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I. Introduction

It is now widely accepted that a prospective fusion reactor will be a
tokamak configuration and operate in steady-state. Two main requirements
must be met in order to have this toroidal magnetic confinement scheme
running in a truely stationary mode:
= the ion species composition in the plasma and its radial distribution

must be controlled
- the toroidal current through the plasma must be sustained by non-

inductive means
The first condition implies, for example, the supply of fuel ions to the
plasma centre at adequate rates, as well as the presence of non-fuel
ions/atoms at the plasma edge to radiate away part of the outward-streaming
heat power. Of paramount importance is the removal of helium "ash" and
other impurities from the central parts of a burning DT-plasma. Otherwise
this plasma region will be depleted from fuel ions, and the fusion power
production slows down. No convincing scheme has yet been found (let alone
tested) for the controlled ash and impurity removal from the central plasma
regions. If this problem cannot be solved without impairing plasma confine-
ment and temperature distribution, the burn phase must be interrupted
periodically in order to clean and re-fill the reactor.

With regard to the second requirement: completely non-inductive
current-drive with fast ions or electrons has already been demonstrated
experimentally. Some examples will be discussed below in more detail. The
fast ions were created by injecting neutral beams of high-energy atoms /1/,
the suprathermal electrons by Landau-resonance of bulk plasma electrons

with lower hybrid waves travelling along the magnetic field lines /2,3,4/,




they were launched as slow waves /5/ at the plasma edge. The power to
sustain the population of suprathermal particles against thermalizing
collisions with the background plasma particles is drawn from the energy of
the "drivers", neutral beams or waves. In all experiments conducted up to
now the background plasmas were well below reactor relevance: densities and
temperatures were lower by about one order of magnitude each. Hence one
must rely on current drive theories /6,7/ to predict the performance in
future reactor-grade plasmas. In the following Report we shall compare such
predictions on current drive by fast ions and electrons and discuss the
consequences of the extrapolations. In either case large amounts of driver
power must be deposited to sustain the toroidal current continuously.
Whether such a steady state is really desirable depends on our ability to
control the plasma species composition - as mentioned above.

A central quantity in theoretical and practical considerations on
current drive is its efficiency Y. It relates the total driven current Ig
to the power Pypg absorbed by the plasma from the driver and required to
sustain the current I4. This power is normalized to the unit of toroidal
length Ry, and to the average electron density ﬁe- Thus:

Iq
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The number values of Y allow to compare the results of the two current
drive schemes that were obtained in various machines. It turns out that
their theoretically predicted Y-values in reactor plasmas lie quite close
to each other - a surprising (but probably fortuitous) result if one
considers how different the mechanisms are which generate the suprathermal
populations in the two cases.

Another quantity of interest is the ratio between current and power,
the figure of merit n. Later we shall use a local figure of merit, defined
by:

Jr
ng = — [A/em?, Watt/cm?® ] (2)
Pf
which relates the current density jg of the suprathermal particles to the

power density pg lost by these fast particles during their collisional



slowing-down and supplied by the driver in steady-state., It is this
quantity ng which can be made available by theory under certain idealizing
conditions such as a homogeneous background plasma in a straight magnetic
field. The transition to "real" systems with spatially variable parameters

must then be accomplished with the help of additional assumptions.

II. A Simplified Picture of Current Drive and its Figure of Merit

Let us consider a group of fast charged particles which move through a
thermal background plasma along the lines of force of a straight magnetic
field. The symbols me, qf, ve, ne, denote, respectively, their mass,
electric charge, velocity, and density. They loose kinetic energy in
collisions with the background thermal plasma. The rate of this energy
transfer to the plasma is determined by (1/tg) where tg is the slowing-down
time of an average fast particle.

The current density carried by the fast particles is given by:
Jg =.a¢ .= ¥p.* np £3)

whereas the power density transferred by collisions to the background

plasma can be written as:
pr = (np/tg) » 1/2 « mp vy (1)

The ratio of the two quantities defines the local figure of merit ng:
ng =2 « qp/(mpevye) « tg (5)

which is independent of the fast particle density.

Let us now compare a beam of fast suprathermal electrons (mg = mg, qf =
€, Vf = Vpg, 1/2 me-v;e = Epe) with a beam of fast ions (mp = Ap-mp, qp =
Zp+e, Ve = Vpi) whose velocity vypj is smaller than the thermal speed vig
of the background plasma electrons but larger than the ion thermal speed
Vei. In this case the slowing-down process occurs primarily via collisions
with background electrons. Hence the respective slowing down times are
given by the electron collision times which - in turn - are determined by

the velocity of the faster of the two colliding particles, thus:




tsi = Vi /ne tge « vge/ne (6)

By combining eqs. (5) and (6) one obtains:

ngenei « (Vge/Vpi)*Te (7a)
ngenre = Epe (7o)

It is clear from this simple derivation that fast ion current drive can
become more efficient, compared to that of suprathermal electrons, when the
electron temperature is raised. On the other hand, Epe is given by the
parallel phase velocity of the wave which, in turn, is deftermined by the
topology of the launching structure and hence does not of fer many possi-
bilities for further optimization compared to present-day experiments. This
conclusion remains valid even if one takes into account that the fast ion
current is partially compensated by a counter current carried by background
plasma electrons. This electron screening effect depends on the effective
plasma charge and on the local aspect ratio of the plasma toroid but not on
bulk plasma density and temperature /7/.

By inserting exact expressions for the the slowing-down times of fast
ions /8/ and of fast electrons /9/ in eq.(5) we can get more precise

results within the frame of our simple model. We have:
/
ti = (1ge/3)~1n[1+(Epi/Ee) > ?] (8)

Here Tge 1S the electron collision time /10/ which reads in practical
units (the Coulomb logarithm is taken to be lnhg = 17):

Ay Te 372 10'%cm™3
Tge = (0,378) "— (———) (

Z¢ 10 keV Ne

) (9)

and E, is the so-called critical energy, E; = Tg, where equal amounts of
energy are transferred from the fast ion to the plasma electrons and ions
during its slowing-down process /10/. With tgj from eq.(8) we can rewrite

eq.(7a):



Ng*nei « Te'(Vte/vbi)°ll’l[1+C-(Vbi/Vte)a] (7¢)

(where C is a numerical constant). It is now clearly evident that Te is the
leading variable in eq.(7c¢c) since the other two multipliers form a function
of (vpj/Vge) which passes through a broad maximum. The fast electron

slowing-down time can be expressed in terms of tge:

/2) )3/2

tse = Tse* (4 Z2/9 1"’ %) (me/Ap mp) (Epe/Te (10)

3/2

which, in fact, is independent of Ty since 1ge grows as Tg , c.f. eq.(9).

T

III, Short Survey of Experimental Results

Non-inductive current drive with uni-directional injection of lower
hybrid waves or neutral beams has been studied in a number of tokamak
experiments. Here we restrict ourselves to such cases where a stationary
state, free of inductive effects, could be established. This was done by
setting the primary current in the ohmic heating transformer to a constant
value, or by clamping the plasma current and driving the loop voltage to
zero. In both cases this state must be maintained for such a long time that
the plasma current and its internal distribution can relax to an
equilibrium state (dlj/dt = 0, 1j = internal inductance). In addition, the
pressure-driven boot-strap currents must be properly accounted for -
preferably their contribution to the total current should be negligibly
small, For neutral beam current drive these conditions were only fulfilled
in the DIII-D experiment where a plasma with H-mode quality was entirely
sustained by high-power neutral beam injection /1/. Some relevant data are
listed in the Table on the following page, together with results of three
lower hybrid slow wave experiments /2,3,4/. The largest current (Ip = 2 MA)
and the highest efficiency (Y = 0,265) are reported from the JT-60




| Experiment JT-60 ASDEX PLT DIII-D
[2] [4] (3] [1]
Ro [m] 3,03 1,68 1,32 1,69
I [Ma] 1 0,45 0,52 0,34
Pabs [Mw ] 1,25 1,02 0,52 10
Ne [10'3m~3] |0,9...1,25 1,52 1 2
Yoii 0,2...0,29 0,15 0,132 0,012
0,141)
Ytn 0,15 B, 2%) 0,029%)
Te(0) [ keV ] 6,44 20, 2V 6 2
T [raV ]|" 271 5 2 1,46 1,6%)
Zoff Bt sl 6,5 3 e 1 2%)
1E [ms] | 150 W7 15°) 2H
e [me ] [-3327..77.23 5,5 45 95
Bp 043 | 3,5
f [Hz]| 2 2,15 2,U5 b -
N, 1,6+0'9 22308705 H 1,5 + 0,45 -
-0,6
Epe at N"* [kev]| 150 65 200 e
Epi [kev]| - - 1 i 75

') vyalue corrected for residul inductive effects

2) Yexp divided by 0,7 (see text at bottom of page 5)

3) calculated by assuming constant (mean) values of density and temperature
“) Te(0) divided by a "profile factor" of 1,25

5) assuming a pure background helium plasma

®) private communication by Dr. T.K.Chu from Princeton University

7) calculated from egs.(8) and (10).




tokamak*). The efficiency even reached 0,3 when balanced neutral beam
injection was added. The bootstrap current was relatively small /11/. In
PLT the influence of the shape of the lower hybrid wave spectrum on the
figure of merit was studied: the fastest wave spectrum whicﬂ could be
generated, was optimum for current drive /3/. The measured efficiencies
were also compared with values from an idealized theory in a relativistic
plasma and for a very narrow wave spectrum /12/ - assuming constant plasma
temperature and density in the plasma. For such a comparison the
experimental data like wave spectra and plasma profiles must be normalized
as mentioned in Ref. /3/. In general the measured efficiencies were found
to be 60 to 80 % of the theoretical numbers. Better agreement between
experiment and (non-relativistic) theory /12/ was found in ASDEX after
taking proper account of the emitted wave power spectrum. The data /4/
shown in the Table are such an example. Box-type plasma profiles were also
used to calculate Y for the beam current drive in DIII-D with the
formalism developed in the following Chapter (c.f. eq.(17)) yielding
Yexp/Yth = 0,35.

The experiments listed in the Table were all made with similar but
rather low average electron densities (ﬁe =1...2 « 1013 em™3) and
temperatures (Te = 1...2 keV). For these bulk plasma parameters neutral
beam current drive is found 10 times less efficient than lower hybrid
current drive. In general, the measured efficiencies are smaller than those
derived from theory. But they get closer when the energy confinement times
become longer in relation to the fast particle slowing-down times /1/. Such
a trend was predicted by theory when fast particle life times are included
/13,14/ which, in present experiments, can be taken as approximately equal
to the bulk electron energy confinement times /13/. It could also explain
why in JT-60, where tg > tg, the highest efficiencies were observed.

In the simplified non-relativistic plasma model of lower hybrid current
drive the efficiency depends only on Zgre and on the wave power spectrum
but not on temperature. Over the range of temperature present in PLT one

might have expected efficiency variations of approximately 10 % upon

*¥) 1in this machine the H-mode could be attained during lower hybrid

current drive in limiter discharges /11/.




considering relativistic effects /3/. But such small changes were
completely masked by other effects, and it was not possible to vary Tg
independently of other important parameters such as plasma current /3/
which determines the energy confinement time. In ASDEX no temperature
dependence was found /15/. It is only in JT-60 where a linear increase with
electron temperature of the current drive efficiency has been reported /2,
16/. But the published experimental data do not support such a claim: in
Ref./17/ there are data points for which the efficiency stays constant when
Te is increased from 1 to 2 keV, as well as other ones for which the
efficiency changes from 0,2 to 0,3 at constant Tg. In the next Chapter we
shall return to this temperature dependence when we take a closer look at
the theoretical predictions on lower hybrid current drive in relativistic
plasmas.

Let us consider experimental evidence for the existence of a supra-
thermal ion or electron population. Such measurements could prove the
ideas on neutral beam or wave absorption, and on the collisional slowing
down processes. The energy distribution of fast ions was measured using
charge exchange spectroscopy, and good agreement with theory was found /18,
19/. The ion velocity distribution of the background plasma ions is
modified during injection as shown schematically in Fig. la). Recently
classical test-particle deceleration has been proved by observing the
neutron emission from fusion reactions between injected fast atoms/ions and
the deuterium atoms in the background plasma /21/. The suprathermal
electron velocity distribution during lower hybrid current drive can be
inferred from the bremsstrahlung emitted by these fast electrons. It
requires spatially resolved hard X-ray spectra to be taken as function of
photon energy and emission angle /22/. This is an "indirect" measurement
since the photon energy distribution is not the electron energy distri-
bution. One must assume a model for the electron distribution in velocity
and configuration space and determine its consistency with the measured
data. In general, agreement could be found with the theoretically predicted
parallel velocity distribution /23/ of Fig. 1b) which features the plateau
being created by quasi-linear Landau damping of lower hybrid waves with

parallel phase velocities v, in the resonant region vp/vge = Wi...W2.
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Fig. 1a): The calculated ion energy distribution function without and with
injection of fast ions having v;i/v%i = 100 (from Ref./20/).

Fig. 1b): Parallel electron velocity distribution following injection of
lower hybrid slow waves with phase velocities Vp» normalized to the thermal
velocity vie, between wy = 3 and wp = 5. Note that the maximum value fe at
Ww=20 is 0,38 (from Ref./6/).
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IV, A Glimpse at Current Drive Theories

In the preceding Chapter we have set up a data base for current drive
Wwhich - however sparse - allowed us to draw the tentative conclusion that
the discrepancies between experimentally measured and theoretically ex-
pected efficiencies can be explained by the plausible assumption that the
fast charge carriers are prematurely lost from the plasma before having
fully used up their current drive capabilities. Such a deficiency will no
longer exist in larger and denser plasmas. However, from our date base we
could not establish a scaling with the leading parameters electron density
and temperature of the bulk plasma. We have to trust in theory that this
scaling is basically determined by the thermalization process of the supra-
thermal particles as expressed by the slowing-down time in the local figure
of merit of eq.(5). In fact, it is this ratio ng between current density
and power density, with proper account of the collision dynamics, which we
hope to get from theory. In a stationary state, the power lost by the
suprathermal particles is equal to the power absorbed from the driver -
neutral beam or unidirectional lower hybrid wave. Thus, by knowing the
absorption rate from the driver one should be able to evaluate the current
density owing to the suprathermal particles.

The local figure of merit ng can be deduced from the velocity distri-
butions of Figs.la) and 1b) which are obtained as solutions to the kinetic
equation of a magnetized plasma. This equation must be simplified in order
to make it tractable by, for example, neglecting the dependence on confi-
guration space and taking constant bulk plasma properties. To justify this
idealization it is argued that the fast particles stay on the same flux
surface, where bulk electron density and temperature are constant, during
their slowing-down process. This assumption is much better fulfilled for
electrons than for ions (of comparable energies) since the fast particle
excursions from the flux surface where they have been born, are of the
order of the radius of gyration. Thus the simplified kinetic equation
describes the velocity space evolution of a fast particle population in a
homogeneous plasma. In order to obtain the steady-state velocity distri-
bution we must specify sources and sinks of the fast particle numbers and

velocities/energies. Since they are relatively few in number their sink is

simply the "sea" of background thermal particles. The source term is
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readily quantified in the case of current drive with a mono-energetic
neutral beam which we shall consider first.

The fast ions are born through ionization of the neutral beam
particles, and their initial velocity components along and across the
magnetic field lines are defined by the beam direction. Hence the fast
particle source can be easily modelled which allows an analytic steady-
state solution to the ion kinetic equation, yielding for the local values
of ion current density and power density, resp., in a homogeneous fully

ionized plasma embedded in a straight magnetic field /7/: !

Jf‘i = e'ZD'So'go‘Tse/vc'Vé'J(x,y) (11)
A, em sy?2
b
Pri, = P_>. So (12)
2

and hence for the local figure of merit /2U4/:

2e'Zb Tse
nfi= 8l » ek (xiy) {(13)
Ab-mp Ve

Here: tge is the electron collision time of eq. (9); v, is defined by the
critical energy E; = Ab-mp-v§/2 « Tg which was already introduced in
context to eq.(8); S, is the birth rate of fast particles (im cm™3 s71)
which is identical to the (negative) neutral beam loss rate;
£€o is the cosine of the pitch angle when the fast ions are born:

Eo = (vb“/vb)o; J(x,y) is a dimensionless function of the beam
velocity normalized to the critical velocity vypo/vp = (Eb/Ec)”2 = X,
and of the ratio U«Zgpp/5Ap = y, where Zgrr is the effective charge
of the background plasma.

The deposition factor J has a characteristic dependence on x, i.e. on the

bulk electron temperature for a given beam energy: for relevant values of y

one finds a broad maximum when x? = Ep/E, is larger than 2. This implies

that the figure of merit eq.(13) scales as t15¢/Ve = Tg/ng, as was already

suggested in the context to eq.(7c). :
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By means of collisions the unidirectionally streaming fast ions
transfer momentum to the background plasma electrons. These respond by
setting up an electric current in the opposite direction which partially
cancels the primary ion current. This electron counter current is taken
into account by using a multiplier Fg to the fast ion current density.

Hence the (net) figure of merit is given by:

ni = nry - Fe 2kt

For a plasma in a tokamak magnetic field configuration "neo-classical"
effects have to be considered for both fast ions and co-streaming bulk
electrons. A correction factor Fp, of order unity is applied to the ion
current density in eq.(11), and hence to the figure of merit eq.(13). Fpe
depends on injection angle and on the local aspect ratio € = r/R, as well
as on the parameters x and y defined above /25/, it is largest for "pass-
ing" particles, that is near the magnetic axis. The opposite is true for
the modified electron multiplier Fg provided that Z, is smaller than Zgrr.
This means that the combined correction (Fpo+Fg) is almost constant over a
wide range of e and Zgpp /25/. Hence neo-classical effects owing to the
toroidal magnetic field configuration need no more a detailed consideration
provided that the beam axis lies in the midplane (or equatorial plane) and
is directed at a sufficiently grazing angle with respect to the magnetic
flux surfaces such that all ions are born into passing orbits (Fp, is zero
for ions in "blocked" orbits).

By inserting average values of bulk electron density and temperature in
eqs.(13) and (14) we can now give an estimate for the current drive

efficiency Y (¢.f. eq.(1)) in a tokamak configuration:

Ibd m a*+jpjFe Fne Y
Poies T a%e2m+RyepPri ne R,
Hence:
Zb'e ;s'ae - e gt e -
b YT e i J(st)'Fe(E'zeff)'Fnc(eugosxoY) (15)

meAp-mp Vo
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By observing the scaling of 15 (c.f. eq.(9)) and of ;Z, Y for neutral beam
current drive is found to be independent of density and to increase pro-
portional to f;, as has been already mentioned in context to eq.(7a).

(Fhe depends on injection angle and local aspect ratio, but not on the bulk
plasma density and temperature). Therefore eq.(15) can be used for extra-
polating Y to reactor parameters. Using relevant numbers and referring to
the injection of a D°-beam with a given direction, egs.(13), (14) and (15)

can be written as:

101 4cm=3 A/cm?3
nei = 157 (————)+Tg+£5J(x,y) [ ] (16)
ng W/cm?

Y = 0.25‘fe'EQ'J(;{ry)'Fe(EsZeff)'Fnc(gv;:osity) [A/W-m-1020m'3] (17)

where Tg is in keV. With this equation we have calculated the theoretical
efficiency of the DIII-D experiment as shown in the Table /26/.

When solving the kinetic equation for lower hybrid current drive the
situation becomes less transparent since there are no newly created high-
energy particles to define the source term in velocity space as before in
the neutral beam case. Speaking in quite general terms the Landau-damping
of waves causes the wave momentum along the magnetic field direction to be
transferred to suprathermal electrons which move at about the same speed as
the parallel phase velocity of the wave. Thus an electric current is
carried by these resonant high-speed electrons because - being relatively
collisionless - they retain their parallel momentum longer than the bulk
plasma electrons /27/. As the driving wave has a whole spectrum of parallel
phase velocities Vpl +++ Vp2, quasilinear Landau damping theory suggests
that there is a very strong wave-induced stochastic diffusion inside the
corresponding range of electron velocity space. This leads to a flattening
of the parallel distribution function until a plateau-like shape is

attained within this interval whereas elsewhere the distribution function
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remains Maxwellian. The result of a numerical solution to the kinetic
equation, which follows this concept, 'is shown in Fig.1b). The height of
the plateau is given by the value of the unperturbed Maxwellian at wy =
Vp1/Vte and defines the density of the suprathermal electron population.
The basis of this empirical model is the ad-hoc assumption of an
anomalously large velocity space diffusion in the resonant region - as
mentioned above - but this assumption, ultimately, remains unjustifiable
/28/. The existence of a constant value for the electron parallel velocity
distribution in the interval wq ... wp allows an easy calculation of the
current density carried by these suprathermal electrons, as well as of the
power density needed to sustain this plateau against collisions with the
bulk plasma particles which tend to restore the Maxwellian equilibrium
distribution. This power density determines the quasi-linear wave
absorption coefficient. The ratio of current density to power density
yields the local figure of merit. The two-dimensional distribution function
including relativistic effects can be handled by numerical methods only
/29/. Their results can be approximated, in the limiting case of a narrow
wave spectrum (vp1 - sz) + 0, by the expression:

vp2 b e

c?  Stlerp MgevgeC

where v, is a collision frequency normalized to the speed of light c¢; f is
a weak function of the bulk electron temperature in terms of the electron
rest energy, 0 = k+Tg/mggec? (©=1 corresponds to Te = 511 keV). £(0) is
equal to 1 in the non-relativistic limit (©=0), thus nge is proportional
to v§ = v?pe up to vp/e =0,8 /30/. In this case nge grows proportional to
Epe, as we have already found in our simple model, c.f. eq.(7b). Upon
introducing the parallel wave index N" = ¢/vp, eq.(18) reads in practical
units (with 1n Ag = 17):

4635 1014%em=3 A/cm?

Nfe = . . £(Te,N,,Zeff) [wx -] .. (19)
Ni(5+zeff) ne cm

which is valid for N" > 1,25 in the non-relativistic limit. For a rough

estimate of the current drive efficiency Y we may set f = 1, and we again
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assume (as we did in eq.(15) for neutral beam current drive) that the

plasma parameters are constant over the plasma cross-section. Hence

2

. I - : Jre-Ta
Y =/nfyyRo>— = nqy+Ry
Pabs Pre-ma® 2mR,
7,4
- [A/W+1020m=3.m] (20)

NZ« (5+Zepr)

This expression was used to evaluate the theoretically expected Y-values
in Refs./3/ and /4/ by taking a suitable average over (1/Ni) at the
location where the wave power is absorbed (as indicated by the horizontal
bar in eq.(20)).

In a plasma with finite electron temperatures the simple quadratic
relationship between ngg and Vp can only be used when Vp is sufficiently
large compared to the electron thermal speed vigo. A comparison with
numerical simulations shows that this is the case for w = vp/vte > 3,5 /31/
and Zgree = 1 ...2 /32/ (with vée = kTeg/mg), which is equivalent to
N" < 6,5//T;TEEV]. Together with N, > 1,25 these bounds define a range in
parameter space which is adequate for our considerations and where eq.(20)
applies, for example for electron temperatures up to about 30 keV.

When relativistic effects are taken into account a slight dependence on
the plasma electron temperature is found /29/. In simplified terms: the
colliding particles become "heavier" at higher energies which makes
collisional momentum transfer more difficult, thus prolonging the particle
slowing down times. The correction factor f depends on the velocities of
suprathermal and bulk plasma electrons, as well as on the number of the
bulk plasma electrons (via Zgee). In Figs. 2a) and 2b) we present two
examples of such corrections. The normalized figure of merit n(Tg)/n(Te=0)
is plotted to show the vp-dependence (or N,-dependence) for Zepp = 1 in the
top figure /33/, and the Zgre-dependence in the limit Vp > ¢ in the bottom
figure /34/. It can be readily seen that this theory predicts a 50 ¢
increase in efficiency for N, = 1,5 (which corresponds to the maximum power
in the PLT-spectrum) when the plasma electron temperature is raised from

about zero to 20 keV,
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As seen from eq.(18) the parallel phase velocity is the only wave
feature which enters into the figure of merit: Vp should be as high as
possible. (This trend is somewhat weakened by the slight vp-dependence of
the correction factor f(©), see Fig.2a)). But vp must not surpass a
certain limit since faster waves suffer from conversion into a different
mode which does not contribute to current drive. Conversely, the parallel
refractive index N, in egs.(19) and (20) has a lower bound, the so-called
accessibility 1imit Ngoe, which is a function of wave frequency, and of the
background plasma properties density and magnetic field strength. Qut of a
power spectrum P(N,) of slow waves launched at the plasma edge only those
waves are useful for current drive at a particular location, for which N, >
Nage. To visualize this constraint we have plotted Ngo, for a plane DT-
plasma in a constant magnetic field (5,5 Tesla) and with two working
frequencies, see Fig.3) /35/¥). Also indicated is a typical wave power
spectrum P(N,), with N, = 1,5 + 0,5. When the plasma density is raised
with wave power kept constant, the driven current is reduced for two
reasons: the accessible part of the wave spectrum shrinks owing to the
shift of Nyoe to higher N -values thus reducing the figure of merit (eq.19)
and the efficiency (eq.20), in addition the accessible fraction out of the
launched wave power decreases. Such a trend was observed in lower hybrid
experiments /36/. In the complicated toroidal topology of a tokamak plasma
the accessible N,-values must be found by numerical calculations ("ray-
tracing"). It follows that optimum current drive efficiency requires the
wave power to be concentrated in a narrow spectrum which is squeezed
towards Ngge.

No constraint with regard to N, exists for fast waves /5/ which have
been advertised, therefore, for wave-induced current drive at the centre of
dense plasmas /32,37/. But up to now no conclusive evidence for current
drive with this wave has been reported, even if direct wave-electron
interaction could be observed /38/.
¥) at higher generator frequencies the Ny,o vs. ng-dependence does not

change any more /35/.
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The dependence on plasma cleanliness, as expressed by the Zeff-number,
is an explicit one for lower hybrid current drive, c.f. eq.(20). In the
case of neutral beam driven current, the Zgre-value enters via the electron
back current, c.f. eq.(14), but it has the opposite trend: the net current
increases with the Zgep-number in a way which depends on beam characteris-
ties (Zp) and on the toroidal topology.

Let us now compare the two locally variable quantities nej and nre,
c.f. eqs.(16) and (19). Their ratio depends on the bulk electron tempera-
ture, on the Zgpp-value, and - though in an indirect way - on the plasma
density via the condition N, > Ngoe (ng), as illustrated in Fig.3). The
other multipliers like initial pitch angle £,, deposition factor dg, ete.,
remain within rather narrow margins for any plausible set of beam-plasma
parameters. As an example let us choose Zgpp = 2, £5 = 0,8 which defines J
= 0,18, and Fg+Fpo = 0,5 ... 0,6 for all e-values of interest /39/;
furthermore we shall consider N, = 1,7 which is well above the limiting
number 1,25 introduced on p.14 and sets the accessibility limit at about Ng
= 1-101% em™3 for frequencies 2 Y4 GHz*). We find that Yg; is bigger
than Yre when Tg is above 18,4 keV. But this transition temperature de-
pends strongly on the N, ,-value chosen, that is on the velocity of the
resonant electrons whose accessibility limit decreases when the density

gets higher.

—————

*¥) higher frequencies are to be preferred in order to avoid wave damping

by fuel ions and a-particles /35/.
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V. Extrapolation to Reactor Conditions

Proceeding from present current drive experiments, as listed in the Table

on page 6, towards reactor conditions -comprises a number of foreseeable

changes:

= electron densities and temperatures, as well as the toroidal plasma
current, must be increased by more than an order of magnitude,

= plasma dimensions will become larger by a factor 2 ... 4 in linear
scale with the shape of the toroidal plasma - and hence the relevant
numbers for the aspect ratios - remaining nearly the same,

o the magnetic confining field strength is higher by a factor of about 2,

- the plasma effective charge Zgpr must be lowered to values slightly
above unity which means a reduction by factors up to 5 compared to what

is encountered in today's current drive experiments.

These are, indeed, major increases in background plasma density and
temperature which must be accomplished, and we have to rely on theory when
speculating about current drive under these completely new plasma
conditions.

In doing so we shall follow the route already indicated previously by
considering the local steady-state relationship between the non-inductive
current density jg of suprathermal particles which flow along the magnetic
field lines inside the toroidal-shell volume between two nested flux
surfaces, and the density of power ps which is deposited in this volume

element from the driver via interactions with the bulk plasma particles:

Jg = nee pr (21)

Here ng is the local figure of merit whose dependence on the background
plasma properties has been discussed in the preceding Chapter IV with the

following results:




1) In lower hybrid current drive the product (ngg+ng) has no direct re-
lationship with bulk electron density ng and temperature T,. Acces-
sibility constraints and relativistic effects modify the useful power
spectrum and its figure of merit, both work in opposite directions when
ng and Te are raised thus tending to cancel each other. In short, we

expect only minor changes in (nfg+ng) on the way towards reactor con-

ditions, for example a modest increase owing to a reduction in Zgpr.

2) For neutral beam current drive the product (ngjeng) grows proportional
to Te.

It follows that the power drawn from a driver and absorbed by a high-

density high-temperature plasma can be more efficiently converted into

toroidal plasma current with neutral beam injection than with lower hybrid

waves, which is of particular concern for the central plasma regions.

Let us now discuss in some detail how this power absorption - or rather
the power density pe in eq.(21) which has to sustain the driven current in
steady state - varies with bulk plasma parameters. The neutral particle
beam, on passing through the bulk plasma, is attenuated by ionizing and
charge-exchanging collisions between beam and plasma particles. Hence the
deposited power is simply given by the ionization rate times the energy
carried by each (of the monoenergetic) beam particle(s). It turns out that
ionization by impact on the background ions is the dominant process over
the whole of the energy range of interest, and - since the beam particle
speed is much higher than the bulk ion velocities - the ionic cross-
sections depend on beam energy only but not on plasma temperature. Hence
all plasma ions participate in beam attenuation, and the fast ion pro-
duction rate Sy (c.f. eq.(11)) is found to be proportional to nj/Epj (with
a = 0.82) /40/. This scaling suggests that the deposited power density can
be controlled by adjusting nj and Epj. In particular, the amount of beam
power which traverses the plasma without being absorbed ("shine-through")
must be kept within acceptable limits /41/.

With lower hybrid current drive the situation is quite different since
wave absorption and subesequent power deposition occurs via Landau damping

at a selected number of resonant electrons. They are those electrons out of
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the bulk distribution which move at about the same speed as the parallel
phase velocity Vp of the wave. Their number varies exponentially with
w2 = (vp/vte)z. Hence wave power deposition depends strongly on electron
temperature: it increases rapidly when the electron temperature is raised.
Strong quasi-linear wave damping is expected when w = Vp/Vte €i2,8.1.4,2
/42/, say for w < 3,5 (with vge = Teg/mg). Expressing the latter number
value as a condition to the parallel refractive index N, of the lower
hybrid wave, one finds that strong absorption occurs when:
6,4
Ny > Neld = — (22)

Te
with Tg in keV. Here we have introduced Ngj4 to characterise the ratio
between phase velocity and electron thermal velocity where strong Landau
damping takes place according to quasi-linear theory /43/. Incidentally,
the value w = 3,5 which is characteristic for the transition between free
propagation and strong absorption of slow waves, equals the lower bound on
w introduced on p.15: nfe is proportional to vﬁ for w > 3,5.

It is quite obvious that ineq.(22) puts a constraint on lower hybrid
wave propagation in a given high-temperature plasma which is quite ana-
logous to the lower barrier on N, caused by in-accessibility to a high-
density plasma, as discussed in Chapter IV. Thus lower hybrid slow waves
with a given frequency can only propagate freely through a plasma in a
given magnetic confining field when their wave power spectrum P(N“) lies

within the bounds:
Neld(Te) > Nn > Nacc(ne) (23)

As the slow waves are launched with a given Nu-spectrum at the plasma
periphery and propagate from there into regions of increasing plasma
density and temperature, they can either penetrate to the plasma centre or
they are absorbed at some outer radial position. In a plane plasma the two
possibilities are drawn schematically in Fig.4) for the case of low (Tpq)
and high (Tg2) central temperature. In the latter case wave power
deposition is shifted away from the centre. The driven current generates an
off-axis peaking in the radial current density distribution (which can

cause an MHD-unstable situation). As non-inductive current drive requires



/
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Fig.4): Radial dependence of Ngjq and Nyoe for given profiles of electron
density and temperature with two peak values Tgq < Tpp (schematically).
Lower hybrid waves can only penetrate from the outside when their N -values
lie inside the regions indicated by hatchings (extended version of Fig. 1

in Ref. /42 /). Current drive is most effecient when N, is minimum, but N,
has Nzoe as lower bound.
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the deposition of sizeable driver powers, most of which ends up as heating
power to increase Tg(r), it is almost unavoidable that the initial
scenario (Tpq) in Fig.4) is only a transient one on the way to a situation
(Tgo) where the waves do no longer penetrate to the plasma centre, This is
in contrast to neutral beam current drive where power deposition is not
hampered by plasma heating, and where the current drive becomes even more
efficient when Tg is raised.

In order to obtain the total non-inductively driven current, eq.(21)
must be integrated over the plasma volume, for example by integrating first
along the major circumference to collect all the current elements in the
same shell volume between two adjacent flux surfaces, and then to sum up
over all flux-tube contributions by integrating across the plasma minor
cross—-section. The total power absorbed by the plasma is obtained by
integrating pr in eq.(21) over the plasma volume. This power has to be set
in relation to the input driver power which arrives at the plasma periphery
through the beam duct or the wave launcher. In neutral beam current drive
the two powers are nearly identical since the shine-through fraction must
be kept as low as possible to avoid damage to the opposite inside "first"
wall, On the other hand, the input wave power is reduced in all practical
systems which launch lower hybrid slow waves owing to reflections and non-
linear perturbations at the plasma edge, and due to directivity effects: a
small fraction of the wave power entering the plasma shines opposite to the

desired direction and drives a current the wrong way.

VI. Fast Ion Contributions to Plasma Pressure and to Fusion Power Output

The fast particle populations exert a kinetic pressure that must be added
to the isotropic pressure of the bulk plasma which is in thermal equi-
librium. Depending on fast particle characteristics and on bulk plasma
properties, this additional pressure can become of importance - especially
when the plasma is operated near the critical pressure that can be
supported by the magnetic confining field of a tokamak (the "beta-limit").
For typical current drive scenarios the pressure contribution from the hot

electron population is smaller by more than an order of magnitude than

that of the hot deuterium ions, and can be neglected therefore,
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In order to accomodate the kinetic pressure of a beam-fuelled
suprathermal deuterium ion population it is conceivable that the pressure
of the thermal background plasma must be lowered. This reduction of the
product (nj+Tj), however, diminishes the thermonuclear fusion power output
of the bulk DT-plasma. Thus, one eould ask the question how the reduced
thermal fusion power output compares with the additional fusion rates from
the suprathermal deuterium ions reacting with the tritium and deuterium
ions of the background plasma. This question can only be answered for
specific beam/plasma systems where the relevant parameters have been
quantified. For the so-called NET-IIIA configuration an evaluation has been
carried out /44/ with the result that in the low-temperature cases (T = 10
keV) the fusion power output from beam-induced reactions exceeds the losses
due to the bulk plasma pressure reduction. The opposite is true for the

high-temperature scenarios (T = 20 keV).

VII. Summary and Conclusion

Non-inductive current drive with neutral beams and with lower hybrid slow
waves have been compared with regard to their performances observed at
present, and those to be expected in future tokamak reactors. This
comparison is made by investigating how the local figure of merit and the
specific absorption of driver power are modified when plasma density and
temperature are raised from present-day to reactor-relevant values. It is
assumed that the fast particle slowing-down occurs via collisions in a time
that is shorter than the bulk plasma particle confinement time, The figure
of merit for neutral beam current drive increases much faster with electron
temperature than that for lower hybrid current drive, and surpasses the
latter at values around 20 keV. Neutral beams can traverse dense plasmas
provided that the beam particle energy is high enough. This is in contrast
to lower hybrid slow waves which do not all penetrate into dense and hot

plasmas because of mode conversion and absorption effects. This limits
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their applicability to the outer plasma regions = in particular when the
central plasma has been heated by driver power deposition.
A more precise judgement can only be made after applying both drivers to
given plasma configurations. Yet theory predicts that the global current
drive efficiency Y for lower hybrid waves will become only slightly better
than the values seen in present large experiments with their N, -spectrum
tailored for optimum current drive. For neutral beam current drive in hot
plasmas one expects Y-values of 0.3 to 0.4 /44/. This means that the two
efficiency numbers should come quite close to each other whereas nowadays
they are apart by roughly an order of magnitude.

The pressure-driven bootstrap current has not been considered in the
present Report. It can significantly enhance the non-inductively generated

current when the driven power deposition is properly shaped /45/.
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