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The generation of currents in toroidal plasma by application of waves in the 
lower hybrid frequency range involves the interplay of several physical phenomena 
which include: wave propagation in toroidal geometry, absorption via wave-particle 
resonances, the quasilinear generation of strongly nonequilibrium electron and ion 
distribution functions, and the self-consistent evolution of the current density in 
such a nonequilibrium plasma. We describe a code, LHMOD, which we have devel­
oped to treat these aspects of current drive and heating in tokamaks. We present 
results obtained by applying the code to a computation of current ramp-up and to 
an investigation of the possible importance of minority hydrogen absorption in a 
deuterium plasma as the "'density limit" to current drive is approached. 
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I. Introduction 

Fisch's theoretical proposal 1 that distortions in the electron distribution function 
driven by externally injected waves could b e used t o sustain current in a laboratory 
plasma, and the subsequent encouraging experimental observation of this effect 2" 5 

has motivated substantial additional theoretical and experimental effort. Indeed, a 
s teady-state tokamak reac to r 5 , 8 becomes a possibility if inductive cuiTent drive is 
supplanted by rf current drive. 

Because t he particle distribution functions in an rf-driven plasma are strongly 
distorted from a Maxwellian shape, the near-equilibrium assumption which forms 
the basis for the description employed in transport modeling codes is inappropriate . 
A quant i ta t ive description requires incorporation of kinetic effects. One recent ap­
proach 7 is to construct a constitutive relation between the (time dependent) current 
density and the inductive electric field, which is modified from the simple linear re­
lation f = i]j by the velocity space flux due t o an (assumed known) wave spectrum. 
An al ternat ive approach,* in which a reduced (model) kinetic equation is solved, 
together with evolution equations for the wave spect rum and for the current density, 
is described here. This approach is similar in many respects 1o that employed by 
Bonoti and coworkers a t M I T . 9 

The overall s t ructure of our code, LHMOD, is described in Section II. In Sec­
tions III through V the principal modules are described in some detail. Two ap­
plications of the code are described in Section VI. T h e first is a s tudy of current 
r amp-up in a. plasma of sufficiently low density so that a)/,// <?r ^rf everywhere. The 
second focusses on the role of minority hydrogen absorption in a deuterium plasma 
as the density is raised and u?i;- —' u>Tj at the plasma center. The results suggest 
that minority hydrogen ion absorption could play a role in determining the observed 
"density limit" to current drive. 

II. Framework of the Modeling Code 

The code LHMOD consists of three strongly coupled modules which deal with 
the physical processes of 

1) Wave propagation and absorption, 
2) Computa t ion of the electron and ion distr ibution functions,, 
3) Evolution of t he plasma current. 

These modules are described in detail in Sections III through V. Here :ve briefly 
discuss t he overall s t ructure and the strongly interrelated nature of the computa­
t ions. 

Wave propagat ion is described by the warm plasma, fully electromagnetic ray 
equations. Energy deposition and current drive occur principally through the reso­
nant wave-particle interaction. The resonant electron interaction is with the parallel 
wave electric field and the ion interaction is through the perpendicular wave electric 
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field. The linear approximation is assumed to describe adequately the interaction 
in bo th cases. 

If the wave ampli tudes were sufficiently weak so tha t the particle distribution 
functions maintained their Maxweilian shape, then the damping calculations would 
be trivial. However, under conditions of significant heating or current drive, the 
Coulomb collisional relaxation toward a Maxweilian is completely dominated by 
the wave-driven quasilinear diffusion. The local velocity space gradient, V v / , which 
determines the damping decrement, consequently, depends on the entire wave spec­
t rum. One is therefore led to introduce additional equations for the evolution o f / , 
and / , which are to be solved on a par with the wave equations-

Consideration of even the relatively simple case in which the inductive electric 
field vanishes ("steady s ta te") illustrates how tightly coupled these calculations are 
in general. The problem is tha t , unless one is willing to follow the evolution of t he 
system on the exceedingly short, t ime scale T c o n v t c t u m 3: a/rgrr, with ty.r the radial 
component of t he wave group velocity, there is no obvious timelike variable which 
allows one to advance ihe coupled wave-particle system to a steady s ta te . The radial 
coordinate would serve this role if total absorption occurred during the first inward 
pass. U nfort ima1 ely. this is a ra ther special class of solutions. More generally, one 
finds that the waves undergo several radial excursions before complete absorption 
occurs. Since, as shown below, the flux-surface-averaged wave energy density versus 
wave vector determines the incremental absorption a t each flux surface, one is forced 
to an interative solution of the coupled set of wave and kinetic equations. 

The situation becomes more complicated still if the poloidal flux is allowed to 
evolve. The difficulty here is that t he inductive electric field is determined locally at 
each radius by the constraint tha t , for t imes short compared to the L/R time for the 
plasma, the current density is conserved. This constraint is enforceable only upon 
solution of the electron kinetic equation and direct computation of j . \ . We are thus 
led t o a second iteration process, this time to determine £[j{r.t)] and the associated 
nonlinear conductivity. dj/dE, which appears ijj (lie flux diffusion equation. 

III. Wave Propagation and Absorption 

Because iheir wavelength is small compared to characteristic gradient scale 
lengths in tokamaks, the propagation of lower hybrid waves is well described by 
the ray approximation. We briefly review the underlying theory, partially for the 
purpose of introducing notat ion and definitions required later. Assuming local ho­
mogeneity and strict t -ime independence of the plasma medium, we introduce the 
eikonal representation 

A(x,1) <x exp{i [ dx - k ( x ' ) - iutt) , (1) 

for the t ime and space variation of field ampli tudes with frequency u) and local 
wave vector k. The plasma dielectric tensor K relates the plasma current j and the 
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displacement vector D to the wave electric field as follows 

D = K E = E -<- — j . (2) 

The general expression for K in a hot. magnetized plasma10 simplifies enormously 
in the lower hybrid frequency range if one makes use of the well-satisfied inequalities 

w «: fie, kLpt <• 1 , (3a) 
u) > fi,, k±p, .•• 1 . (3b) 

The set of inequalities Eq.(3b), together with the invokation of a mechanism which 
randomizes the wave phase as seen by the plasma ions1 3 allows the use of the 
approximation B — 0 in the calculation of the ion response. If. as we assume, 
the waves have sufficiently large phase speed both along and across the magnetic 
field, i.e., «/A"|jive and <*>/kj_i>T-. are sufficiently large, then the dielectric tensor is 
almost Hermetian, and the contribution of the anti-Hermetian part (which yields 
energy deposition by the waves into the plasma) can be calculated as a correction 
term. With these approximations, the dielectric tensor K is expressible in Cartesian 
coordinates (x,y,:), locally chosen so that z A B = 0, k = xk± + ik^, as 

K-KIIxx + l\yyyy + iKXy(,x.y-yx) + K::xz , (4) 
where 

(Sa) 

(5b) 

(5c) 

(5d) 

•klKn • (5<?) 

(3f) 

A-„ - K± + iK„.i 
K m = A'j. T ih'm,i 

Kxy ~ 
1 

A'.. - A'II - /'A',:, , 
with 

A'j. = 57,- * > -

*l i -

and where 

A j / , - 4Uf T'^°^- (5g) " w ' ' T i . j 

i 

The auli-Hennitian part K„ of K. whicli arises from the resonant wave particle 
interaction, assumes the general form 

K ^ I m a g ^ ^ / V v v -

In the parallel direction, the electron interaction dominates with the result 

a A , A||., = n— / <2l>||l'|, —6(a) - fc;|l'.|) 
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T h e ions dominate the anti-Hermetian contribution perpendicular t o B . Making the 
plausible assumption that t he strong magnetic field isotropizes / , so that _/v(v x) — 
/;(<'_)•• t l l e off-diagonal contributions to K„ vanish. Then the projection of the 
genera! form, Eq. (6), onto the x , y ( i.e., k x , £ A kj.) plane becomes 

K„ = (Imag A „ ) x x + (Imag Km)yy 

where 

r-" rfcosfl /cos = #\ 
Jo (l~k±v±cose/u:+i6)\sai20) ' ( a ' 

The normalizations of the various distribution functions which are consistent with 
Eqs. ;'*) and (8) are 

J - 3 C 

and 

1: 1 
S7T 

respectively. 
By comparing the results, Eqs. (7) and (8) for the electron and ion contributions 

t o wave damping, we note an important difference: Only those electrons which have 
f'H = ui/l'i! exchange energy with the wave, whereas all ions with v ._• ">/k± ir.«eract 
resonantly with a single wave. The difference arises because, during the course of 
their gyromotion, 

v±(t) = v± [icosiilit + x) -ysin(ri;t 4- \ ) j -

all such ions satisfy the resonance conditions u> — kx • v±(t) — 0 twice during each 
gyroperiod. The interaction with a narrow spectrum of lower hybrid waves will 
therefore per tu rb the electron distribution function in a similarly narrow region of 
velocity space, but will affect the ion distribution function over a much larger region. 

Inclusion of K into the Maxwell's equations and eliminating B in favor of E . 
there results 

n A ( n A E ) + K - E = 0 (9) 

with the definition n = kc/a>. Eq. (9) has a nontrivial solution f o r E if the dispersion 
relation 

£(k,->) = | n A ( n A l ) + K | = 0 (10) 



is satisfied. Explicitly, using Eqs. (5) in Eq. (10), we obtain 

e(k,w) = -Kn(" )*»_* + [K^r- + K^nf - K±)} 

( r - A i l + A V l n r - A ' i : ) . (11) 

The extension of the local solutions Eq. (9) and Eq, (10) to a slowly varying 
plasma is accomplished by introducing the ray coordinate r and a parameter s upon 
which both rand k are assumed to depend. 1 1 1 2 Then, by expansion of the linearized 
field equations in the small quantity |Vfcj/fc: - • 1, the equality (10) is maintained 
along the ray trajectories 

^1-^—l^i ^i-9!/9! dl-^L/9L 
rfs ~ dk'ds' ds ~ dr ds' Ji ~ K>'ds' 

The physical significance of the ray trajectory r[f(j>)] and the streamline velocity 
v s r = dr/dt (the group velocity) is that the wave energy flux 

F = VgrU, (13) 

converts along r. Here 

E'= — ( 2 E - - K - E + W L > E - ~ - E ) (14) 
lOTT OuJ 

is interpreted as the local wave energy density. 
In solving the Hamiltoniau system of ray equations [Eq. (12)], we make explicit 

use of the toroidal axisymmetry by transforming to canonical coordinates (r,6,o). 
with r the minor radial coordinate. 6 the poloidal angle, and <j> the toroidal angle; 
and to the conjugate momenta (kr,m,n) in terms of which the wave vector becomes 

k = ikr + 8-+i-—Z - . (15) 
r ( # + rcosfi) 

Since, by axisymmetry, ds/dip = 0, the conjugate momentum 7) is conserved for 
each ray. The six ray equations [Eq. (12)] then reduce t o 1 4 , 1 6 

dr _ ds ds dkr ds ds 
dl~~^k~J(£>, Ht=dl-dZ>" 
— -- — /— *H-^£/£ i 
dr ~ dm' d* dt ~ WdZ' 

which is ihe set we solve numerically. 
Experimentally, the power spectrum incident on the plasma, P(»||), is specified 

as a continuous function of the parallel index, n\\ = k\\c/u>, by controlling the size 
and relati%'e phasing of the elements of a slow wave launching structure. 1 6 We 
separale the spectral shape function S(7i||) from the magnitude P0, by writing 

P(n|i) = flJ5(ft|(), 
where 
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y<fa||S(n||) - 1. 

Numerically, we approximate the continuous spectrum hy apportioning the input 
energy flux amongst a sufficiently large number of discrete rays, each with launched 
power Pj = P 0 5(n | | j )Ar j | | , so tha t the powers P} vary reasonably smoothly as a 
function of ray index number j . The power convected by each ray satisfies the 
equation 

where the (assumed small) damping decrement 7 (< 0 for a stable plasma) is ob­
tained by expanding Eq. (11) about (u>, k) 

7 = - { l ! » a g e [ k ( r , w M } / j A (ISa) 

Here 
I r a a g f = ik/^+ a fc A ™ + s fe A - ' - ( 1 8 b ) 

IV. The Particle Kinetic Equations 

A. General Observations 
Some reduction in the dimensionality of the particle kinetic equations is neces­

sary t o make their solution t ractable . To this end. we observe: 
1) T h e electron and ion collision t imes are short compared to characteristic 

t ransport t imes, so that the s teady-state solutions of the kinetic equations are ad­
equate . We qualify this by noting tha t we should retain t ime dependence in tl.e 
electron kir.etic equation if runaway production in the combined presence of an 
inductive field and rf 'waves is to be properly t reated. However, because the pro­
duction of only a few runaways can effectively "short ou t" the inductive field, we 
need only check and be sure that the electric field strength being computed is below 
the value which produces runaways. 

2) By virtue of the strong tokamak magnetic field, we may assume axisymmetry 
of all / , about b = B / )B| in velocity space, i.e.. fjiv) — /. ;( t ' j . . t'[|)-

3) The rollisional mean-free pa th is typically long compared to the convection 
length. Therefore, the electrons and the passing ions see an effective quasilinear 
diffusion coefficient equal 1o the flux surface average of the locally computed result, 
and the spatial dependence of the kinetic equations is reduced to a single (radial) 
coordinate. 

B. Electrons 
The reduced electron kinetic equation can be writ ten 

-(1)?^=C(f) + W(f) + T(f). (19) 



Here f is the inductive electric field, C(f) is the Coulomb collision operator. W"(/) is 
the wave diffusion operator, and T(f) accounts for spatial transport of the electrons. 
Lacking a transport model, we replace T(f) by the simple form 

T(f) = -vLo,J. (20) 

where the loss rate vi,oii is to be associated with the experimentally determined 
particle confinement time. The wave diffusion operator is one-dimensional 

W{f) = ~D^'¥~- < 2 1 > 
dv\\ d"\\ 

The quasilinear diffusion coefficient is 

DQL.e = *-(! ) £ ( | E j • b|S)«(u; - % t - „ ) . (22) 

where the sum is over all intersections by all rays with the flux surface r-ider con­
sideration and { } denotes the flux surface average of the enclosed quantity. The 
required average (|Ej • b | ) can be related to the power Pj and the local polariza­
tion vector ej = E j / |E j | , computed from Eqs. (9) and (17), respectively, by first 
observing that 

Pj= [ dS • Fj = f dS • VgrJUj, 

where the surface average covers the entire area .4^, of the flux surface under con­
sideration, and then by using Eq. (14) for U,. with the result 

<lE, .b S >=-- i*£f r bb:Q, - 1 (23) 

where 
n • = 3^2 VM) 
W j e; • (2K-r u)8K/du>) • <ij ' ( " ' 

and r, is the normal to -4+ at the point where the j t h puncture occurs. 
Solution of the full two-dimensional (i'||,«x) Fokker-Planck equation [Eq. (19); 

at even a single point and for a specified electric field requires considerable effort. 
Practically we are forced, without rigorous justification, to further reduction if 
kinetic effects are to be included at the transport level of description. We employ a 
one-dimensional collision operator of the form, 

Cif) = ~UDc£- + vc)Mn)]. (25) 
dv\\ 5 l 'll 

The collisions! diffusion and drag coefficients are given by 

De = voVTrh\vK), (26) 
and 



t'c - voi^Mvy), (27) 

respectively, where 
Anc*n 

"a = J , - InA. 

and 

*U'ii) = | i - ( ' ' n / ^ r f 3 / 2 -
The normalization coefficient fi is chosen to yield the correct value for the electrical 
conductivity in the absence of rf. I; is approximately (1 + Z ) / 5 , with Z the ion 
charge. The iorni Eq. (25) has several desirable properties. Firstly, it conserves 
particle number. Secondly, the solution t o C(f) = 0 is a Maxwellian (with thermal 
velocity i'j-e )• Finally, the velocity dependence of the coefficients are those obtained 
by expanding the linearized collision operator for high speeds o .> :• vTr. Eq. (25) can 
be "der ived" 1 ' by averaging that operator over vx, assuming / has a characteristic 
width Ai>±.-~ Vxe-

One additional point deserves discussion. Referring back to the wave diffusion 
equat ion, we note tha t the discretization of t he wave spectrum has made DQLC 

singular, VVe resolve this singularity, and its counterpart in the expression, Eq. (7), 
for A"||., by introducing a small but finite width 6v into the wave-particle resonance. 
Specifically, we replace the del ta function in Eqs. (7) and (22) with a Gaussian 

6(*J - V l i ) - e * p H " - k\\v\{f /2(bv)-)/{2n)"-bv. (28) 

The size of bv is chosen large enough so that the convolving Gaussian spans several 
intervals Ac, of the finite difference velocity grid on which / , is solved. 

C. Ions 
Proceeding by analogy with the electron case, we treat the ion kinetic effects 

by averaging the full two-dimensional equation over »>||, assuming a characteristic 
parallel velocity r i : — vj,. We obtain, for vj( , •> (^ ">> i>j-,,, 

» -= — / - « - j . [ 0 ( ? L . . - | ^ - ( f ± ) + DCATT- + - ^ ) / . ( « u ) i , (2J>> 

where. in this limit. 1* 

/7?, v±* ~^ rrij 2m, ! . ' T e

J 7r 3m, 

T h e sum is over all singly charged ion species j , each of density n , and mass ni j . 
The quasilinear diffusion coefficient consistent with the wave-particle interaction 
discussed in Section III and used to compute the ion damping is 
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+ (k,. A bj(k, A b ) ' ( i i .<•: - ^ ) " 2 ( f c 1 . J r j - = i : Q, ; 

,,>£, (3D 

The first t e rm results principally from the slow wave and the second from the fast 
wave. T h e sum is again over all punctures j of the flux surface * . 

Eq. (29) can he directly integrated. Prescribing the boundary condition that 
the velocity space flux vanishes and tha t / , reduces to the bulk Maxwellian at small 
r± for which DQL., = 0, we obtain / = /i.o. where 

AoOM.) = i r - ^ - T p f U f ' 1 *u>j.7(l + DQUIDCA)). (32) 

Because DQL., is nonzero for al] vx > *>/k±, this solution typically contains an ion 
tail which extends to unphysically high energies. In a tokamak one expects that 
for velocities above some velocity Vial, the ion orbits are unconfiiied, effectively 
t runcat ing the distribution function at that velocity. Schuss has investigated the 
effects of loss due to t rapping in toroidal ripples in the magnetic field s t r e n g t h . 1 9 

We consider here the simpler case cf an axisymmetric tokamak. We assume tha t 
the principal l imitation on the confinement of very high energy t rapped ions is t h a t 
their banana width becomes large enough that they impact the limiter. 

The calculation of the loss velocity can he done analyt ical ly . 2 0 2 1 Because of the 
assumed axisymmetry, the canonical angular momeuUun 

Vc. =- mR-o 4 qRAa. ^ mRv« + ^/?.4„. (33) 
c c 

is conserved. Hen - A# is the 0 component of the magnetic vector potential , i.e., 
B = V A A , and R = Ro + rcosfl with Ro the major tokamak radius. For a small 
aspect rat io tokamak, wo have, to the required accuracy, 

B = ^ P , ( r ) + ^ ] , (34) 

with B0 a constant . This form is generated by the vector potential 

A = # , [ * / » ( § ) B « ~ | f"drBe{r)]. (35) 
li H Jo 

Combining />„.. with the two additional constants of the motion, the energy T = (v±~ 
rj|)/2 and the magnetic moment /i = v\/B. yields a relation for the perpendicular 
loss speed V L „ , above which ions of a given v\\ injected at d = 0, R = -Ro + f will 
inij>act the limiter at• Ra = 7? + a on their banana excursion. Th» result is 

, W = {[J?rN + ?2z£dr'B,ir)] - (Ravvf}/Ra{a - r). (36) 
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The loss process is incorporated into the ion kinetic equation by replacing the 
no-flux condition with the condition 

/ ' < " ^ ^ x , l w . = 0 . (37) 

In order to obtain a nontrivial steady-state solution, the velocity space flux im­
plied by Eq. (37) is balanced by a source S[v±) = 5 0 4(c_)/« '_ where .*>„ is to be 
determined. The solution for / , is 

/ , ( ^ l = / « ( « ' i l ^ ^ . (3$) 

H{x)= H'" di^{l/Vl(DQLi + DCj)]e..TP{l- / "* di-Wj( 1 + DqLJDCi)\, (39) 

with / , oU-j.) given in Eq. (32). 

V. Magnetic Flux Diffusion 

The plasma current density obeys the deceptively simple equation 

dj c 2 i a de c* 
oi 47r r dr Or 4n 

when writen in terms of the inductive electric field £. Boundary conditions appro­
priate to a small a sped ratio tokainak are 

^ l P = o - 0 . f(«) + i a | ; U 1 - f „ , ( f ) , (41) 

with L the plasma external inductance per unit length and t\r, the external electric 
held applied at r = a. In the presence of an rf-induced distortion of / , , tlie explicit, 
linear relation S = ni is replaced by the implicit- nonlinear relation 

jto{£,r,t)=j{r,t), (42) 

where 

jke = - q n / dv,} v\]feivhe,r,t), l « > 

and / , is the solution of the kinelic equation [Eq. (19)], assuming DQL* >S known. 
An explicit (in time) finite difference solvit ion of the parabolic equation [Eq. (-40) 

is inefficient because the t ime s tep required to ensure numerical stability is very 
small. Our approach is to linearize Eq. (40) about the solution computed at time t 
in advancing to f + At. We write, temporarily suppressing the spatial dependence, 

£U+) = £ua) + ?fir-f), («) 
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aiid solve the resulting implicit finite difference equation 

r - ^r^fw 0'*--')] = ^r^^Ar,*)-f~u°,r,t}i (45) 
for j + . Upon obtaining j + . the implicit equation [Eq. (42)] is solved at each radial 
point rj for a new set {f; dS/dj} by employing a Newton root finding technique and 
putting j(r,1) = j+(rj) there. The procedure works well except when the rf power 
is changed discontinuously in time. (We will discuss this more difficult situation 
below.) 

The current density profiles generated by this model are generally narrower 
than the experimentally inferred profiles4 and tend tc peak away from the minor 
axis. The latter effect is a consequence of tlv? fact that none of the rays penetrate 
completely to the minor axis. The narrow prorles are to be expected because we have 
neglected smoothing effects, which include M.H.D. activity inside the q = 1 surface 
and energetic electron transport. Transport is especially important in machines 
such as PLT where the energetic electron collisional slowing down time is not very 
much shorter 1 han the particle confinement time. For instance, taking a confinement 
time r -- 50msec and attributing the loss to a diffusive process, we find that under 
conditions appropriate for current drive in PLT, n ~ 10 i s cm~ 3 , Ttai\ ~ 50keV, the 
1ail electrons diffuse a distance comparable to the minor radius as they slow down. 
(For a reactor-sized experiment, the effects of diffusion will be less pronounced.) We 
have incorporated some features of electron transport in a heuristic way by making 
the replacement 

f - f - ^ V - D j V j , (46) 

in Eq. (40). The diffusion coefficient Dj is related to the characteristic confinement 
lime by Dj — a3/n2r. 

VI. Applications 

The modeling code is used to calculate steady-state and ramp-up current drive 
as well as the effect of ion absorption on current drive. We will present some ramp-
iij> and ion absorption results done for the PLT tokamak. In these calculations the 
current density is the only transport quantity which is evolved. The number density 
and Temperature profiles are fixed and have an assumed form 

A(r) = \A(0) - A(a)]\p(r)Y* + A{a), (47) 

where the radial function p(r) = 1 — (r/a)~, and where a is the minor radius. 
At the initial time r = 0, the rf power is set to zero. The initial current profile is 

obtained by specifying the total plasma current / and by assuming a steady-state 
ohmic discharge, d£/dr = 0. Eq. (42) is iterated until the value of f which produces 
the specified current is obtained. At some later time / = r,, the rf is instantaneously 
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tu rned on. Since we solve the steady-state kinetic equations, a numeric algorithm is 
required to mimic the relaxation of the distr ibution functions and of the spectrum 
which physically occurs in a t ime of the order of the energetic particle collision 
t ime. We address this issue by employing the following iteration procedure: T h e 
rf power is first set to a small fraction (-- 10~ 3) of i ts ul t imate value, and the 
powers Pj are computed using the unper turbed / j . Given these initial Pj(r), new 
fi a re calculated. The process is repeated, typically 10 t imes. At each step, the 
applied power is increased by a roughly constant factor until the prescribed power 
is a t ta ined. Good convergence is obtained for all quantit ies. At subsequent times 
f - i\. good results are obtained with only a single iteration since the t ime behavior 
is smooth. 

The quantities e, v9TX, 9{T), T?||, n± are required in order t o compute the wave-
particle interaction. They a re computed and stored for each ray at each crossing of 
a radial zone. Since the tempera ture and density profiles are fixed, and since the 
fractional current change is < 15% in t he ramp-up case, we have evaluated these 
quanti t ies once only, at t he initial time 1 = 0. 

An important parameter for electron absorption, and thus current drive, is the 
parallel phase velocity of the wave, often expressed in t e rms of the parallel index 
of refraction n^ = k^e/*;. In toroidal geometry r?n is not a constant and can change 
significantly from the lavnched value. This is important for PLT since the launched 
waves have parallel phase velocities that are too large to interact with the electrons. 
The value of rj|| along the trajectory given in Fig. 1 is shown in Fig. 2. On the 
first pass n|; is approximately constant, but after one wall reflection H|. increases 
sufficiently so that the power in that ray is absorbed near the center of the plasma. 
T h e trajectories and n.\ shifts depend on the plasma current and density profiles. 
For a large range of current and density t he inclusion of multiple wall reflections 
results in sufficient n^ shiits so t h a t a significant fraction of t he launched power is 
absorbed. For very low densities, such as discussed below for the current ramp-up 
calculations, an additional small shift of launch spectrum to larger r?n is sometimes 
needed to obtain sufficient power absorption. Possible physical justifications for this 
additional shift are scattering from drift w a v e s 2 2 2 3 a n d / o r wall imperfections. 

A. Ramp-Up 

The modeling code allows the simulation ol current ramp-up including the effect 
of the inductive electric field which opposes the ramp-up. An important question 
is what fraction of the input rf power goes into increasing the poloidal magnetic 
field. This is a measure of the rani]i-up efficiency. The dependence of this fraction 
on input power has been calculated and compares favorably with exper iments . 2 4 

We will give some details for a relatively high power vase where the back inductive 
electric field is import-ant in calculating the ramp-up efficiency. 

The input power is 300 kW launched into a plasma with an initial current of 
180kA. T h e average elec'ron density is 3 x 1 0 l 2 c m - 3 and the center tempera ture 
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is 1.25keV. The calculation is ran for a t ime interval of 0.5 sec. After 0.25 sec. 
the increase in current is approximately constant at 5 0 k A s _ 1 . T h e initial and final 
current profiles are given in Fig. 3 , along with the initial and final electric field. The 
electric field on axis at 0.5 sec is approximately equal (with the opposite sign) to the 
initial field which produced the s tar t ing current of 180kA. The effect of this electric 
field is seen in Fig. 4, where the distribution is skewed on the negative velocity side. 
The pla teau on the positive velocity side is the rf-generated tail which is carrying 
the plasma current. The effect of the electric field is decreased for a larger Z e j j 
since the collisional diffusion and drag coefficients are increased. This is seen in 
Fig. 5 for Z eff of 3 . It is clearly seen tha t in both cases the distr ibution is far 
from Maxwellian. and therefore, a calculation including quasilinear absorption is 
essential. T h e fractions of input power going into increasing the poloidal field are 
0.14 and 0.19 for a Zeg of 1 and 3, respectively. 

B. Minority Absorption 
It has been observed on a number of machines tha t above a critical density, cur­

rent drive efficiency rapidly decreases. 3 3 5 2 6 On P L T this density limit, is observed 
to occur at an average electron density of order 0.8 — 0.9 x 1 0 1 3 c m - 3 for a plasma 
current of 200 kA ?7 This density is significantly below the density for mode con­
version where the perpendicular phase velocity of the waves becomes compara )le 
to the thermal velocity of the bulk deuterium ions. However, a light minority ion 
species, such as hydrogen, can interact with the lower hybrid wcves \\ this density. 
There are two major questions remaining: first, are there enough hydrogen ions, 
and second, are they contained well enough to absorb a significant fraction of the 
input power. We will summarize t he results of t he calculations done for P L T . " 2 " 
We note that minority hydrogen absorption has been independently suggested as a 
cause for the density limit on t he F T tokamak." However, these calculations did 
not consider the confinement of t he hydrogen tail. 

The amount of hydrogen present in PLT when the density limit was measured 
can only be est imated. Values of 10 - 25% are considered poss ible . 2 9 We present 
results for 10% and 25% hydrogen in a deuterium plasma. Figure 6 gives the per­
centage of the total [>ower which was absorbed by the hydrogen ions for average 
electron densities between 0.7 and 1 x 1 0 1 3 c m ' 3 . When the hydrogen ions are absorb­
ing greater than 50% of the power, currenl drive is strongly affected. This occurs 
for 25% hydrogen at densities grealer than -- 0.9 x 10 1 3 cm~ 3 , and is consistent with 
the experiments. For 10% hydrogen only -- 20% is absorbed by the hydrogen ions 
at 1 x 1 0 I 3 c m " 3 . These results are for a plasma currenl of 200kA. The absorption 
by hydrogen is strongly affected by the value of via,,, Eq. (36), which depends on 
the plasma current through the poloidal magnetic field. Ra ther than change the 
current which also affects absorption through changes in ray trajectories, we ex­
plored the effect of doubling vi,,,, as calculated at each radial point from Eq. (36). 
This also explores the question as t o whether or not at a given current, ion banana 
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losses are reduced by other effects such' as collisions, T h e result for 10% hydrogen 
is given in Fig, 6, where one observes that greater than 50% of the power goes to 
ions for densities greater than ~- 0.9 x 1 0 1 3 c m - 3 . The effect of changing t\Lo„ is 
clearlK' seen in Figs. 7 and 8, where contours of the ion distribution as a function of 
perpendicular velocity and radius are given. Note tha t as viots increases, the tail 
extends out to larger velocity and increases in size. We conclude tha t if there is 
25[/( hydrogen ions (or if there is less hydrogen that is be t te r contained than that 
calculated by our simple banana losses model), the minority hydrogen ions can play 
a role in explaining the observed density limit on PLT. 

VII. Conclusions 

We have described a lower hybrid modeling code, LHMOD. which solves the 
tightly coupled equations of lower hybrid heat ing and current, drive in a toroidal 
plasma. In developing the code, we have a t t empted to balance the need to treat 
each physical process iu sufficient detail with the need to work at the t ransport level 
of description. The propagation of the waves is t rea ted in the ray approximation 
with an assumed small damping decrement. (The anti-Hermetian par t of the di­
electric tensor is calculated as a correction term.) Quasilinear theory is required to 
calculate the damping and the resulting non-Maxwellian electron and ion velocity 
distr ibution functions. The kinetic effects are simplified by using one-dimensional 
collision operators for both the elections and ions. The dominant ion loss mecha­
nism is assumed to result from extended banana orbits which impact the Iimiter. 
Finally, the plasma current is advanced in t ime by an implicit scheme which includes 
some effects of electron t ranspor t . 

The evolution of the current profile is shown for a ramp-up case on the P L T 
tokamak where approximately 14% of the launched 300kW of rf power goes into 
increasing the poloidal field. The back inductive electric field plays an important 
role at this power level. The effect of t he electric field is decreased and the fraction 
of power going into increasing the poloidal field is increased if Z e f f i s increased. 
Another example application of the code, to a determination of the role of minority 
hydrogen ion absorption in explaining the density limit, is discussed. 

ACKNOWLEDGMENTS 

We are grateful for informative discussions with P. Bonoli, R. Englade, and N. 
Fisrh. and to C. Karney whose suggestions a1 the initiation of this effort were quite 
helpful. We appreciate the efforts of S. Bernabei, T. K. C'hu, W. Hooke, F . Jobes, 
R. Motley, and J. Stevens in making PLT data readily available to us and also for 
many informal discussions about the experiments. 

This work was supported by the United States Department of Energy tuider 
Contract DE-AC02-76-OHO-3073. 

15 



References 

'N. J. Fisch, Phys. Rev. Lett. 41 , 873 <1978). 

2S> -.Bernabei, C. Daughney, P. Efthimion, W. Hooke, J. Hosea, F. Jobes, A. Martin, 
E. Mazzucato, E. Meservey, R. Motley, J. Stevens, S. von Goeler, and R. Wilson, 
Phys. Rev. Lett. 49, 1255 (1982). 

3 M. Porkolab, J. J. Schuss, B. Lloyd, Y. Takase, S. Texter, P. Bonoli, C. Fiore, 
R. Gandy, D. Gwinu, B. Lipshultz, E. Mannar, D. Pappas, R. Parker, and P. 
Pribyl. Phys. Rev. Lett. 53, 450 (1984). 

4 W Hooke, Plasma Phys. and Contr. Fusion 26(1A), 133 (1984). 

5 D. A. Ehst, C. D. Boley, K. Evans, J. Jung, C. A. Trachsel, T. Hino, J. Fusion 
Energy 2, 83(1982). 

eTokamak Fusion Core Experiment Preconceptua] Design Report, Princeton Uni­
versity Plasma Physics Laboratory, June 1984 (unpublished). 

7C. F. F. Karney, and N. J. Fisch. Phys. Fluids 29, 180 (1986). 

"D. C. Eder, E. J. Valeo, S. Beroabei, and J. Stevens, Bull. Am. Phys. Soc. 28, 
1090 (1983); D. C. Eder, E. J. Valeo, and F. Jobes, ibid., 29, 1366 (1984). 

9 P. Bonoli, R. Englade, and M. Porkolab, MIT Plasma Fusion Center Rept. 
PFC/CP-84-6, March, 1984. 

, 0 T . H. Stix, The Theory of Plasma Waves (McGraw-Hill, New York, 1962). 

n S . Weinberg, Phys. Rev. 126, 1899 (1962). 

'=1. B. Bernstein, Phys. Fluids 18, 320 (1975). 

i3Ci F. F. Karney, Phys. Fluids 22, 2188 (1979). 

H E . Ott, J. M. Wersinger, and P. T. Bonoli, Phys. Fluids 22, 192 (1979). 

] 5 D . W. Ignat, Phys. Fluids 24, 1110 (1981). 

1 6 M. Brambilla, Nucl. Fusion 16, 47 (1976). 

1 7 C. F. F. Karney and N. J. Fisch, Phys. Fluids 22, 1817 (1979). 

iBB- A. Tribnikov, in Reviews of Plasma Physics, edited by Leontovich, M. A., 
(Consultants Bureau, New York, 1965), Vol. 1, page 105. 

, 9 J . J. .Schuss, T. M. Antonsen, and M. Porkolab, Nucl. Fusion 23, 201 (1983). 

16 



2 0 J . A. Rome, D. G. McAlees, J. D. Callen. and R. H. Fowler, Nucl. Fusion 16, 55 
(1976). 

2 1 L. M. Hively and G. H. Miley, Nucl. Fusion 17, 1031 (1977). 

" P . L. Andrews, and F. W. Perkins, Phys. Fluids 26, 2537 (1983); ibid., 2546 
(1983). 

2 3 P . L. Andrews, V. S. Chan, and C. S. Lin. Phys. Fluids 28, 1148 (1985). 
2 4 F . W. Perkins, et a/.. Proc. of Tenth IAEA Intl. Con", on Plasma Physics and 

Contr. Nucl. Fusion Res., London, UK, Vol. 1, p. 51?-, Seplember 1984. 
2 5 S . C. Luckhardt, M. Porkolab, S. F. Knowlton, K. I. Chen. .A. S. Fisher, F. S. 

McDermott. and M. Mayberry, Phys. Rev. Lett. 4S. 152 (19l2). 
2 6 F T Group. EURATOM-ENEA Report. 83.38. November, 1983. 

2 7 J . E. Slevens. e) a/.. Proc. of 3rd Joint Varenna-Grenoble International Sympo­
sium. Vol. 11. p. 455, March, 1982. 

-*D. C. Etler. and E. J. VaJeo, (unpublished). 
2 9 \V. M. Hooke, private communication, (1984). 

17 



Figures 

FIG. 1. Ray trajectory r[8) for outside launch. The first (resp. second) pass is 
shown as a solid (resp. dashed) curve. The plasma parameters are: n e (0 ) = 
1 0 I 3 « ] r 3 , nc(a) = l O ^ c n i " 3 , -,'„, = 1, R = 133cm, a/R = 0.3, / = 200kA, 
Bc = 2 9 k G , T e (0) = 1.25keV, Tt{a) = 100eV, -,T, = 3.0, 7,(0) = 0.8keV, 
Tda)=. 100eV. 7 r . = 2. 

FIG. 2. Parallel index n-\ versus minor radial position r for the trajectory of Fig- 1. 

FIG. 3. Initial (i, / = 0) and final (f, i = 500msec) profiles of the inductive electric 
field £ and current density j for current ra .np-up simulation with parameters : 
Prj = 3 0 0 k W turned on at f = 100msec, launched from the outside. Input 
spectrum is peaked at nj] = 2.4 and has a width An\\F\vHM = 1.2, I(i — 0) = 
180kA, n 4 ( 0 ) = 4.5 • 1 0 " c m " 3 , n,(<i) = 6 • 1 0 " c m " 3 , -y„r = 1, Z e f f = 1. Other 
parameters are as for Fig 1. The rays make approximately 5 full radial passes, 
after which 40% of t he launched power is absorbed. 

FIG. 4. Level countour of ft{v^.r) at f = 500msec for the parameters of Fig. 3 
which shows the rf-generated fjuasilinear pla teau for t'n • 0 and the acceleration 
of electrons to i».| --. U :iear r = 0 by the opposing inductive electric field (see 
Fig. 2). 

FIG. 5. Level contour of / , ( i - | i . r ) with all j-aranieters as in Figs. 3 and 4, except 
Z e j r = 3. The larger Zefj- results in a less pronounced negative velocity tail near 
r = 0. 

FIG. 6. Absorption P^ due to hydrogen minority as compared to the sum PTOT of 
electron and ion absorption vs. line average density n. for 10% ( • ) and 25% 
( r- ) minority concentration and for 10% concentration with i-LoS, — 2 I ' L „ „ ( x ). 
Other parameters : The same as for Fig.( 1), except Prf = 2 0 0 k W , t» e(o) = 
0.1 • fi,(0). max 5(7>!|) al »>j| = 2. AnilFiVHu = 1. 

FIG. 7. Level curves of minority hydrogen distr ibution function / , ( t , ^ , r ) > showing 
t|iiasiliiiear tail associated with absorption. The loss veloctiy f£ 0 , i used in bound­
ary condition E<|. (39) is computed from Erj. (36). Parameters : nnydrogm = 

0-1 • TiDcultr,um. » f (0 ) = ].3o- 1 0 I 3 c n i _ 3 . otherwise as in Fig. (6). 

FIG. S. Same as Fig (7) except tha t t<Lo„ is double the value given by Eq. (36). 
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