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Plasma Heating and Current Drive

T. Watari

National Institute for Fusion Science
Nagoya, 464-01, Japan

Abstract

Plasma heating is one of the very important aspects of nuclear fusion research, by which
plasma is heated up to a few 10's of keV to obtain large enough fusion reaction rate to sustain chain
reaction. Among the heating methods examined in the past in the experiments Electron Cyclotron
Heating, lon Cyclotron Heating, Lower Hybrid Heating, and Neutral Beam Heating were proven
their usefulness. They have their own unique features and, therefore, survived their competition in
tokamak experiments. This lecture intend to give the audience some essence of the physics related to
Plasma Heating 1o help understand intriguing evolution of this field in the past and new applications.
The lecture will also refer to the fact that the same heating methods can be used in driving current in
plasmas. Current drive is important idea to facilitate steady state tokamak reactor. This lecture also
gives a handy account of the mechanism of current drive, requirement of the current drive efficiency,

and an assessment of achievable maximum current drive efficiencies in the future.

This article was prepared for the lecture at "Frontier of Physics in Fusion Relevant Plasmas”,
1996 Asian Science Seminar, 20-29 October 1996, Hefei - Tunxi, Anhui Province, P.R. China.
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Plasma Heating and Current Drive

T.Watari
National Institute for Fusion Science

Introduction

Plasma heating and current drive have been intensively investigated in the past several decades.
They have been key issues in thermonuclear fusion research using various kind of confinernent
concepts including tokamaks, helical systems, and open end systems. These experimental and
theoretical investigations identified following four methods of plasma heating and clarified their
heating mechanisms to a considerable extent.

1)NB; Neutral Beam Injection Heating(CD)

2)ECH,; Electron Cyclotron Heating(CD)

3)LHH; Lower Hybrid Heating(CD)

4)ICH; JTon cyclotron Heating(CD)

5)AW; Alfven Wave Heating(CD)

The physics of NBI is rather straightforward. It has been w1dely used and has been the most
reliable heating scheme. The deposition profile of NBI is determined depending on the beam
energy, plasma density, and the size of the device. As an example of efforts to optimize power
deposition profile, we note that the injection energy of NBI is increasing according to the
increasing size of the devices. To do this, development of negative ion based neutral beam
injector is one technological challenge in recent NBI related researches; ordinary positive ion
based NBI loses efficiency as acceleration energy increases.

The other methods all use plasma waves in order to deliver the power into the core of the
plasma. Each of them has its own merits and demerits. Even today when launching ITER
project is being discussed, selecting just one method and discarding others seems to be
difficult. Combination of these methods should rather be considered because of envisaged
interesting synergies .

The same heating schemes 1)~5) can be used as schemes of driving currents in the plasma.
Current drive is particularly important for tokamaks and various non inductive current drive
schemes have been demonstrated in the experiments. However, in the tide to re-examine the
economic feasibility of fusion power plant as stimulated by the ITER activity, current drive
efficiency and its improvement is gathering critical attention. Demonstration of the boot strap
current encouraged such non inductive current drive. It reduces the circulating power of a
fusion plant according to the reduced fraction of the current that is undertaken by non inductive
current drive. In recent researches, current profile optimization for boot strap current is being
considered making the bootstrap fraction larger.

Part I of this course is allotted to introduction of the basic ideas necessary for investigation of
plasma heating and current drive. The physics involved in NBI is relatively simple and it is

referred only to fulfil self containedness. Experimental results of plasma heating will not be
covered m this short text, though magnificent progress has been made in this field.

The first half of Part -IT will be allotted to explanation of mechanisms and efficiencies of
various current drive schemes. In the later half of Part-II, Experimental achievement of these
current drive schemes will be summarized. Boot strap current is an non-ignorable factor in
recent nuclear fusion research. It's role among other noninductive current drive schemes is
discussed at the end of Part-II together with the prospects of respective current drive schemes.
Before we move to the text, we put the "golden rule" for plasma heating.



1) Deliver the heat deep into the core of the plasma.

2) Keep interaction between waves and plasma at the edge low.

3) Keep one pass absorption of the wave reasonably high.

4) Improve the confinement of high energy particles.

5) Enhance energy relaxation between high energy particles and bulk ions.

6) Condition wall and choose proper material from where impurities come in.

In general, these conditions are satisfied easier as the size of the device increases. They will be
satisfied in reactors or even in existing large sized devices and we can loosen some of these
rules. The use of this flexibility in improvement of energy confinement, stability of the plasma,
and other required performances for a reactor is very interesting aspect of plasma heating and
current drive. Though, some interesting results from this field of research were introduced in
this course, such materials are not incorporated in this text for it would need another article.

Part 1. Basic knowledge for wave heating

This section gives a brief introduction to wave physics as base of understanding plasma
heating. The following contents can be explained referring to the standard texts[1-2].

I.1 Dielectric tensor

Wave propagation in a plasma is given as solutions to the Maxwell's equation:

JE
rothl T +4n] --(1)
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rotEZ-?~a-— --(2)

, where E, B, and j are electric ficld, magnetic field and current density, respectively.

The propagation of electric waves in vacuum has been studied by many authors. The only
difference between waves in plasma and those in vacuum is that the Maxwell equation Eq.(1)
has RF current j in the right hand side. For plasma has high electrical conductivity, presence of
electric field associated with the wave causes the rf currents. In most of the cases, the
confinement system itself has equilibrium magnetic field and current and the wave is taken as
perturbations on such equilibrium quantities. Therefore, waves can be taken as small quantity
making the equations linear integro-differential equations,

=] } 5@, b)) -E(@r,t)dt d’r' --(3)

where, & is called conductivity tensor. If the plasma is uniform and steady, the dielectric
conductivity tensor may be written as functions of r-r' and t-t' only:



jr.h=] } o(r -r,t-t)E(r,t)ydt &1 -~ (@)

And, when Fourier transformed, it is written as

j(k,w) = 5k, w) E(k,0) . ——(5)

According to the form of the right hand side of Eq.(1), it is convenient to define vector D by
19D _19E = __(

Dielectric tensor € is then defined by

D=tk w) E. --(7)

Obviously, the conductivity tensor and dielectric tensor are related by

L . dmo
€=1-—20(k,w) . --(8)
i

Thus , the characteristics of a plasma as wave propagating media is described solely either by
Gork.

1.2 Dispersion relation of waves

If we separate the current of Eq.(1) into sum of externally applied specified current and the
current induced by the electric field, the total current T=_]Tml may be written as

j.=j‘5pcc +j.ind =TT (9)

Eliminating B by substituting Eq.(2) into Eq.(1), one gets



and

. --(12)
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Multiplying Eq.(10) by D' from the left hand side, one gets

E=an—D" 7 (ko). --@3)
iw

In general, this equation predicts large classes of forced oscillation problems.
Without external current, EqQ.(10) reduces to

De«E=0 --(14)

or, in terms of dielectric elements,
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Non trivial waves solution should satisfy

|D|=0. --(16)

This equation gives an interrelationship between the wave frequency w and wave number k

and, for this reason, it is called dispersion relation.

1.3 Cold approximation

If the wave length is sufficiently long, the current at a given point is simply proportional to the
electric field at that point. An extreme limit of such case is called cold approximation and simply

given by use of following Newtonian equation of motion.

m%§=q{ﬁ+—i-[\7x]§] . —=(17)

Plasma current is obtained by

j=Xngq,y¥, --(18)



by using the solution to the Eq.(17). It is not difficult to derive the dielectric tensor
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1.4 Dielectric tensor of warm plasma

If wave length is not long enough the cold approximation is not valid. The following Vlasov
equation is used in deriving an adequate dielectric tensor.

of _ q (= lr. = '
ETA Vf+m(E+e[va] =0 --(25)

It is suggested that readers may find expressions for dielectric tensor elements from other
textbooks|[1, 2].
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It is noted thate ,=&__ ande =e_ arenot zero different from the cold approximation.

z

Important features appearing in warm plasma approximations arec Doppler shift and finite
Larmour radius effects.

. . . 1. —H . . -
The dielectric tensor are separated in an Hermitian part € ~and an anti Hermetian part € A
e+e’ L e-g

£E= 5 Tty =g +ie, —--(27)

The former is related to the reactive response of the plasma and the latter is related to the
dissipative response. In order for waves to be well defined, an inequality

€. »€,. —=(28)

Hij Aij

has to be satisfied.



1.5 Waves often used in plasma heating and current drive

The waves are expressed by dispersion relation introduced by Eq.(16). In plasma heating
various kind of waves are used as means to deliver the energy to the core of the plasma. This
section briefly reviews these useful waves. It is convenient to classify the waves by their
frequency ranges:

1) Electron Cyclotron Frequency Range:@ ~w _

2) Lower Hybrid Frequency Range: @ . <w<w

3) lon Cyclotron Range of Frequency: @ ~ @ _

4)Alfven Wave Frequency Range: w<w _,

In the early phase of the radio-frequency heating such as model-C stellarator, the researchers
were mostly interested in wave propagation along the magnetic field. However, in the recent
experiments in tokamaks they are more interested in the wave propagation nearly perpendicular
to the magnetic field. Therefore, in this short article, we usually limit our scope to the
perpendicular propagation of the waves.

Figures.1 through 5 are the dispersion relations calculated for corresponding frequency

regime. A magnetic configuration similar to a tokamak is assumed in the calculation, i.e., BT
varies as 1/R with, R, the major radius. A parabolic density profile is assumed; the density is
high at the center of the plasma and low at the periphery.

a) Waves Used in Electron Cyclotron Heating

The waves are classified into two categories: ordinary wave and extraordinary wave. The wave
which has wave electric field parallel to the magnetic field is called Ordinary mode and the one
with electric field perpendicular to the magnetic field is called Extraordinary mode.

a-1) Ordinary Wave

Fig.1 shows the dispersion relation of the Ordinary mode in ECH Frequency range.
This wave is often used in Electron Cyclotron Heating and is popular because it is used in
plasma density measurement. The dispersion relation is given by

2 (DC
n’=1-—2_ --(30)
W

We know from Eq.(30) that there is cut off density above which wave cannot penetrate. If the
electron cyclotron is placed at the center of the plasma for the plasma heating purpose, the
density limit is given by

W =w'=el . --(31)



[t is necessary to increase the frequency together with the applied magnetic field.
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Fig.1 Nf calculated for ordinary mode across the plasma on the equatorial plane

a-2 Extra-Ordinary Wave

Figure 2 shows the dispersion relation of the Extra-ordinary mode in EC frequency range: This
wave also is often used in electron cyclotron heating.
The dispersion relation of the extra -ordinary mode is given by

2 m;.c mzc
n=1- 1+ > ¢ ——(32)

2
mz w-wu -o
1 p.e ce

Cut off density is given by

2z wic-“)mci:.{. 4mzcm§:
w=w +— : — . —--
P.e 2 (33)

As is very clear from Fig.2, the wave incident from the low ficld side meets cut off layer.
Therefore, injection of the wave from high field side is often employed so that the waves reach
the electron-cyclotron layer. Considerable power is absorbed there and the undamped wave
may further meets the resonance layer,

m’ = mz.c + mic . —=(34)

The wave amplitude increases with its increased k | at the resonance layer and wave absorption



is intensified . The density limit of the fundamental extra-ordinary mode is twice as large as the
density limit of the ordinary mode.
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Fig.2 Nf calculated for Extra-ordinary mode across the plasma on the equatorial plane

b) Waves used in Lower Hybrid Heating

Fig. 3 and 4 shows the dispersion relation of the waves in Lower Hybrid Frequency Range. In
this frequency range, people take a convention of classifying the waves into slow wave and
fast wave. When electro-static approximation is valid the simplest form of the Lower Hybrid
wave is expressed by '

K> m./m,
YL L
ky ((o/w,) -1)
with
(02.
0l =—F——  __(36)

LH
1+ /ot
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However, in a little more detailed analysis it is shown that waves in this frequency range are
critically modified depending on their ky; value.
Fig.3 shows the wave dispersion relation calculated for large k-

N">(1"0.)2/(1)c'c(0c‘1.)‘1_ -=(37)

Similarly, Fig.4 shows the wave dispersion relation calculated for small ky;.
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It is interesting to note that the lower hybrid heating was originally proposed for ion heating:
For large ky;, the wave incident from the low field side meets so called lower hybrid layer
where ions are expected to be heated. However, if the wave damping due to electron is high
enough, wave is damped before it reaches the resonance layer and results in electron heating.
The first observation in experiment was interaction of the wave with electrons. More exactly,
there was the unexpected demonstration of current drive completely different from
demonstration of electron heating. Since then, the wave of this frequency range was
successfully used for current drive. However, it is known that there is density limit of the
current drive, which may be associated with the accessibility of the LH wave to the plasma
cote.

—ﬁ‘ : W=y
1
2
Re
_— Slow Wave
Fase wave o~
Slow
fas
T7 Yr— R 7 T 7 R
R=R(0}-a R=R(0) R=R(0}-a R=R(0})-2 R=R(0) R=R(C)-2

Fig.3 N? of slow and fast wave in Lower Hybrid Frequency Range: Large N// case

Fig.4 N? of slow and fast wave in Lower Hybrid Frequency Range: small N// case
g N y q ¥ g

c) Waves used in Ion cyclotron range of Frequency
c-1 fast wave

In the ion cycrotron frequency range, waves are classified into electromagnetic wave and
electrostatic wave. The former is compressional Alfven Wave, which is obtained with an
approximation that plasma conductivity along the magnetic lines of force is large compared to
other components. Necessarily, the electric field in that direction is very small. The simplest
form of the dispersion relation of the fast wave is given by

10
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Figure.4 shows the wave dispersion relation for the electro-magnetic waves. For the present,
the interested is in the heating of fuel ions in the plasma so the ion cyclotron resonance is placed

on the plasma axis. A resonance layer is found in the low density region satisfyingw < w_,

associated with Shear Alfven Wave. This branch is the one used in the classical lon Cyclotron
Resonance Heating in model-C stellarator. It is not preferred in present day tokamaks for it
does not have accessibility to the plasma core. The other branch extending to the major part of

the high density is called compressional Alfven wave. It has a good accessibility to the core.
However, it is known that the wave polarization at the cyclotron layer is right handed circularly
polarized and therefore ion heating is not strong.

W Cmc\' W >w( v

X
ﬁ:_ +(l* wac.')'f:n =—% ‘

Cowpyess iomf
Shenv A,ﬁu\:;».a Alfren Wave

N v

*
k=W Rl

¥4 T R
. R=R(0}- ./] N R=R(m R=R(0)-a
1‘ ““ u) ﬂ-wcc

S=Wy '

Fig.5 N f of fast wave in Ion Cyclotron Frequency Range

Figure.6 show the dispersion relation for the case that small amount of impurity ions are mixed
into the majority fuel ions; the frequency is adjusted to the ion cyclotron frequency of minority
ions at the plasma center. Then the wave has reasonably high component of left hand circularly
polarization. Minority ions are heated in the interaction with RF and absorbed power is given to
fuel ions via collision. If the concentration of the minority ions exceeds some critical value the
plasma is divided into two propagation regions as can be easily studied in Fig.6. The wave
incident from the high field side meets the resonance layer which is referred to as two ion
hybrid layer. The dispersion relation has to be obtained in the full calculation of

11
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including the minority ions. Readers are requested to see references{3} for more details. The
wave is absorbed at the resonance layer via electron Landau damping and remaining wave
energy is mode converted to Ion Bernstein Wave. Ray tracing analysis {4,5]which have been
powerful method for EC and LH frequency range in calculating power deposition profile is not
always valid in the ICRF. Full wave codes have been developed for analysis of ICRF
waves([6,7].

¥ N
t‘,'""" ,_:n lybv A}t\.ﬂ

‘ﬁi S =%,
Layy
Gt off
-—\ N
\‘
71 - R
R{ﬁ R=R(0)-a
Fig6. Nf of fast wave in Lon Cyclotron Range of Frequency when hydrogen minority ion

is added to Deuterium plasma.

c-2 Slow wave { lon-Bernstein Wave)

Figure.7 is the dispersion relation of the slow wave, i.e. [on Bernstein Wave.

This wave is clectro-static wave. There is a branch of lon Bernstein wave for each adjacent pair
of harmonics. We have to choose an adequate branch which has cyclotron harmonic layer at the
center of the plasma and has small wave number at the edge of the plasma where wave is
excited[8].
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Fig.7. N? of Ion Bernstein Wave across the plasma cross section

d). Wave in Alfven Frequency Range:

Detailed explanation of the Alfven frequency range is expected to be given in the course given
by Dr. Amagishi during this seminar.

Section -1.6 conservation equation

It is known that there is a kind of conservation law for wave propagating in weakly
inhomogeneous plasma:

oW = -
a_t+V-S+Q=Q°’“ . ——(41).

Here, involved quantities are defined as

1 . - &, dws" _
W=—-DB8 -B+—E - ‘E, ~-(42)
4
4, dw

13



<h
mr 1 = S —x1 T mEO aeuﬂ E
S=E(E><H +E < H)- 7 57 EoEp —-(43)
£, B

Q=?mE‘-E-E, - —(44)

1 Ty > - =
Q== (e Butl B0 ——(49)
and
- —h !
Ep=EptiE,,. ——(46)

Equation(41) is regarded as wave energy conservation law.
Similarly , there is momentum conservation law which is expressed as:

8 G O
98 vV A+E=F_ . —-47)
at . T ex
Here,
~  CoMy - — . Eo..aﬁh -
G-—% Re[ (8" E)x A" ]+ kS—EE --(8)
FooLRe(Ee R-Brp B A+ ~[1-F—|(c " E Eep B A) -9
=- e( €, +H, ) 2 e (0 My ) (49)
_ Eeod _
F=—CE & E-—(50)
2
and
L1 L ..
F=x=—5Re[pch +j, *u H]. —-—(51)
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and

Q, vs. F=£Q. -—(54)
[0y

They suggest that we may employ an analogy of quantum mechanics: a wave have momentum
p= hk and energy E=hw . Here, hmay be any small value.

Wk, Rw
Py, Ea

PI/E!

Fig.8 : Wave momentum conservation in wave particle interaction

1.7 Quasi-linear Fokker-Planck Equation

Wave particle interaction is more adequately treated with Quasi-linear Fokker-Planck Equation,

df of of of ~
a_t.=(-§t_)coll+(-é“{)ﬂi’+(a_t)srans' _—'"(53) }

Terms on the right hand sides are, from the left, the change of distribution function due to
collisiens[10], due to interaction with the waves[9], and due to spatial transport. The last terms
can be neglected in many cases. The second term has a form

d . d
sDe

af -
(a_t)ap=ap apf -—(56)

with
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E1‘:.n=__’\/7(sk‘}n+l.{'-Slc‘]n-l) _—(39)
and

e’=%(Ex,kiiEy'k). )

The summation with respect to n represents various wave particle interactions: n={} term
contains both Landau damping and transit time damping. n=1 term corresponds to fundamental
cyclotron damping, and terms with n>1 correspond to higher hanmonic damping.

The presence of the delta-function in Eq.(57) means that the wave particle interaction occurs
when resonance condition is satisfied.

w-nw _=kv, -—(61)

Using Eq.(58 and 61) , Eq.(56) is interpreted that the gradient of distribution function in the
direction of ‘ :
§=nw € +k,v, € —-(62)

causes a flow in the direction of §. And the divergence of the flow gives the net change of the
distribution function. Thus the stream lines of particles in the velocity space is given by

op. w kv, &)

which is integrated to give a family of concentric circles. In Fig.(9), shown are the interaction
zone given by Eq.(61) and the a family of stream lines[11]:

vt (v,—w/k,)’ =const —-(64)
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Fig.9 The stream lines showing the direction of the kick and the interaction zone.

[.8 Wave damping mechanisms:

a) lon cyclotron damping and higher harmonic damping

For simplicity let us consider ion cyclotron damping; similar treatment is made for it's counter
part, electron cyclotron damping.

According to the discussion in section (I 7} and from the inspection of Eq.(58), relevant quasi-
linear kick term is simplified as

af 7] d
E‘t-=-a‘p—lDla——f - ——{65)
where
N=+® 34,
D= ¥ nq*J —~3(w ~nw - kvl)—-|£ 12 ==(66)

The Bessel function in Eq.(66) stands for finite Larmour radius effects. The Bessel function is
expanded for n=1, n=2, and n=N as follows:

n=1: Fundamental ion cyclotron heating

(5K -1 -=(67)
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n=2: Second cyclotron harmonic heating
L2 2 1.2 2
Jl(_ik:.pi)HEkLpi —_(68)

n=N: N-th cyclotron harmonic heating

N

(G KeD -y () (F KD --(69)

It is clear from this expression that cyclotron damping becomes weak with increasing harmonic
number. This is the case particularly for fast waves where

ELI

w
k2p2~(v—)2pf<1. - = (70)
A

It is instructive to compare it with the special case of ion Bernstein wave heating, where

Kip?- o pr21, ——(71)

and asymptotic expansion is used more appropriately:
1 2.2 1 2 _2,-1/2
Jn(Ek;pi)“(Ekipi) -=(72)

An interesting aspect of ion Bernstein Wave Heating is that wave interaction reduces as particle
energy increases[12] and, hence, it does not have runaway features which is inherent to fast
wave heating schemes.

b) Landau damping and Transit time damping

For n=0, we obtain

Jf @

a—t=a—pIDnmf --(73)
with
1 v, Ek.z 2 Ek.z 2 2
D= v [(vu I, 3o Im( E,, N+ (J Re( Ek,y)) 1E,[. ---(7%)

Equation(15}) gives not only dispersion relation Eq.(16) but also gives the interrelationship
between electric field components:

18



By substituting Eq.(75) into Eq.(74), we get

) 2 2
1 N 2 2 wc 2
D= ()i ve -2 VIR - (7)
ce p.c

The term proportional to v comes from transit time damping and the last term comes from
Landau damping. It is instructive to calculate power absorbed by electrons,

4 2

1, of
P=[dv,J2nv,dv [ mv,5—], —--(77
.:L |I£ [2 llavu] ( )

which reduces to following simple form after straight forward calculation.

2

— ); €0C2 OJZJ_ d3k kJ.
PTV w! @n)’ Ik,

E (o dexpl- 31 (1)) == (79

th

Here, we put

2
(1)Fl T
a=—2
W mc

-=(79)

2

Then,a > 1 and o < 1corresponding to transit time damping and Landau damping,
respectively. It is clear that transit time damping becomes more important as the plasma beta

increases[13]. Most of the present experiments are at the bottom of the cx-dependencc as drawn
in Fig.10.

TN
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Fig.10: a-dependence of the wave absorption interaction
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Part-II Current Drive

I1.1 Current drive with low phase velocity wave

In neo-classical theories, ohmically driven current is expressed in the form of

<]'B>=0<E-B> --(101)

which means that the inductive electric field gives electron momentum parallel to the magnetic

field to drive the current against the momentum loss due to collisions. Non-inductively driven

current and its efficiency are also obtained in an analogy of ohmic current drive, which is valid
particularly for waves with slow velocity satisfying

v,<v,. ——(102)

The momentum loss of current carrying electrons by collision with ions is given by
5 ‘
Bp"=—(mnvd)v6t=(z)mv6t - —-(103)

and the momentum input to the electrons from the wave is given by

op, dE K,
5pn=(-‘g"€ XE)ﬁt: K P&t - - (104)

as illustrated in Fig.8. Current drive efficiency J/P is obtained by equating (103) and (104):

Kk .
S _109)
m N

]
P mv mvv,,

Saving rigorous discussions, we simply put

v=Ziv0 - —(106)
to obtain
] env, 1 o
—=—(v_ /v ) . ——(107)
P 2 -1 R

nmv, v, Z,

There are normalizations which are conventionally used by theorists:
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p:P/nmvfhvu ,J=I/env, , and W=V¢n/"m — - (108)
with which normalized current drive efficiency is given by

Lo
AR (109)

=]} |'—- “

It is pointed out that the slower the phase velocity is the higher is the current drive efficiency.
This feature comes from the fact that the ratio of the momentum input to the energy on wave

particle interaction is given by k,/w.
Practically, j/ p may not be very meaningful. However, if needed, it can be converted to 1/P by
the formula

0.77T,[keV]  j
) (nellozu[m'a])log/\ P

- —(110)

I1.2  Current drive efficiency for high velocity wave.
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Fig.11 Momentum and energy conservation on wave particle interaction

Current drive efficiency for high velocity wave was obtained by Fisch et al[14]. Consider a
case where particle is kicked in velocity space in wave particle interaction as shown in Fig.8,
where an electron gains momentum

6pEI:pu.:z"pu.1 --(111)
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and momentum

8E=E,-E, . --(112)

Since electrons carries current induced by the velocity increment for the period of 1/ v, the
induced current will be given by

I(t)=-¢ ] d“cgtt D v, exp(~v,(t-1)) v, exp(=V (= )dt == (113)

—ta

which is integrated to yield

T=—eSm (v, /v, =V, /V)) . ——(114)

The power flow from the wave to electrons is given by

dn '
- (E,-E,) . --(119)

From Eqgs.(114) and (115), we get the current drive efficiency

sz/vz_vzl/vl

i

“1‘)'=-'€( Ez_El ) __(116)
which reduces to

A §-V{v, /v)

P TEwg ) U

for infinitesimally small kick of the particles.

I1.3 Elaboration of the calculation of current drive efficiency.

We assumed v~const to obtain Eq.(117) which was a little too crude approximation. We see in
the following calculation that the temporal change of the collision frequency gives non
ignorable correction to the current drive efficiency[15]. We start with two coupled equations

dw 1
F=—T—SW -—-(118)
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T =——u’. --(119)

The energy relaxation of electron may be written as

d 1, 1,1,
dt(ZU)__rE(2u) (120)
with

3 1 3

'L'E='2-Tou . —--(121)

These coupled equations are integrated to give

242,

3v,
v,0=v, (I-—(t-t)) . --(122)

u

The driven current at t=t is given by

J=e] dt.dz—?)-(vz‘z(t,t')—vm(t,t')) ~—(123)

which is integrated to give

dn 1 1 3
J—edt Vi e L 5+zZ (Ovs) V(wu’). --(124)

Q

On the other hand, power absorbed by electron is given

P=@m v:

- 1 |
o MV (V) V(5 u) . --(125)

Current drive efficiency is thus obtained from Eqgs.(124) and (125) as:

I e ]
e —-(126)
mv:h.cv(} P
with
2 §:-V(wud)
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For LHCD, where Landau damping is the wave absorption mechanism, put § = Z and get

2 u’ +3uw’ _ dw?

i. .
p S+Z 2w S+Z,

— - (128)

Here, we assumed w ~ u, which is valid for LHCD where the velocity of launched wave is
much faster than thermal electron speed.
Similarly, for ECH, put §= I and

j o2 ww 3wt
p S+Z. 2u, S5+7Z (129)

is obtained[16]. Here, we notice that the current drive efficiency of ECCD is comparable to that
of LHCD, i.e.,

3

(JE)ECCD 4 p)LHCD -={(130)

though electron cyclotron damping gives small momentum input to the electron. This is one of
the interesting points in kinetic or neoclassical theory.

I1.4  Bridge formula

In sections I1.1, 11.2, and 11.3, current drive efficiency was obtained for two limiting case of
high phase velocity and low phase velocity . A formula to brldge these results was obtained by
Ehst et al. [17,18]:

Ly -CMRn, . —-—(131)

"Ull‘—‘l

Here,

2

_[_+D+S+Z

] ---(132)

1s regarded as the current drive efficiency valid for all regimes with parameters

K=(3.0/Z)for LD, =11.91/(0.678+Z,))for AW —-—(133)

and
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D=3.83/Z"""for LD, =4.131/2%" for AW . - -(134)

The factor

C=1-exp(-(cy)") —-(135)

reflects the fact that trapped particles cannot carry current. Other parameters are:
m=1.38 for LD, =2.48 for AW --(136)

c=0.389 for LD, =0.0987 for AW. --(137)

The value of B included in

y,=w'(B/B,)/(1-B/B__) --(138)

is the magnetic field strength at the place where the wave particle interaction takes place. The
other parameters are not of interest to us and are noted below without explanation:

M={1+a(r /w)"]

A’=(1-B/B__) k=3.0

max

a=0.0for LD / 12.3 for AW

EH’JX:'+W2
R=[1-————], X.=3.5, n=0.77
Ean+w

It is noted that thermal velocity is defined as v, = T _/m in this section and, therefore, J/P is

expressed by

] 0.38°T, [keV] ( i y

== —(Z) . --(139
P (n, /10 [m™])logA " P (139)

Fig.12 show the current dnive efficiency calculated with the bridge formula. It is often used in
simulation of current drive for it saves computing time.
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Fig.12 : Current Drive Efficiency Calculated with the Bridge Formula

I1.5 current drive figure of merit y

We have been discussing the current drive efficiency in terms of J/P and j/p.

In current drive of tokamaks, we may be the most interested in total current normalized to total
input power:

2
I mna

]
Po  (@nRya® P

-~ - (150)

Hereafter, we may be using P in place of P__ without confusion. Since the dependence of 1/R

in Eq.(150) is inevitable and J/P has a 1/n dependence intrinsically, there is a reason to use the
current drive figure of merit
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; I
Y=R(n /10¥[m” )5 . -—(151)
And, we note that

n= R(nc/lo”[m'f'])% - -(152)

is used similarly; by definition,m =10y [m™2A/W].

I1I1.6 Neutral Beam Injection Current drive.

For sclf containdness, we refer to NBI current drive which was proposed by T.Ohkawa [19-
20} in his old paper and demonstrated in Levitron or DITE tokamak experiment[21-22].
Recently, it was more clearly demonstrated in large tokamaks reporting higher current drive
efficiency. Let us consider high energy ions which are steadily supplied by means of parallel
NBI. For such ions with T, > 15T _, ions are dragged by electrons. The number of ions are

given by

n, = Vis (%)NBI -~ (153)

carrying the current

]=Zenv, = Z‘fv“ (—dcf)m . ——(159)

5

Electrons are accelerated by this drag force in the same direction as the hot ions subject to the
momentum balance equation:

-n,mv Vv, +nv,mv=0. --(155)

[

Electron current is given by

nvmyv
J=n (-ev, =-e———= . ——(156)

m_V

e e,i

Taking into account the relation,

- 2
v . nZ:v,/n,

e, i

, ——(157)

Vs (mc/mh)zivﬂ

it is easily obtained that
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h

Z
J=J +J] =en Z v (1 —a) -—(158)

It is known that a little more effort {23] leads to an elaborated expression

Z
h
J=en,Z,v, (1~ Z G) --(159

eff
with

G=1-(L46+0.976/Z ) ) . - (160) *

Equation (106) is invalid with large € and more exact formula are developed by many authors
{24]. A
By using Eq.(153) and obvious relations,

dn, 1'2

hTt; Eh=3mhvh -—(161)

, current drive efficiency is given by

Po=E

NBI

J 1 1 Zh cncvlhc vlhc 2 Zh
e e——y 7 e(l- G)= : ———(1- G) . --(162
P VS Eh hh ( th’f ) mcncvtzh‘tvu vh Zh ( Zcff ) ( )

Normalized current drive efficiency is given by

v

the 2 _E_l_t_ 3 '_T__e_ m, 2 Z,
vy 4, (1 Z g ) - E, /m, A, Z, (- Z s ©) --163)

"UI!'—‘-{

and the current drive figure of merit is given by

0.0081T._ [k ]T° Ze A 2( 2
y=0.0081T [keV i"‘" iu—- —(1-=—-G) . —-(164
‘ Eh mc i Zh Zeﬂ' ) ( )
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I1.7 Experimental results:

Since cument drive is critically important in realization of steady state tokamak reactors, it was

examined in many tokamak experiments. Particularly, attention was paid to the improvement of
current drive efficiency. The experimental results obtained in such experiments are summarized
in Fig.13. We notice first of all that the 1/n dependence of the CD efficiency predicted
theoretically in the previous section manifests itself.
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Fig.13 Efficiency of various current drive schemes

1. LHCD

The most established current drive scheme is Lower Hybrid Current Drive[25]. The current
drive figure of merity increased in the recent experiments in Large tokamaks, JT-60{26-27] and
JET[28]; the highest value ever achieved is ¥ = 0.35. Experimentally obtained CD efficiency is
plotted in Fig.14 versus Te. We find, in Fig.14, another prominent feature that CD efficiency
depends on electron temperature, which contradicts with the theoretical predictions of previous

section. It is suggested that the readers confirm that Te included in Eqs .(110) is canceled when
Eq.(128) is substituted.
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Fig.14 : Temperature Dependénce of LH Current Drive

We obtain from Fig.14 an empirical scaling law for the LHCD of a form

1.2<T_[keV]>
L 5+Z

— - (180)

On the other hand, by using Eq.(128) for LHCD together with Eqs.(110) and (151), three
theoretical expressions are obtained:

2
1 v,
7= 0.033T, [keV) 5 (), —~(182)
tk, &
83 1
V=3vz e U8
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and

y=0.0081T, [keV]—][.J— . ——(184)

Here, we assumed logA =15.
Comparing Eqs.(182)-(184) with Eq.(180), we obtain following values

Vy/v,.)~6 —--(185),

nﬂ=2.6 - —(186),
and

i

—~25. --(187
5 (187)

Here, a likely electron temperature < T, > ~1keV has been assumed. Eq.(185) means that the

wave is interacting with the small population of electrons with energy level ~ 80keV. Equation
{186) needs some explanation because the phasing of the LHCD wave launcher gives a
spectrum where N, < 2. A probable explanation is that the upshift of the wave number occurs

as the wave propagates into the plasma.
2. FWCD

As we will see later, LHCD is known to have density limit. Fast wave current drive has not
fully proven its usefulness yet. We have seen in Fig.13 the lower efficiency of FWCD
compared with that of LHCD. However, due to its expected better accessibility to the plasma
core under a reactor plasma condition, FWCD is regarded as one of the hot themes of
investigation. There are some early works in this field and it is becoming clear that considerably
high electron temperature is needed to obtain detectable current drive efficiency[29-32]. We can
take FWCD efficiency data ,for example, from[32], and deduce an empirical law

0.071<T_>
V=57 - W0

Direct comparison of Eq(180) with Eq(190} suggest that current drive efficiency of FWCD is
worse by more than an order of magnitude compared to that of LHCD. Theoretically, we may
employ Eq.(128) as approximate normalized current drive efficiency for both LHCD and
FWCD. The , Eqs.(182~184) are valid for FWCD too and gives three values corresponding to
Eqgs.(185-187):

Vi /vy )~ 1.5 ~=(191)

n=6 --(192)
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and

~1.35. =-(193)

ot IL—I-l

Here, we assumed < T, > ~ 1.5keV.

Notable difference of FWCD from LHCD is that the wave interacts with electrons with thermal
velocity, as is clear in the comparison of Eq.(185) and Eq.(191). In the discussions above, we
have been implicitly adopting a hypothesis that the wave upshifts its N ,until enough number of
electron exists to absorb the waves. It is known that FW is electromagnetic wave whose
interaction with electrons is weaker than that of LHW. In order for the fast wave to have strong
enough interaction, FW has to stow down so as to interact with more electrons with a matched
speed.

3. ECCD

Demonstration of ECCD has been made in various devices: Cleo, WT-1I1[33], DIII-D[34], and
T-10[35]. Here, we take one example from DII-D and take current drive efficiency

0.03<T, >
V="sez, o 709

We have already taken in the previous section that the current drive efficiencies for FWCD and
LHCD have similar form. ECCD relies on cyclotron damping or higher harmonic damping, for
the wave damping mechanism.Two important differences of ECCD from others are 1) that the
direction of the kick is dominantly perpendicular and 2) that the resonance condition is given by

kyvy=o-o_ . --(195)

The resonance layer is located on the axis of the plasma in the standard experimental condition.
The wave interacts with electrons with positive v | with respect to the direction of wave
propagation as it propagates in the low ficld side and it interacts with electrons with negative v |
in the low field side. If wave absorption in one pass through the resonance layer is not strong
enough, canceling of the current drive.occurs to reduces the efficiency. This may have made
analyses of ECCD in small devices difficult.

A simple form of ECCD figure of merit envisaged from Eq.(129) will be

83 1
2
5+Z’i NI

-2 L TACRNOTY
Y"-4 ( w ) ( )

or equivalently
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2
VZ

2 )
A%

th, e

3 1
y=" 0.033T, [keV] =z ( - —(197)

Comparison of Eq.(194) with Eqs.(196-197), gives

(/vg)~1.2 —=(198)
N|=12|1— =l --(199)
, and

%=0'57' — —(200)

Eq.(198) suggests that the EC wave interacts with electrons of thermal speed. And since

N, ~sind~0.5 --(201)

, £q.(199) suggests that wave is absorbed in the very thin layer near the cyclotron resonance.

II. 8 Requirement to the figure of merit v

Let us imagine a mode! tokamak reactor as shown in Fig.15 and consider a set of parameters
tabulated in table-1, for which the exact values are not be important.

Circulating
Power=200MW

Ip:15MA Pelectric=1CGW Pihermai=2GW
Major radius Minor radius Density
R=8m a=2m n=1020 m-3

Table-1 A set of parameters of a typical reactor
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Fig.15 A model of a reactor with current drive

Figure 15 immediately suggests that we can obtain a reactor requirement

y=12. --(210)

by use of Eq.(151) with the values listed in Table .1. This is three times larger than the largest
value ever achieved in LHCD experiments. For the reason we will discuss later, this
requirement may be difficult to achieve and the boot-strap current may have to take over some -
fraction of the plasma current.

I1.6 Perspective of Current Drive Schemes

1. LHCD.

As we have seen in section 11.7, ¥ . is higher thany ., . and¥y . by at least by an order of

magnitude. And also, we realize that we have to improve the current drive figure of merit by
three times over the presently obtained value. Is it possible? The empirical scaling law suggest
that the current drive efficiency increases as Te increases: a direct extrapolation of the empirical
scaling law suggests that the current dnve efficiency will be improved by several times over the
presently obtained value. However, this extrapolation may not be adequate.The theoretical

expression Eq.(183) has (1/N l])2r:iependem:e: in place of < T, > dependence in the experiment.

This discrepancy may be explained in terms of wave spectrum upshift. A very unique feature of
Lower Hybrid Current Drive is that LHW has strong interaction with electrons and it may have
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allowed the wave to interact with clectrons with the wave with N, ~ 2.6 giving higher CD
cfficiency than others. In a reactor condition where a higher electron temperature is expected,
there is a possibility that wave is absorbed before it makes upshift improving CD efficiency.
However, we have to pay attention to the fact that the LHW is interacting with high energy
electrons of ~80keV with reasonably low N, ~2.6 even in the existing devices. If we want to

reduce N, further in order to increase Y , we have to examine the wave accessibility condition.
Also, when we work with low N, or high speed electrons, relativistic effects have to be
considered. As introduced in appendix, inclusion of the relativistic effect reduces the current
drive efficiency considerably for N smaller than/2 .

2. FWCD

FWCD is still in the developmental phase. The achievedy is one order of magnitude lower than
that of LHCD. In the D-IIID experiment for example, the wave interacts with electrons of
vy /vy, .~1.5 as we saw in Eq.(191). Associated interpretation is that the wave N, upshifted to

6 before it is absorbed. To describe in more detail, we should know that the wave spectrum of
the fast wave is adjustable by changing the relative phase of antenna array or changing the
frequency of the RF frequency applied to the antenna system. It is more or less believed that it
i$ necessary to choose wave phase velocity not much above thermal speed. This is a feature
completely different from LHCD. In this experiment, wave spectrum has a peak around
N,=4~5 as it is emitted from the wave launcher. Such interpretation of the FWCD

experiments suggests that the wave N | can be decreased as the electron temperature increases in

a reactor plasma where more of the electrons match the velocity of the wave. This may increase
the current drive efficiency up to the level expected for LHCD. FWCD has a smaller wave
accessibility problem than LHCD. Yet, there is a question of what frequency to choose: Since
we want to make electrons absorb wave energy, it is very natural to avoid the presence of
fundamental frequency of fuel ions, i.e., @ =w _ or @w=w .. If we go to higher frequency,-
the absorption by each harmonic resonance layer becomes weak. However, we may have to
keep in mind the presence of alpha particles, product of nuclear fusion reaction. Alpha particles
have higher energy than fuel ions and, due to its larger finite Larmour effect than that of fuel
jons, interaction with Alpha-particles survive even with a frequency of very high harmonic
number[36].

Fig.16 shows the calculation of partition of the wave energy to plasma species. Apparently, in

the frequency range of w < @ _ ., there is no ion heating mechanism. Therefore, this frequency

range is one of the candidates of the fast wave current drive. A little concern is however the
presence of the cut off and resonance layers at the high field side, whose existence is already
seen in Fig.6 qualitatively . Another problem is that a large antenna area is required when the
RF frequency is low. Another possibility is the frequency window between 2w and3w cD’v;'hé'.f

Ie , though some wave energy is absorbed by ions, major part of it is absorbed by clectrons.
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Fig.16 : Partition of wave power to clectrons , ions, and a-particles

3. ECCD

Electron Cyclotron Current Drive has similar current drive efficiency as FWCD, one order of
magnitude lower than that of LHCD as shown in Fig.13. Similarly to the FWCD case, this
relatively low efficiency is attributed to the low energy of electrons taking part in the wave
particle interaction. Equation.(198) suggest thatv/v,, _ ~1.2.

In ECCD, wave interacts with electrons with parallel velocity

vi=(l-o_ /o)/N, . --(212)

In present day tokamaks, there is a low population of high energy electrons and N | is

intrinsically small due to the design of the wave injector. Equation (212), therefore, suggests
that wave absorption occurs only near the resonance region. However, in a reactor condition
with its higher temperature and larger length crossing the minor radius, the wave is expected to
be absorbed away from the resonance region increasing the current drive efficiency up to the
level of LHCD.

ECCD has no big problem in wave accessibility only if high frequency gyrotron is developed.
Further more it has a merit of being capable of define the deposition profile in its advanced use
of improving reactor performances. Therefore, development of high frequency-, high power-,
and, steady state- gyrotron is important as well as the establishment of current drive physics
itself.
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I1.10 Boot strap current

In the previous section we studied that the current drive efficiency may not be improved very
much over the current drive efficiency ever achieved. On the other hand presence of boot strap
current is becoming more and more evident{38]. Bootstrap current has an expression[37]:

alnPs c'a‘lnTS
—]. —---{220)
v

T
<j'B>=-RB;n, ¥ = [L,

Heuristically, they assume L], =0 and put

=)i/R  --(221)
for a large aspect tokamak of circular cross section to obtain
1 dP

I/R—Pg --(222)

The total current I is obtained by

dP
dg = [ —)r/R ! 2nrdr — - (223)

I=J<jB>

<B%>

In the original papers on boot-strap current, it was stated that the total fraction of the boot strap
current is given by

L,/I~)e B, —-(224)

For tokamaks, there have been a class of papers to search for the pressure profile to maximize
beta-value under the constraint of ballooning stability.

In the recent works in tokamaks, there is more freedom in current profile and pressure profile
than they admitted at that time and such freedom could be used for optimization of the boot
strap current.

Let us define the boot strap current fraction by

f =1 /1

B  “bootstrap ' “1otal -~

——(225)

It is accepted these days that f, ~ 0.7 is obtained without adopting too innovative profile

control.
The power required for current drive for a reactor modeled in Fig.15 is given by
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(1-£5)
P-—1mR 2 - —(226)
Tldcvicc Y

With the model reactor parameters listed in Table.1 and assumed f; ~ 0.7, required current

drive figure of merity goes down to 0.4, which is not very much different from the value
obtained presently for LHCD.

II1. Discussions

As discussed in the text, achievable current drive efficiency is not high enough to sustain a
steady state tokamak alone. Recently, presence of boot strap current is more and more evident
and it is believed that 70 % of total current will be undertaken by the boot strap current. Boot
strap current, however, is driven by pressure gradient necessarily determining the current
profile. The boot strap current is known to be hollow, and remaining 30 percent of current has

to be driven in the central region and, depending on the pressure profile, some current has to be
driven in the peripheral region. Fast wave current drive is known to have excellent accessibility
to the plasma core. However, due to the general feature of the fast wave that it has weak
interaction with particles, demonstration of it's validity was difficult. It is believed to work
under a reactor conditions where electron temperature is higher and the size of the devices
larger. Readers are requested to recall the "golden rule” mentioned at the beginning of this
course. ECCD has also good accessibility to the plasma core though the development of
gyrotron at high frequency is difficult. Thanks to the devotion of many scientists, the power
and steady state capability of gyrotron is increasing. The efficiency of the gyrotron is presently
40 percent at most. More works has to be done to improve the efficiency. In order for NBCD to
be used as a tool to drive current in the plasma core, it is important to increase the energy of the
injection beam. Development of high current negative ion beam is mandatory and considerable:
progress was made. People are thinking of the energy level of 1MeV for ITER NBI. More
technology development has to be done to enable acceleration up to such high energy. Lower
hybrid current drive cannot be a good candidate of core current driver unless a reactor is
designed with much higher magnetic field. It is a recent trend of study to create negative shear
of the magnetic field which means very hollow current profile. LHCD is expected to be a good
tool to realize such conditions. In general, we have been tailoring the current profile in order to
improve energy confinement and in order to increase boot strap fraction. These too
optimizations do not seem to be very contradictory. However , more experimental research
should be done. Similarly, second stability allows more boot strap fraction and it is again
important to examine the compatibility of the boot-strap driven current profile and the
equilibrium. One more key factor in the reactor is ash removal though it was not treated here.
An interesting proposal made by Fisch is the use of entropy of such particles in order to exhaust
themselves. Alfven or IB wave is amplified in return which could be used again in maintaining
current. Such passive way of current sustainment is very favorable and further development is
recommended.
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1.V Appendix

Relativistic effects

High current drive efficiency is obtained when the wave couples with high-energy electrons
because the momentum {0ss of such electrons is small. This effect overcompensates small
specific momentum input and yields following favorable dependence on v, in classical limit:

8,
— v, -—(230)
5P

Such discussion reviewed in section II.2 and I1.3 is easily extended to a relativistic case. The
expression of the current drive efficiency in relativistic limit was given by Fish et al.[39-40].

. Jg
-
dp
J/P“a— -—(231)
. O 2
§ ap(mc Y)
where
ec Py

ep)=-35 5 O --(232)

with

142 ' 1+2 7

v+l & L v+l oyt-1

GE)=(—2) * (=) " —5—dr. --(233)
y-1 o ¥-1 Y

Equation (231) reduces to

d ‘
2 2 p-—G— (§ > p,); Landau damping
J -e m°c dp
) /( )=Y—; -—(234)
mev | | pt | 4G o .
c lp dp G (§=p,), ECdamping

for Landau damping and electron cycrotron damping cases, respectively.

The current drive efficiency is calculated as functions of G =p,/mc = p/mc for the two cases as
shown in Fig.17. It is noted that the current drive efficiency saturates for Landau damping case
while it begins to decrease for EC damping case. The saturation of the current drive efficiency
comes from the decreasing velocity of electron for given energy . Therefore, C~1may set a limit
above which there is no improvement of CD efficiency in relativistic treatment.
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Fig.17 Current drive efficiency of LH and EC current drive cases

Another interesting feature are relativistic modification of the interaction zone and the direction
of the kick in the momentum space.
The resonance condition is given by Eq.(61) with relativistic interpretation :

w-nw_/y=kp /ym, —-(235)

which is reformed to

2

L 2 1
(1—N’2|) ( mc,O/m)] +(]‘ 1- Nﬁ

2 2 nw , )
B+ (L-N]IB, - (—)")=0 --(236)

maﬁifesting that the resonance is an ellipse in the momentum space. Here, p, =p, /m c and
p,=p,/myc.
The direction of the kick is given by

s=nw & +kyv € =(w-k,v)é +kyv eE --(237)

and interpreted relativistically leading to a differential equation

6pll - kl!v:. - ISJ. - Nlpl
6PL (w_kuvu) ((U)/Ckﬂ)}'—p')ﬂ) (Y—[suNu)

. ——(238)
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Equation (238} can be integrated easily to give a family of stream lines in the momentum space.
For instance, Fig.17 indicates that electrons gains considerable kick in parallel direction even in

ECH, which improves current drive efficiency close to that of Lower Hybrid Current Drive.
And more importantly, the stream lines of the electrons in momentum space overlay the
resonance region[41,42]. This is expected to be useful in having wave interact strongly with
high energy electrons to improve the efficiency.

2 = ’fg_/_'_/_zg/
N;,=O.7 w
o Qe/w=0.8 // y
S = -
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— 2 /
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N / LHW,/ Mya=1.4
g 7
. . /
I Diffusion /
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Y 4 '71
/ Buik EL. W \<‘=1
o &
—1 O 1 2
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Fig.18 : Wave particle interaction in relativistic regime.
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