanishes,

a net current must flow,

The gquestion is how to achieve the first step, or in
other words, how to produce a relative drift between the two
ion species. The most direct means of producing this relative
drift is simply to inject counter-streamiing ion beams, one of
either species. The beams, which taken together have no net
momentum, may enter the plasma as neutrals. This is the neutral
beam method of current—drive.4

Here, a different method of establishing the relative ion
drift is suggested. The basic mechanism is similar to the one
used in driving currents with electron cyclotron waves.2
The idea is to create an agsymmetric ion drag .so that,; for
example, minority ions moving to the left collide more frequently
with the majority ions than do those minority ions moving to
the right. The imbalance in forces resolves itself with minority
ions moving, on average, to the right. By momentum congerva-
tion, the majority iun species must drift to the left. Thus,
the consequence of asymmetric ion drag is the establishment of

a relative ion drift.
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The means of accomplishing the asymmetric ion drag of the
type described above could be the selective heating of those
minority species ions that move to the right. To see that
this is so, consider a single test minority species ion that "
moves to the right, which is, say, the direction parallel to

a static magnetic field. The collision frequency between the test

ion and the background majority ions, which exert a drag force,
is sensitive to the test ion energy. By increasing the test
lon energy, the drag force can be reduced. The energy increase
need not occur as a result of increasing any specific wvelocity
component, Thus, for example, even increasing the perpendicular
energy of minority ions that move to the right induces a drift
of that species to the right. '

The preceding discussion indicates that an electric current
can be driven parallel to a static magnetic field simply by
increasing the gyration energy of those minority ions that move
in one direction parallel to the magnetic field. The increase
in gyration energy can be accomplished through the daﬁping
of a traveling plasma wave that resonates with the selected ions.
An example of such a wave is the ion cyclotron wave at a fre~
quency near the minority ion gyrofrequency. These wé@es would
be launched unidirec-ionally in the toroidal direction in the
tokamak.

The proposed scheme for driving current is espeé;ally
exciting in view of the confidencé in the heating mecﬁanism,
established by the recent success of experiments desiéned to

. . . 5
heat minority species ions with ion e¢yclotron waves. In
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these experiments, the wave energy was successfully imparted
preferentially to the minority species, al%hough with absorb-
tion in velocity space symmetric with respect to the magnetic
field. These results are certainly encouraging even though
it remains to be established that asymmetric absorbtion can
occur too. The asymmetric absorbtion is necessary, of course,
for driving current.

For current-drive schemes to be practical for reactor
applications, the current must be sustained at levels substantial
encugh for confinement while the power cost is kept at a level
small compared with the fusion power output. The remainder
of this paper is devoted to a calculation of the power require-
ments for the proposed scheme of current-drive. While some
aspects of the problem certainly warrant more consideration than
is offered in this analysis, it does appear that the new scheme
may be feasible and competitive, in terms of power cost, with
other schemes.l™?

The analysis is presented as follows: 1In Sec. 2 we cal-
culate the amount of power that is necessary to establish a
given minority species ion drift. 1In Sec. 3 we calculate the
electric current that results from the ion drift. In Sec. 4 °
we identify the wave regime and plasma parameters for which our
scheme operates optimally in reactor applications. In Sec. 5
we conclude with a summary of the salient findings, a reiteration
of the assumptions in the analysis and a discussion of addi~

tional caveats.

e
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2. ION MOTION

In this section it is shown quantitatively how preferen-
tial heating of the minority ion species can lead to a drift of
that species relative to the majority species. Let uslfirst
assume that some means exist to displace a velocity space
element of volume Sf from the velocity space location to be
associated with subscript one to that to be associated with sub-
script two (mee Fig. 1). Assume that momentum in the interested
direction is lost from the minority species ions in the first
location atla rate Vyr while the displaced ions lose the momen-
tum at a rate v,. These rates include collisions both with
the majority ion species and with electrons. For small minority
ion concentrations, which we envision, the self-collisions

among them may be neglected.

The amount of energy required to displace the ions from
location one to location two is simply the difference in kinetic

energy associated with the two locations, i.e.,
= - (1
AE (E2 El)Gf, )

= mgv? ' (2
Ej = mavj/z ' . )
where v; is the speed at location j and m, is the mass of a
minority species ion.

The change in parallel momentum in the minority species

induced by this displacement is given approximately by

]
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Ap, * §f my [v,,exp(~Vyt) = vzlexp(—vlt)]. (3

where v, is the velocity component in the z-direction, which is

parallel to an applied magnetic field. The approximation in
Eg. (3) arises essentially from the assumption that the collision
rates v, and v, are functions of their initial coordinates
only. This is tantamount to neglecting energy scattering,
which could cause these rates to vary with time, A justifica-
tion of the simplification is provided in Sec. 4.

Note that at ¢ = Q, the instant in which the displacement
occurs, there is no z-directed momentum change unless Vya

differs from v This is merely a restatement of the obvious

2zl
argument that unless there is an impulse given to the minority
ions in the z-direction, there initially can be no flow in that

direction. At t = =, however, even if Va1 # v all directed

z2'
momentum has relaxed through collisions with other species,
so that there can be no relative drift of the minority ion
species with respect to the majority species.

Consider the case that Va1 = Vpoo In view of the above,
APZ vanishes both at t = 0 and at t = . At finite times,
however, there will be £inite Apz if ¥y # Vye Implied here is
an asymmetric drag on the minority ion species. By continuous-
ly supplying energy, the resulting drift can be continuously

maintained.
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Consider the directed momentum of the minority ion species

time-averaged over a time At, i.e.,

= 1 t mgsf (Voo Yy
Py 25t Jo dpdt ® % '\72— - v (4)

where the second equality is obtained by taking the time-average
over an interval At that is large compared'to the momentum
destruction times l/vl and l/vz. The rate at which power is

dicsipated to maintain the directed momentum is simply
Py = AE/AL, (5}
which may be viewed as a definition. Combining Egs.: (1), (4)

and (5), we find the ratio of minority species momentum to power

dissipated

Von/Veo = v
gg_ - ma( z2/V2 = vz1/ 1). (6)

a B By
~+
Let us define s as the velocity space vector that represents
the displacement from location one to location two. Then taking

-+
the limit |s] + 0 in Eq. (6), we may write

->
s*V{v_/Vv)
5"; =Ry (7
d s*VE

where s is the unit vector in the displacement direction and,
in view of the limiting procedure, we have dropped the sub-
script identifying the now-indistinguishable velocity space

locations.
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3, ELECTRON MOTION
The electric current arises fron the motion of electrons
reacting to the relative drift between the two ion species.
From Eg. (7) it may be seen that there is a drift of the minority
species only in the event that ;-$(vz/v) ¥ 0, which occurs in

essentially two ways, i.e., either

A +

a:vv, ¥ 0, - (8a)
or

A >

s+Vv ¥ 0. (8b)

When Eq. (3a) holds, net momentum is imparted from an external
source directly to the minority species as the ions are pushed
to higher Vo To keep the plasma from rotating, or simply to
define a rest frame, it must be imagined that an egual amount
of momentum,:but in the opposite direction, is imparted to the
majority species, alsc from an external source. If the minority
species is fast enough to collide mainly with the electrons,
an electric current can be maintained efficiently. The method
described is similar in concept and efficiency to driving
currents by injecting neutral peams. 4

Consider, on the other hand, that Eg. (8b) holds, but
Eq. (8a) does not. A minority ion species drift develops even

theugh no net momentum is injected. This is similar to a

mechanism previously identified for electrons,2 except for one

EESS
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complication. Here it is essential that the minority ions
collide neither too frequenily nor too infrequently with the
electrons, where the comparison is with the frequency of
collisions with the majority species. They must not collide
too infrequently because, after all, the electric current
eventually arises from these collisions and all is lost if

the minority ions collide first with majority ions. On the
other hand, they must not collide too frequently with the elec-
trons because their momentum loss would then be due mainly to
the electrons. This momentum loss rate is insensitive to the
ion velocity (since the ions are much slower than the electrons)
so that 3» vanishes with the result that no minority ion drift

develops,

To consider quantitatively the amount of current generated

assume that
vV =Vv_+Vv,, (9)

where ve and v, are the rates of momentum loss to electrons and
to majority ions respectively. The regime of interest here is
when
Vpg <<V << Vipgs (1l0)
the first inequality assuring that Eg. (8b) is satisfied and the
second inequzlity arising, in practical situations, simply be-
cause the electrons are so light. In this regime, ignoring

energy scattering which will be justified later, we'have6

|
!
;
|
|
4
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= 11
Vg = Cqr (11a)

3/2

v = 3w = ot /B Y E g 2mg) V2 (11b)

where Ce and ci are constants and Ve and Vg are regpectively
the electron and majority ion thermal velocities such that, e.q.,

V%e s Te/me. Using BEgs. (9)-(l1) in Eq. (7), we may write

P m 1~ = e
5 = m— @ ls-sz + v,8°0V ﬂ
a 8-V i
-
m “ln =+ 3v,Vy o
= - o (\) 1E'sz + Z i E"E_VE)- (12)
§+¥E 2y

Considering purely perpendicular heating, i.e.,such that Eq. (8b)

holds but Eq. (Ba) deces not, we may write

P 3 Yilf1
5 = 7‘?‘avz(‘v‘)(vﬁ)' 13

It is obvious from Eq. (13) that P vanishes for either vy Q
or v, > =, Schemes which generate a drift by injecting momentum
directly into the minority jons attain the maximum pa/Pd when
v; 0. Here, in contrast, the largest and hence most favorable

pa/Pd will be attained when vi ~ ve ~ V.

It remains to calculate the amount of current generated per
power dissipated. Assume that the minority ion species drifts
at speed Va parallel to the magnetic field while the majority

ion species drifts at speed V;+ BAssume that the minority ion
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charge state is Za while the majority ion charge state is unity.
Then, since the electrons collide with the minority ions Zz times
more often than with the majority ions, the electron parallel

drift speed, Ves must obey, in the steady state,

)
nuza(va - ve) + ni(vi - ve) =0, (14)

where n, and n; ave respectively the minority and majority
ion densities. It is assumed that the plasma has no net parallel
momentum so that the drifts must also satisfy

namava + ngm, v, + ngM v, = 0, (15)
which ig obeyed automatically in the instance that no net parallel
momentum is injected into the minority species. Otherwise
Eq. (15) can be considered to apply in the center of mass frame

instead of the vrest frame. This transformation, does not

affect the current so long as charge neutrality is obaeyed, i.e.,

Zhy + Dy - By = 0. (16) .
The current is given by

J =e(;é-ne1'r

+ 2V + v (17)

e [+ ]
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so that combaning Egs., (14)=(17), and taking the 1imittne/nE + 0,

we get

env (1 ~2)
g o= g o

. " [Zuni + (ne - ni)mu/mi] . (18)
ny + 0,24y )
Assuming the practical regime-

nazi << n, s n,, (19)

and mal’ing use of Egs. (13) and (18), we finally write

v,
J 3 2, 1
= =—=ev (2 - Z27)—5~ . (20)
Pd 2 'z "a o sz

It should be remembered that Bg. (20) applies only in the
case that the parallel momentum injected into the minority
speciegs from the external gource is negligible. In other
words, only perpendicular heating is assumed. To generalize
this equation to arbitrary diffusion paths is easy, of course,
siﬁce one need simply to retain both terms in Eq. (12). The
simplification is, however, useful in the case of most interest,
where ion cyclotron waves induce primarily perpendicular velocity

diffusion.

Note that the ratio me/mi does not enter explicitly in
Eq. (20). The implication is that Eg. (20) would still hold in
the more general case wherein the majority ion charge state is
not unity, and where Za is chen to be interpreted as the ratio

of the ion charge states. It would be understood too that vy
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would be larger for larger majority ion charge states. We
forego, however, retaining the more general expression since
for a D~T reactor, which is the preeminent application, the
majority ion charge state is unity. It may be noticed, however,
that the efficiency of the scheme diminishes rapidly with

increasing majority ion charge state.

4. APPLICATION TC A REAUTOR
In order for the proposed scheme of current generation to
be useful in steady-state reactor operation, a number of criteria

must be satisfied. Firstly, there are criteria to be satisfied

by the charge state of the minority species. FProm Eq. (20)
i
we note the condition

3, (2, - 1) #0, : (21)

which is the basis for any current generation. This condition

expresses the fact that while the ion c¢ounter-current increases

liiearly with za, the electron current increases even faster

with 2, siﬁce the collision freguency is guadratic in Z,. .
Satisfying this condition implies only that 2, #90, 1, or,

in other words, that there simply be present ions of disparate
charge states. If ion cyclotron waves are to be employed for
current generation via minority heating, a second con§ition
must be impbsed on the minority ion charge state, namely,

2
Za -~ ma/mi # D} ( 2)
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which expresses the requirement that the ion species gyrofre-
quencies be disparate. Disparate gyrcfrequencies are required
for the ion cyclotron wave to distinguish between the two ion
species so that energy may be transferred selectively to the
minority species.

Let us assume, for the moment, that the restrictions on
the minority charge state are met and that the ion cyclotron
wave is capable of depositing its energy fully to the minority
species, The scheme will still not be practical for reactors
unless the power dissipated is minimal. To address this considera-
tion, we look first for the best possible case of J/Pd. In
order to facilitate comparison with other schemes for current
drive we adopt normalizztions characteristic of previous work;l'2'7'8

and Pd to v.n m v2

specifically, we normalize J to -env ,
0o'e e Te

Te
4

. _ 3 . .
where Vo = mpeEnA/waTe. Thus, we may rewrite Eq. (20) in a

normalized version as

m_\ ViV v 22 .z
g o o3 el Te zi{ o o a_,
7 m_} VLAY 2 (23)
d o v 17 (1 + ve/vi)

where J and P4 are now assumed to be normalized. From the dis-
cussion following Eq. (13), it is seen that J/P4 attains a maxi-
mur with respect to Ve The task here is to specify where that
occurs, and what its value is,

At this point it is necessary to specify v_ and v;. We

e
assume that these rates do not vary as the minority ions slow
down. Actually, this is true for Var but not for v,, since

1

vy is sensitive to the minority ion energy. However, the final
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answer is fairly insensitive to this approximation as we will
later show. A more exact treatment would proceed along the lines
outlined in Ref. "] for current-drive with electron cyclotron
waves, but here i : resulting expressions would be £ar more com~

plicated, In view of the above, we use the notation given in

Egq. {(l1) and write6

2
2 (Mg
cy = vozm(ﬁa) b.+ ma/mi), (24a)
2
v_2 1/2 m 2 mn
_ o“%a 2 e 0
ce = %2 (H) (ﬁ;) b+ ﬁg‘) (24b)

If we make the further normalizations

W = VZ/VTQ' {25a)

u = v/vTa, (25b)

and define the quantity

1/2 /'m 1/2
_ 3. L (2 e 1
Y = ve/viu = -3 (“ ) (ma ) (1 + m /m, ) . (26)

then we may write the normalized J/Pd as

-1
1-12

J a wu

= 13 ( ) ’ . ) 27

Py L+m/mi/ (14 wid)2
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It will be shown that the maximization of J/Pd occurs in
the regime w >> 1, Therefore, for the resonant ions, we have
u = w, and we may replace u with w in Eq. (27). The maximiza-

tion of J/P; then depends on the maximization of the quantity

Glw) E ’ {28)
(L + Ywd) 2

which attains its maximum ﬁalue,

= 4 '
when
w=u = (2”13, (30)

Substituting then Egs. (26) and (29) into Eq. (27), we may

finally write the maximum J/Pd in the particularly simple form,

RN R

where we have made use of notation for the reduced ion mass, i.e.,

—, (32)
mu-}-mi

M E

From Eq. (31l), we can see that the most favorable conditions
for current generation by minority heating occur when the ions
are heavy and the disparity between the two ion charge states

is great. For deuterium tokamak reactors, the most favorable



-18~

minority species admixture is seen to allow a maximum J/Pd < 30.
This value indicates an efficiency comparable to that obtained
when the current-drive is accomplished by means of lower-hybrid
waves,l’7 but somewhat less than the efficiency obtained when
Alfven waves are employed.8 There is, however, the advantage
that the present scheme can be used just as efficiently in high
temperature or low beta reactors, where, respectively, lower-
hybrid waves and Alfvén waves become less efficient.

Assuming, for the moment, that all the required current can
be generated at near the maximum efficiency, we may anvision
a steady-state reactor with the poloidal magnetic £igld sus-
tained by a toroidal current generated by means of minority
species heating. Assuming that tokamak operation is achievable
at Bp = R/a, where R and a are, respectively, the major and
minor radii of the tokamak and

ne(‘I‘e + Ti) . 4n T u

B. = T ==

e o
(33)
p 2 2 '
Bp/2u0 Bp

then the wave power dissipated over fusion power output may be

written as8

P P /T
2 = 023 1°9Al/2 o7y 1 ¥ Ty ¥ 2, (34)
£ (ng,Ty,3,Ry) 10
14_ -3

where Ry is the density normalized to 10~ cm 7, Tlo-is the
temperature normalized to 10 KeVand a; and R, are, respectively,

the minor and major radii in meters. If J/Pd % 30
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is attained in a reactor with parameters Nyg ~ 1, Tyq ~ 2
and alRl ~ 25, then Pd/Pf may be as low as 2%, which implies
a level of recirculating power that may indeed be practical.

It is of importance to note that, while J/Pd attains its
maximum as a function of w at Wor J/Pd is not very peaked near is -maximum .
From Eq. (30) we see that Vo © 5; however, were the ions in-
stead pushed at w = 3 or w = 7, the efficiency (i.e.,J/Pd)
would be reduced by only 20%, This alleows efficient current
generation by heating the minority species ions over a very
broad range, i.e,,3 ¥ w 2 7. This, in turn, implies that large
currents, in fact sufficient for steady-state reactor operation,
can be generated at near maximum efficiency. To see this
guantitatively, cousider that the normalized current reguired

to operate a tokamak at Bp = R/a may be given by8
= -4 -(1/2) _ -5
J=2.1x110 "(ng,a;R;) = 4 %10 . (35}

To obtain this current, we need a minority species drift large

enough that
By Vo , 4 % 1073
= —, (36)
e Te Z‘
o

where we made use of Eg. (18). We now estimate the magnitude
of the minority species drift that i3z obtainable efficiently.

The estimate is admittedly crude, but adequate for the purposes

EE e s
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here. We envision that the minority current is of the same order

of magnitude as the current of resonant icns, i.e.,

NV,  nWVno, (37)

o o

where n,is the density of resonant minority ions. The require-

ment can then be rewritten as

=

e 72 v

where we assumed Zé ~ W o~ 2mu/me ~ 4. Assuming also that the
distribution function flattens in the resonant region of velo-

city space, we very roughly have

n - n ug
Lo f(ul)f amu? du (39)
u

where f(u;) = (2m~3/2 exp(-u%/Z), and u; and u, are
respectively the minimum and maximum normalized speeds of the
resonant ions, which may be taken, respectively, equal to 3
and 7 without jeopardizing the efficiency of current genera-
tion. Despite the very approximate nature of Eqg. (39), it is
clear that even with a minority concentration na/ne of a few
per cent, there can be a sufficient number of ions in the
range 3 < u < 7 to satisfy Eq. (38). The dependency of n_

on ulis S0 sensitive that u, can always be adjusted slightly

to give the required minority current. Similarly, a slight

n /2
-E-s4"1° )1 « 2 % 1074, (38)

e, =
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adjustment in vy overshadows the effect of any errors made in
aur estimating n,.. These error effects would have an algebraic
rather than exponential depandence on Uy, indicating that our

rough estimates are adequate here.

It remains to justify the neglect of energy scattering
in finding J/Pd. This approximation is contained in writing
Bg. (3) and in the use of Egs. (11) and (24). The justifica-
tion is hased, in part, on the broadness of J/Pd as a function
of w near its maximum value. The inclusion of energy scattering
would not affect Var but would introduce an enhancement of vy
consider then the implication of v; + T'v,, where I' is a constant
somewhat greater than unity. This means that in Eq, (27) we

have ¥ + ¥/I'. Using then Egs. (23), (29) and (30), we
f£ind

1/3
r

3/ey > (3/P)/T (40a)

1/3
wy Wl / ’ (40b)

indicating a dependence on I' sufficiently weak that no dramati-
cally different results should be expected from a more exact

treatment of the energy scattering.

In concluding this section, we consider a practical gques-
tion for designing experiments, namely, the power (P) in watts
necessary to generate a given current (I) in amps in a tokamak

through any of the various current generation techniques. A



convenient expression answering this question is

s
X -2 { Tao V{3 \ amps
B =2 %10 (Rlnl4)(Pd) Watts '’ (41)

where J/Pd ig dimensionless here and depends on the current-
drive mechanism. For state~of-the-art tokamaks, say for PLT
operating at Tlo e 0.2, Rl =], Ny4 = 0.2, it is seen that
about two watts are necessary to maintain each amp of current,

agsuming that the current is driven by minority species heating.

5. CONCLUSION

The important finding in this paper is that currents can
not only be generated by minority species heating, bhut that they
can be generat~d efficiently. The criteria for efficiency
is that currents sufficient for maintaining the required poloi-
dal magnetic field in a tokamak reactor can be generated at a
power cocst that is small compared to the fusion power output
of the reactor. Efficiencies are found to be comparable to
those obtainable through the employment of the other steady-
state current generation mechanisms that have previously been
suggested.

The calculation of this efficiency assumes , however, that
the wave power is absorbed exclusively by the resonant minority
species ions. Furthermore, only ions in the most favorable
region of velocity space are assumed to be resonant. A justifi-
cation of these assumptions is beyond the scope of this paper,

although the assumptions are certainly plausible. Requirements
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on the wave propagation are eased somewhat since the most
favorable resonant region, as calculated in Sec. 4, is seen

to be quite large. There is a condition, however, on the wave
parallel phase velocity that arises in order to inhibit power
absorbtion by majority species ions. Consider the resonance

condition for harmonic heating of the minority species

w - Q

Q&

and the resonance condition to avoid heating a substantial num-
ber of majority ions

—_ 5vTi, (43)
where w is the wave frequency, kll is the wave parallel wave
number, and mi and ¢, are, respectively, the majority and minority
ion gyrofrequencies. The satisfaction of Eqs. (4z) and (43)
is a necessary condition for minority but not majority iom
heating to occur at the first wave harmonic. Equivalently,

we may combine Eqs. (42) and (43) to write a condition on the

parallel wave phase-velocity, i.e.,

1/2

(44)
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where we limited our consideration here to ﬂu > Qi. A similar
condition may be obtained when ﬂa < ﬂi. Consider the case

that my = 2, m = 3 and z, = 2. which corresponds to the use of

3

[+ 3
the minority species

He for current generation in a D«T reactor.
For these parameters, it is seen that w/k; > 20 Vo

Note that one implication of the rather large wave parallel
phase velocities that must be employed is that there iz little
momentum content in the wave. Thus, the wave heating results
primarily in diffusion of ions in the perpendicular direction,
with very little energy going into ion parallel motion, This
justifies our concentration on the case that no parallel momentum
is injected directly into the ions, i.e., on the case that Eg.
(8b) is satisfied but Eq. (Ba) is not satified.

Competing with the cyclotron damping of the wave by minority
ions is the lLandan damping of the wave by electrons. Although
the cyclotron damping should dominate near a resonance, the
electron damping_§hould dominate off-resonance, The
regime off-resonance cannot be avoided since Qa is a function
of position in an inhomogeneous magnetic field.

In summary, an attractive case has been made for the em-
ployment of ion cyclotron waves for generating steady-ctate
current in a tokamak reactar. More precise treatments of the
wave propagation and slternate damping mechanisms must be per-
formed, however, to ascertain that the idealized situation

envisioned in the present analysis is reclizable. It remains
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too to address practical issues, such as the optimal candidate
for the minority species, which concéivably could be a fusion

reagent or product, or a deliberately introduced impurity.
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Fig. 1. A schematic drawing indicating the displacement in velocity
space of the minority species element §f zrom location 1 to location 2.

The vector connecting these locations is 5. The axes, v, and v, are,
respectively, the velocities perpendicular and parallel to the magnetic

field.




