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A b s t r a c t 

A computa t iona l model for PLT lower hyhri.il c u r r e n t d r i v e and r.imp-ii|i 

exper iments comblnoa a p a r a l l e l , v e l o c i t y Fokkei—Planck t r e a t m e n t of lower 

hybr id c u r r e n t d r i v e with minor r ad iu s f lux d i f f u s i o n ami t o r o i d a l r n y t r n c l m i 

wave p r o p a g a t i o n . Computational, and e x p e r i m e n t a l r e s u l t s a r e I. n (rood 

a c c o r d . Ana ly t i c s o l u t i o n s of the two-dimens ional v e l o c i t y space ( v j , v^) 

d i f f u s i o n problem 'live; value;! of the c u r r e n t d r i v e pa ramete r J/V, which aq ree 

with numerical roKnl. ts , both r e l . a t l v l s t l o . i l l y and n o n r e l a t t v i s t i c a 1 ly . 
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Turning to ICRF heating, two new all-metal antenna designs will permit power 

flux up to 10 KW/cnt . A full wave solution to the magnetosonic wave equation, 

based on the parabolic method, yields cylindrical convergence and treats the 

diffraction limitation on intensity correctly. Mode conversion with energy 

absorption has been added to the BALDim ICRF modeling code. A Fokker-Planck 

treatment of high energy ion tail formation hy ICRF finds that enhanced 

thermonuclear reactivity can occur. 

I. LOWER HYBRID HEATING 

Theoretical Model for Current Ramp-up 

It has been demonstrated that lower hybrid waves can be ussd to ramp up 

the plasma current- Of particular interest is the fraction of input rf 

power, ^ i n ' which goes into the poloidal magnetic field, P_. . , = 1/2 
2 

d(LI )/diL, where I is the plasma current and L is the total inductance. In 

general, the vontribution to Pjield < 1 u e t o c l l a r l 9 e s i- n t n e internal inductance 

is small. The ratio of P f i e l l j to P i n is plotted versus the input power for a 

given series of PLT runs in Fig. 1. The lower hybrid waves are injected into 

a plasma with a decayinq current. At the start of injection, the ini t ial 

current ranges from 160 to 220 kA with the majority of the runs at an in i t ia l 
o 

current of approximately 180 kA. The waveguide phasinq is 60 for all the 

data shown. 

The modeling code contains the following physics: The wave energy is 

propagated in the ray approximation using a warm plasma, electromagnetic 

dispersion relation. Toroidal effects on the ray propagation are included in 

the small aspect ratio limit. The waves exchange energy with the electrons 

and ions throuqh the Landau interaction with distribution functions computed 
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se l f -cons i s ten t ly from k ine t i c equations which include: quas i l inear 

diffusion, co l l i s iona l diffusion and drag, e l e c t r i c acce lera t ion , and radia l 

losses . Ion damping i s negl igible a t the denaiti.es used in ramp-up but 

absorption by a hydroqen minority can be important a t higher densi t ies .The 

inductive e l e c t r i c f ie ld i s determined se l f - cons i s t en t ly , including the 

effects of the strongly non-Maxwellian electron d i s t r ibu t ion function on the 

plasma conductivity. The e l e c t r i c f ie ld couples the flux diffusion equation 

to the Fokker-Planck equation for the e lec t rons . The temperature and density 

prof i les are not presently evolved in time. 

For comparison with the experiments, the computed in tegra l of j • E is 

equated with P c . , , . The code resu l t s for two values of Z_ff are shown as rie_n er r 

sol id l ines in Fiq. 1. The i n i t i a l current i s 180 kA, the average e lectron 

density i s 3 " 10 cm , and the center temperature is 1.25 keV. . For both 
z

0ff cases approximately 40% of the input rf power is absorbed. 

Experimentally, i t i s found that a power of about 100 kw i s required to 

maintain a s teady-state current of ISO kA. This is in reasonable agreement 

with the Z f f = 4 theore t ica l curve, while the 2 „ = 1 case requires 

approximately a factor of two less power. At higher power the experimentally 

determined efficiency of 12-14% is in be t te r agreement with the z

e * c = 1 

curve. A higher conversion efficiency, P f i e i r j / P i r ' ^ s obtained a t higher 

power for Z-ff = 4 r e l a t i v e to Z „ = 1, because a t higher Z e f f the back ohmic 

current opposing the ramp-up i s reduced. 

Currant-Drive Efficiency 

Lower hybrid theory a t MIT has focused on numerical and ana ly t i ca l 

solutions to the l inearised s teady-s ta te two-dimensional Fokker-Planck 

equation "or the resonant electrons in strong rf f i e l d s . The resu l t s show 

http://denaiti.es
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that there is an appreciable broadening of the resonant plateau in the 

direction perpendicular to the toroidal magnetic field and the tail 
2 

perpendicular temperature T, » T_, where T„ = m ev t is the hulk temperature. 

Analytically, for the nonrelativistic case and ion charge Z. = 1 , when D 

is constant for v. < v„ < v_ where v.(v2) is the low (high) velocity boundary 

of the resonant domain, it-, is found that there are many more particles in the 
2 plateau, carrying the current, than estimated by ID theory. The ratio of the 

2D current to the ID current and T,/T_ are given by: 

V J i = V 2 C l t * n ( W / ( v 2 " v ? ) l V 2 = , T i / 2 T

B 

The figure of merit J / P J increases by a factor of 3, compared with the 1D 

theory -?"d i s given by: J / p j = t v , - v J/[2An(v /v J J, where the current 
2 

density J and the power diss ipated Pj are in units of env f c and m nvfcv 

respect ively. Here v = 4ue n(£nA)/m V. . This i s in excel lent agreement with 

the numerical r e su l t and explains the numerically found 2D enhancement. 

In accounting for r e l a t i v i s t i c e f fec t s , an analy t ic treatment based on a 

method of moments i s developed where the r e l a t i v i s t i c Fokker-Planck equai-ion 

for energet ic electrons col l id inq with a thermal background of electrons and 
4 

ions is used. The moment equations yield the evolution equations of the 

average energy, momentum, and current of the energetic electrons. For the 

steady state with LH diffusion the figure of merit as well as the average 

perpendicular energy are given by: 

(j/P d) R = [(e+1)2 - 1]/[(e+1) 3 /' 2(e+2+Z i) V 2], 
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where the subscript R means that J is in units of enc, P^ is in units of 

v me n (v = wf/c ), and e - y - 1 is the kinetic energy (in units of mc ) of 

the current carrying electrons; and 

q*[q* + (q« + 1*,* + 16) 1' 2] - 8 ( Y
2 - 1 -q^) , 

2 

where q^ = v,Y/c, v, being a measure of the average perpendicular energy. The 

numerical results indicate a significant enhancement of the perpendicular 

temperature as well as of the radial one. For example, for a spectrum located 

between the parallel wave numbers 1.4 and 5, the current generated, power 

dissipated and the maximum perpendicular temperature, for Alcator C 

parameters, are 137 kA, 263 kW, and 130 keV respectively. A good agreement 

between the nunerical results for the perpendicular temperature and the 

analytic, relativistic theory has been found. Relativity and the location of 

the spectrum affect significantly the current generated and power dissipated. 

The numerical work has utilized an adaptive time-step, At, selection 

called Aggressive Altemating-Direction-Irnplici t (AADI) procedure. The 

asymptotic state for f is achieved by using as few time steps as possible 

consistent with stability of the solution. A residue e is defined as £ = 

(&f/oT;) where ma-: refers to the entire VgCpg), v^p^) mesh. As long as e 

decreases, the solution is considered acceptable up to that "time" level and e 

is saved for future conparison. At is gradually increased until £ no longer 

decreases. An increase in £ indicates the onset of numerical instability. 

The time step which is on the verge of instability is followed by a smaller At 

which is intended to allow the solution to stabilize itself. 
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I I . ICRF HEATING 

ICRF Antennas 

The radiat ion res i s tance of an ICRF antenna in a large tokamak can be 

computed from straightforward arguments. Let the antenna size be large 

compared to the densi ty decay distance in the plasma scrape-off l ayer . Then 

poloidal and p a r a l l e l wave numbers can be ignored, a s lab model i s 

appropriate, and the magnetosonic wave equation takes the simple form: 

(d E g/dx ) + (u /V ) E 0 = 0 ; k = to /V = to 4HnM/B 

Define x as the posi t ion a t which k n/n ' = 1. The plasma surface impedance 

n i s then r\ = n C(<o/k c ) x where C l i e s in 
o 

the range 1.2 < C < it depending on the d e t a i l s of the densi ty p ro f i l e . 
2 

Normally, n << r\ and the Poynting flux into the plasma is P = Hz"Hg where H 
is the impressed magnetic field computed as if a perfectly conducting surface 

existed at x . o 
Two promising ICRF antennas designs have been iden t i f i ed . Both .'CRF 

antennas are versions of narrow-gap a l l -meta l cav i t i es with a moderate Q * 15 

and have a modular construction which can be simply bolted on to a large 

por t . The f i r s t design [5] , carr ied out for the big-Dee Doublet I I I , consis ts 

of a shallow box with a novel act ive element which simultaneously functions as 

a co i l and as a capacitor . The second , i s a quarter wave segment of 

r een t ran t waveguide which acts as a loaded resonator. Both achieve perfect 
2 

matching to transmission lines and radiate 10 kw/cm . 

ICRF antennas generally have Faraday shields to eliminate the p a r a l l e l 

e l e c t r i c f ie ld and to exclude neutral pa r t i c l e s and radiat ion from the driven 
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elements. These functions are aided by Faraday shield designs with narrow 

gaps. But the gaps cannot be too narrow or the rf magnetic field will not 

penetrate through them. The criterion that magnetic shielding be negligible 

is 'rcAyi/Lg £ 0.3, where Ay denotes the poloidal periodicity length, A the 

lenqth of the narrow gap in the poloidal plane, g the gap spacing and L the 

lenqth of a Faraday shield element along the toroidal field. 

Propagation ot" Magnetosonic Waves 

Let us turn to propagation of magnetosonic waves from the periphery to 

the center of a tokamak plasma. Qualitatively, the large decrease in Alfven 

speed induces a cylindrical convergence of wave power into a focal spot where 

intensity is limited by diffraction. Ray tracing wave propagation algorithms 

cannot trent diffraction phenomena. This has motivated us to develop a new 

wave propagation algorithm based on the parabolic approximation to the wave 

equation. The new algorithm not only treats diffraction correctly, but is 

also more computationally efficient than ray-tracing techniques. Furthermore, 

it provides the electric field amplitudes and polarization needed to implement 

Fokker-Planc"'. calculations of ion velocity distributions, and, via fast 

Fourier transforms, gives the incident Fourier amplitudes for mode conversion 

equations. 

Our current code models the minority hydrogen/second harmonic deuterium 

heating in a cylindrical tokamak equilibrium, but it is readily generalized to 

treat other schemes by changes in the dielectric tensor elements. The 

algorithm divides the tokamak into two regions: an inner uniform-density 
8 9 region and an outer region where the parabolic approximation ' is used. This 

approximation is based on the assumption that the wave propagates primarily in 

the radial direction, i.e., c/Qr >> i/r &/d9. Uncler this assumption, the 
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propagation is described by a single partial differential equation for Eg: 

2 

wr r ot? 

where k = u /vf and Vft denotes the Alfven speed and 52 the ion cyclotron 

frequency. By factoring out the rapidly varying cylindrical waveform from EQ, 

i.e., Eg(r,6) = e(r) iMr,6), Eg. (1) is reduced to a parabolic equation for 

the slowly varying amplitude function, <Mr f9). The cylindrical waveform, 

e(r), consists of generalized Hankel-type. functions obtained by integrating 

the first two terms in Eq. (1) with Eg replaced by e{r). Amplitudes of the 

incoming and outqoinq waves are determined by the launching structure, 

boundary condition at the conducting walls, and transmission and reflection 

coefficients associated with the mode conversion/cyclotron absorption layer. 

Analytic full wave solutions in the inner uniform density, strong focussing 

region are readily obtained since gradients in equilibrium quantities may be 

neglected in these regions. Fast Fourier transforms are utilized to match 

these solutions to the parabolic solutions and to the mode 

conversion/absorption layer. 

Mode Conversion Processes During ICRF Heating of Tokamak Plasmas 

In second harmonic and minority species approaches to ICRF heating a 

wave-particle interaction zone occurs where various plasma resonance 

conditions are satisfied. The wave in this region must be treated with 

kir.etic theories which include linear and quasilinear effects. Near the 

locations of the resonances tk •* ™) and cutoffs (k + 0), the variation of the 

wave length is rapid so that the WKB approximation is no longer valid. 

Moreover, kinetic effects will introduce finite temperature plasma waves. 
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This leads to the possibility of mode conversion phenomenon where the 

dispersion properties of the cold plasma and kinetic waves coalesce in both 

real (r) and {k) space. To simplify the complex nature of the kinetic theory, 

only the fast wave and the ion Bernstein wave are included in the solution. 

Moreover, since the cutoff and mode conversion layers are essentially vertical 

slabs, a one-dimensional approximation in the direction of the major radius is 

used in the mode conversion region. The mode conversion calculation has been 

linked with the ray tracinq and transport codes to simulate ICRF heating of 

tokamak plasmas. 

The general one-dimensional, fourth order mode conversion equatr.on, 

1 0 including absorption , is solved using the Green's function technique to 

obtain the tunnelling (T), relection (R), and mode conversion (C) 

coefficients. The value of these coefficients depends on the direction of the 

incoming wave (either from the cutoff region or the mode conversion rer^on). 

When absorption is included in the calculations, numerical solutions for the 

coefficients are necessary. As an example, new results for the coefficients 

-2/3 in the second harmonic case are sumraarized in Table I, where at ^ 0.16T1 ' e 

2ri a c 2 = 0.9rf 0 - 4 2 , p = e \ 4 / M 1+Y> V 2 j H (3/4> + (iTy*> ] | 2 , J] = U(1+y)/2 

\ and the conver s ion of energy g ives | T . | + | IL | + P|EV,I + E a b s = 1 * ( S e e 

Ref. 10 for the definition of \ . Y, V-) 
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TABLE I 

T ransmiss ion , R e f l e c t i o n , and Mode Convers ion C o e f f i c i e n t s 

f o r Second Harmonic Hea t ing 

Case Transmiss ion R e f l e c t i o n Convers ion 

P a s t wave, fy | 2 - . e " 2 T 5 | R , 1 2 = 0 p | C l | 2 = «-*'*« W**** 
High F i e l d 
Inc idence 

F a s t waver | T , | 2 = e " 2 * | R J 2 = ( l - a " 2 " ) V 2 * * p | c , | 2 = e " 2 T 1 ( 1 - a " 2 1 1 ) *~2%2<2 

Low Field 
Incidence 

' 2 I 

Ion B e r n s t e i n | T 3 | 2 - 0 | R 3 1 2 = e " 4 ^ 2 ^ ^ f c ^ | 2 / P = ( 1 - e ^ ) * " 2 " ^ ' 
Wave; High 3 J J 2 
F i e ld Inc idence | c ~ r / p = e~ J T ,C 1 - e " ^ ! e " ^ c 2 K 

Fokker-Planck C a l c u l a t i o n s of Fusion R e a c t i v i t y 

We have examined fus ion r e a c t i v i t y enhancement by ICRF h e a t i n g in l a r g e 

tokamaks u s i n g a new bounce-averaged , two-d imens iona l ?okker -P lanck code 

i n c l u d i n g a g e n e r a l q u a s i l i n e a r o p e r a t o r . The h e a t i n g i s a p p l i e d t o only one 

plasma s p e c i e s . The remain ing s p e c i e s a r e r e p r e s e n t e d by f ixed t empera tu re 

Maxwel l i ans . The r e a c t i v i t y enhancement i s c h a r a c t e r i z e d by d i v i d i n g the 

r e s u l t i n g bounce-averaged fus ion r e a c t i o n r a t e by t h a t o b t a i n e d from an 

e q u i v a l e n t Maxwellian d i s t r i b u t i o n : The e q u i v a l e n c e h e r e i s de f ined by 

r e q u i r i n g t h e c o l l i s i o n a l power t r a n s f e r t o the remaining s p e c i e s t o equa l t h e 

a p p l i e d r f power. 

We have cons ide r ed the Ci> = 2 u - c a se in d e t a i l . The s o l i d l i n e a i n F i q . 

2 show r e s u l t s of a parameter survey of the <ffv>-enhancement ob t a ined by 

v a r y i n g t h e e l e c t r o n d e n s i t y and the background e l e c t r o n and t r i t i u m 
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temperature for a 50-50 DT plasma with an absorbed r£ power of 0.5 W/cm . The 

rf perpendicular wavenumher i s chosen according to tlie cold plasna dispersion 

re la t ion with n n = 2. Large fusion reaction ra te enhancements, greater than 

3, are obtained a t the lower densi t ies and temperatures. In order for cho 

<av>-enhancemsnt to impact the overal l power balance, the Q (fusion/rf power) 

must a lso be appreciable. For Q = 0.5 and <ov>-enhancement greater than 2, 

the addi t ional fusion power output i s 25% of the input RF power, and thus i s a 

s ign i f i can t factor in the power balance. For Q = 0.5 and T g = T T = 6 keV the 

<Ov>-enhancement remains approximately equal to 2.0 as the rf power and 
3 1 4 - 3 

density are scaled toqether up to 2 W/cm and 2 * 10 cm . 

The ion t a i l formation gives addi t ional veloci ty space average r e s u l t s . 

The poloidal density var ia t ion associated with build up of fas t ion banana 

t ips in the resonance layer is found to be up to 5% over the range of 

parameters covered by Fig. 2. The poloidal var ia t ion of fusion reac t iv i ty is 

found as high as a factor of 2 a t the lowest temperature; th i s effect 

decreases with temperature. Going to higher pow^r and proport ionately greater 

density resu l t s in approximately the same poloidal var ia t ion as a function of 

teuperature. 
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constant Q p o i n t s . 
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