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ABSTRACT 

This report describes the first experimental 

observation of current generation by asymmetrical heating of 

ions. A unidirectional fast Alfven wave launched by a slow 

wave antenna inside the Texas Tech Tokamak. asymmetrically 

heated the ions. Measurements of the asymmetry of the 

toroidal plasma current with probes at the top and bottom of 

the toroidal plasma column confirmed the current generation 

indirectly. Current generation, obtained in a one-species, 

hydrogen plasma, is a phenomenon which had not been 

predicted previously. Calculations of the dispersion 

relation for the fast Alfven wave near the fundamental 

cyclotron resonance in a one-species, hydrogen plasma, using 

warm plasma theory, support the experimental results. 
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CHAPTER I 

INTRODUCTION 

A tokamak is a device which confines a toroidal plasma 

in a magnetic bottle. By passing an electric, toroidal 

current through the plasma, a poloidal magnetic field is 

created within the plasma. This field, in combination with 

a strong toroidal magnetic field generated by external 

coils, confines the plasma. When confined, a plasma of 

light ions can then be heated, hopefully to the point where 

a fraction of the nuclei overcome mutual electrostatic 

repulsion, and fuse, releasing energy. 

The toroidal electric current needed in tokamaks to 

maintain confinement is almost always coupled inductively 

into the tokamaks, and therefore is driven only for a 

limited amount of time. If the tokamak is to become a 

usable fusion reactor however, it should be operated in the 

steady state, thereby avoiding possibly destructive thermal 

stresses in the reactor. Therefore, there is a need for 

devising a method of steady state current generation in 

tokamaks. 

A variety of steady state current drive schemes have 

been suggested. Most of these schemes involve imparting 



momentum to electrons, either with neutral particle beams 

1 2 3 or waves launched in the plasma ' ' . 

2 
In a scheme suggested by Ohkawa , a beam of neutral 

particles, with an atomic number higher than that of the 

ions in the plasma, is injected tangentially into the 

plasma column. The particles must be neutral so that they 

are not deflected by the strong magnetic field of the 

tokamak. Once in the plasma, the atoms in the beam are 

quickly ionized. These ions, having a larger charge state 

than the background ions, collide more frequently with the 

electrons. Therefore, this beam of recently ionized atoms 

"drags" electrons with it, imparting momentum to the 

electrons and driving an electron current. Current drive 

4 
has indeed been achieved using this scheme . Unfortunately, 

the technology required to drive a high power neutral 

particle beam is difficult and expensive. Beyond this, 

there is great doubt whether neutral particle beam drivers. 

which are delicate devices, can withstand the enviroment of 

a working fusion reactor. 

Another scheme which has received experimental 

5 3 

attention was suggested by Fisch . This scheme uses waves 

in the frequency range of lower hybrid to impart momentum 

to high velocity electrons traveling in one direction 

around the tokamak and hence drive an electron current. To 

insure that no momentum is imparted to the ions, which 

would be counterproductive, it is necessary to maintain 



oj/k,, = VQ, >> V̂ ,. (where w is the frequency of the II Phase Ti '̂  M j 

wave, k,, is its parallel wave number. V„, is the phase 
II Phase ^ 

velocity of the wave, and V^, is the ion thermal velocity). 

This condition requires relatively high frequency RF power 

(a few GHz in large machines). Unfortunately, extremely 

high power RF technology in this frequency range is still 

experimental in nature, and far from being a mature 

technology. Furthermore, experimental results suggest that 

this scheme's efficiency falls short of that required for a 

fusion reactor. In any case, it seems likely that the high 

plasma density of such fusion reactors will prevent the use 
7 

of lower hybrid waves. 

In 1981, Fisch proposed yet another current drive 
g 

scheme. This scheme differs from others in that RF waves 

interact with ions rather than electrons and in that the RF 

waves need not inject net toroidal momentum into the 

plasma. 

Fisch proposed that a fast Alfven wave be launched in 

one direction around a tokamak containing a two ion species 

plasma. The frequency of the wave would be chosen, 

considering the Doppler shift, so that the wave would 

cyclotron-damp preferentially into high-speed minority ions 

moving around the torus in the same direction as the wave. 

This condition causes the minority species particles moving 

in the direction of the wave to become hotter and hence to 

collide less frequently with the majority ions than the 



minority particles streaming in the opposite direction. 

Therefore, the minority ion species drift with respect to 

the majority ions. 

If the minority ions carry a different charge than the 

majority ions, then a toroidal current results, unless the 

electrons move in such a way as to cancel it. To see that 

this is not the case, we recall that in a neutral plasma 

the total current is frame invariant. Therefore, we can 

choose a reference frame in which the total ion current is 

zero. Note that both ion species move with respect to this 

frame. Because the electrons collide more frequently with 

the ions having a larger electric charge, the electrons 

experience a net ion drag and therefore drift and produce a 

net current. In fact, Fisch predicted that a net current 

carried mainly by the electrons would be produced because 

the relatively few minority ions, streaming with respect to 

the majority ions, have a larger electric charge than the 

majority ions, and therefore pull the electrons along with 

them. 

This use of fast Alfven waves to drive current, is 

attractive from a technological point of view. To launch 

Alfven waves, relatively low frequency RF power (a few to 

some tens of MHz in large machines) is required. High power 

RF technology at this frequency is a mature technology, 

developed for radio broadcast. Therefore, it would appear 

that there should be great interest in the experimental 



investigation of this current drive scheme. In fact, the 

original focus of the research presented here was the 

experimental investigation of current drive by asymmetrical 

heating of a minority species using unidirectional Alfven 

waves, 

7 
Upon closer scrutiny. Fisch's original proposal 

contained assumptions which are perhaps proper for large 

reactor type machines, but are certainly improper in small 

tokamaks like the Texas Tech Tokamak, the machine on which 

this research was to be conducted on. Also, Fisch does not 

deal with the problem of insuring that RF power is 

delievered preferentially to the particles participating in 

current drive, instead of to the bulk ions. 

These difficulties led to the development of a new 

type of current drive scheme. This scheme is very similar 

to Fisch's original scheme, but differs in that only one 

species of ions, hydrogen, is used. It was with this scheme 

that current drive by asymmetrical heating of a hydrogen 

plasma by unidirectional Alfven waves, was demonstrated 

experimentally for the first time in this work. 

In the interest of logical progression, the order of 

the disertation generally follows the path taken in the 

research. The following is a brief description of the 

contents of the ensuing chapters. 

Chapter 2 contains theoretical considerations. Within 

it there is a description of Fisch's theory, and an 



extension of that theory to include effects Fisch did not 

consider. Difficulties in the preferential deposition of RF 

power into particles participating in current drive and the 

resulting ramifications are explored. Due to these effects, 

the new type of current drive, current drive by 

asymmetrical heating of a hydrogen plasma by unidirectional 

Alfven waves, is presented. Included in the presentation of 

this one species current drive scheme is a numerical 

calculation of the dispersion relation of the fast wave 

near the fundamental cyclotron resonance frequency, a 

calculation useful in understanding the one species current 

drive effect. 

Chapter 3 presents a description of the experiment 

that was conducted to detect this current drive effect. 

This chapter includes a short description of the tokamak 

itself, and its supporting equipment. There is also a 

description of the slow wave antenna used to launch 

unidirectional fast Alfven waves in the tokamak. 

Chapter 4 gives the results and analysis of the 

experiments. The theoretical efficiency of current drive in 

the Texas Tech Tokamak is calculated from the theory 

developed previously. The results of the experiment and the 

results of the calculation are compared. 

Chapter 5. "Conclusions," contains an assessment of 

the practicality of the one species current drive scheme in 

general. This chapter also contains a theoretical 
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prediction of the performance and practicality of the one 

species current drive scheme in a particular large tokamak, 

JET, the Joint European Torus. Finally, peculiarities of 

this current drive scheme which may warrant further 

investigation are discussed. 



CHAPTER II 

THEORETICAL CONSIDERATIONS 

Current Drive by Heating of Minority 
Species Ions as Proposed by Fisch 

The following is a description of Fisch's scheme of 
g 

current generation by minority species heating including 1) 

his calculation of the amount of power that is necessary to 

establish a minority species ion drift and his calculation 

of the electric current that results from this ion drift, 

and 2) his calculation of which minority species ions should 

be heated so as to optimize current generation (those ions 

being minority species ions with a particular parallel 

velocity) is also included. 

Fisch first assumes that some means exists to displace 

a velocity space element of volume Af from the velocity 

space location labeled 1 to the velocity space location 

labeled 2 (see Fig, 1). He assumes that momentum in the z 

direction (the direction parallel to the magnetic field) is 

lost from the minority species ions in location 1 at a rate 

I) while the minority ions in location 2 lose momentum in 

the z direction at a rate v^. Fisch then states that the 

amount of energy required to displace ions from location 1 

to location 2 is simply 

8 



V i 

V 

Fig Diagram Showing Displacement of Particles in 

Ve loc i ty Space. 



AE = (E2-E^)5f 

E . = m V .^/2 . 

10 

(1) 

(2) 

where V is the speed of the ions at location j and m is 

the mass of a minority species ion. 

The change in parallel momentum in the minority species 

induced by this displacement is given approximately by 

Ap^ X 6f m^ [V^2^^P(-"2^^ " V^^exp(-u^t)] . (3) 

where V ^ is the velocity, in the z direction, of the 

minority ions at location 2, and V ^ is the velocity, in the 

z direction, of the minority ions at location 1. From this 

change in parallel momentum, Fisch finds the directed 

momentum of the minority species, time-averaged over a time 

A t , as 

. At 
p = T* J* Ap dt 

m 6f a 

At 

z2 

u, 

zl 

u 
(4) 

where he obtains the second equality by assuming At is large 

compared to l/i)̂  and \/D^. 

Fisch then defines the rate at which power is 

dissipated to maintain the directed momentum as simply 



P, = AE/At 
d 

11 

(5) 

Then, combining Eqs. (1),(4) and (5), he finds the ratio of 

minority species momentum to power dissipated as 

a 
= m a 

(6) 

Then, defining s as the velocity space vector that 

represents the displacement from location 1 to location 2, 

and taking the limit | s | -» 0 in Eq. (6), he finds 

a 
= m a 

s • 

s 

V (V / u ) 

• V E 

C^) 

From Eq.(7), it is obvious that a minority species 

drift occurs only if 

s • V (V /v) ji 0 , ^ z 

which is true if 

s • V V ?i 0 z ( 8 ) 

o r 

s • V u ?tf 0 ( 9 ) 

When Eq. (8) holds, momentum is injected into the minority 
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species ions, and current generation is achieved in a manner 

2 3 similar to earlier current drive schemes ' . However, if 

Eq.(9) holds and Eq.(8) does not, minority species drift 

still occurs, but with no momentum injection. By 

asymmetrical perpendicular heating, particular minority ions 

can be moved to a region of velocity space where they 

possess a lower collision frequency. This movement in 

velocity space, corresponding to Eq.(9) being satisfied. 

generates a minority ion drift, and since electric current 

arises from the motion of electrons reacting to the relative 

drift between the two ion species, an electric current is 

generated. It is this current drive scheme, current drive 

without momentum injection, or current drive by minority 

species heating, that Fisch investigates. 

To consider quantitatively the amount of current 

generated, Fisch assumes that 

V = V + V. (10) 
e 1 ^ ^ 

where v and v. are the rates of momentum loss of the 
e 1 

minority ions to the electrons and the majority ions, 

respectively. He also assumes the velocity of the heated 

ions, V, is of course lower than the electron velocity, but 

greater than the velocity of the bulk ions. Using these 

assumptions, and assuming that no momentum was injected into 

the plasma, or 



s V V = 0 , 
z 

13 

Fisch finds 

a m V 
a z 

^ • 1 
_ 1 
u 

r 1 

^E ( 1 1 ) 

It is now possible to calculate the amount of current 

generated per unit power dissipated. Fisch assumes that the 

minority ion species drifts at a speed V parallel to the 
a 

magnetic field while the majority ion species drifts at a 

speed V,. He assumes that the minority ion charge state is 

Z while the majority ion charge state is assumed to be 

unity. Then, since the electrons collide with the minority 
2 

ions Z times more often than with the majority ions, the 
a 

electron parallel drift speed, V , must obey, in the steady 

s tate, 

n Z ^(V -V ) + n.(V.-V ) = 0 . 
a a ^ a e^ i^^i e' 

(12) 

where n and n. are, respectively, the minority and majority 
a 

ion densities. He also assumes that no momentum is injected 

into the plasma. 

n m V +n.m.V. + n^m^V^ = 0 , a a a i i i e e e (13) 



14 
and that charge neutrality is obeyed. 

V a -̂  ̂i - "e = 0 (14) 

The current is given given as 

J = e ( - n V + Z n V + n . V . ) e e a a a \ \' (15) 

so that combining Eqs. (12)-(15) and taking the limit 

ni_/m -* 0, he obtains 

en V (1-Z ) 

J = Z n. + (n -n.) 
J. ,, 7 '̂  1 n. + n Z 

1 a a 
(16) 

Assuming the regime 

n Z << n. ~ n a a 1 e 

and using Eqs.(16) and (11). Fisch finally finds 

T 3 2 ""i 
_ = Z. eV (Z -Z '̂ ) _J_ 
P, 2 2„ 
d V E 

(17) 

In an attempt to normalize this relation, Fisch adopted 

several normalizations and definitions, most of which are 

2 3 9 
characteristic of previous work ' ' . He normalizes J to 
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- e n V ^ ^ a n d P t o % n m V ^^ ( ^ ^ e r e u^ = o) ^lnA/27rn V.̂  ^ ) . 
u c e 1e o pe o Te 

He then defines the quantities 

W = V /V^ 
z Ta 

U = V/V^, 
Ta 

Y = u /v.U' 
e 1 

or 

^ = 3 

1 r 2 

ir 

1/2 m il/2 e 

m 
a 

1 

1+ (m /m.) 
*• a 1'' 

(18) 

(19) 

(20) 

and specifies v and v. as 
e 1 

^ = %Za^tVni^]2[l-H(m^/m.)][V.j,//V^] (21) 

"e = %z/[2/97r]l/2,-^^/^^-j2j.^^^^^/^^^^ (22) 

Using these normalizations and defined quanities, Fisch 

finds the normalized relation for J/P, as 
d 

3WU 
J/P^ = 3 2 

(l+YU"^)^ 

1 - Z -1 
a 

1 + (m /m,) 
^ a 1' 

(23) 

Finally. Fisch gives a simple expression for the 

efficiency of his current drive scheme. This expression can 

be easily maximized as a function of W, since, as we will 

see. its maximum occurs for W > 1, a region where W ~ U. H« 
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found that the current drive efficiency, J/P,, is maximized 
d 

if 

W = W = (2Y) ^^^ . (24) 

Because W (see Eq.(18)) is simply the ratio of the parallel 

velocity of the minority species ions that are heated to the 

bulk thermal velocity of the minority species, maximizing 

the relation for J/P^ as a function of W is the same as 

calculating which minority-species ions should be heated so 

as to optimize current generation. 

Therefore, for a given combination of majority and 

minority ion species, Eqs,(20) and (24) tell the 

experimenter which minority species ions to heat (ions with 

a particular parallel velocity). Upon heating these ions, 

the experimenter can use Eq,(23) to determine how much 

current drive to expect. 

Within his paper, Fisch calculates the expected current 

drive efficiency of his scheme in a large tokamak, similar 

to the PLT tokamak at Princeton University . With a 

combination of minority and majority ion species that would 

result in W ~ 5. Fisch predicts that about two watts of RF 

power would be needed to drive each amp of toroidal current. 

If this prediction proved to be true, this current drive 

scheme would be of great interest to tokamak researchers. 
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Corrections to Fisch's Theory Necessary 
for Small Tokamaks 

When our experiment was first proposed it was assumed 

that Fisch's theory as just presented would hold in small 

tokamks like the Texas Tech Tokamak. A plasma with a 

majority species of deuterium and a minority species of 

helium-3 was to be used in our experiment, due to previous 

experimental data which showed that the fast Alfven wave is 

able to propagate near the ion-cyclotron resonance of 

helium-3 in the Texas Tech Tokamak , thus enabling the 

heating of this minority species. Using this combination of 

ions species, we can find by using Eqs,(20) and (24) that 

W ~ 7. In other words, current generation would be 

optimized if RF energy were imparted to those minority 

species ions moving around the tokamak at about seven times 

the ion thermal velocity. If RF energy were to be imparted 

to these ions, then using Eq,(23) and knowing the geometry 

of the Texas Tech Tokamak (which is described in Chapter 3) 

we find the efficiency of current drive to be 0.172 amps of 

toroidal current drive for each watt of RF energy used. 

Unfortunately, upon closer scrutiny of his paper, it 

becomes apparent that Fisch makes several approximations 

which are perhaps applicable in large reactor type tokamaks. 

but are certainly inapplicable in small tokamaks, such as 

the Texas Tech Tokamak. In fact, two of the assumptions. 
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which we now explore, are inapplicable in virtually all 

existing tokamaks. 

It is now clear to us that Fisch assumes that the 

electron temperature. T , equals the minority ion species 

temperature T , The importance of this becomes clear if we 

a 
reexamine his quantity, Y, 

Y = u /u,U' 
e 1 

(20) 

or 

-U^l 
1/2 m 

m 

1/2 

a •• 

1 

1+ (m /m,) 
^ a 1 -* 

If we assume that T ^ T , the quantity Y, defined in the 
a e 

same way as in Eq.(20), becomes 

Y = u /u.U* 
e 1 

(25) 

or 

1 r 2 
Y = 

1/2 m il/2 

m 
a 

1+ (m /m.) 
•• ^ a 1 ̂  

a 
3/2 

In the Texas Tech Tokamak, T ^ 100 eV and T Z 20 eV 

If we use these values in Eqs.(24) and (25), we find a 

corrected value for the optimized value of W, which is 

W ~ 15.7. In other words, current generation would be 
o 

optimized if RF energy were imparted to those minority 

species ions moving around the tokamak at about 15.7 times 



19 

the minority ion thermal velocity. It is. therefore, obvious 

to us that current cannot be optimally driven in our 

machine, since there are virtually no particles with 

velocities 15.7 times the minority ion thermal velocity. 

A particle velocity much more likely to exist in the 

12 
Texas Tech Tokamak is V ~ 4VT, , that is. it is much more 

z Ta 

likely that the experimenter can arrange for W to equal 4 

than to 15,7. If we use Eqs,(23) and (25). let W = 4, T = 

100 eV, T = 20 eV, and use a plasma with a majority species 

of deuterium and a minority species of helium-3. the 

expected efficiency of Fisch's scheme in the Texas Tech 

Tokamak is approximately 25 milliamps of toroidal current 

drive for each watt of RF energy used. This efficiency is 

about seven times lower than the efficiency predicted by 

Fisch's original calculations. 

Another assumption made by Fisch which makes a radical 

difference in the application of his calculations to real 

devices is his assumption that the effective charge of the 

plasma, Z -~, equals unity. In all small machines like the 
ef f 

Texas Tech Tokamak, and in fact virtually all large 

operating tokamaks ' ' , Z^^^ > 2. 

If we go back to his calculation and add in the term 

Z ^^, we find that Eq,(12) 
ef f 

n Z ^(V -V ) + n.(V,-V ) = 0 a a ^ a e' 1*^1 e^ 

becomes 



^ ^ 2 ^ ^ ( V „ - V ) + n . Z - . ^ ^ ( V . - V ) = 0 a a ' - a e ' l e f f ^ - i e^ 

20 

( 2 6 ) 

and Eq.(15) 

becomes 

J = e ( - n V + Z n V + n . V . ) 
e e a a a i i ' 

J = e(-n^V + Z n V + Z .^n.V.) , 
e e a a a e f f i i ' ( 2 7 ) 

resulting in Eq.(17) 

becoming 

T 3 P î 

_ = 1 eV (Z -Z ̂ ) ^ 
p ^ z*- a a -' —Z-
d ^ u^E 

:L = ̂ eV 
Pd 2 ' 

Z -a 
a 

V 

effJ V E 
(28) 

From Eq.(28) we can see that if a tokamak has a 

hydrogenic plasma with an effective charge of 2, or 

3 
Z -„ = 2, and contains a minority species of He or He, 
ei I 

where Z = 2 , the efficiency of Fisch's current drive scheme a 

goes to zero. Though we do not know exactly what the 

effective charge of the Texas Tech Tokamak is (determination 

of the effective charge of a tokamak plasma is extremely 

difficult and is not known with great certainty in any 

ma chine), if it is as we expect, approximately 2, the 

efficiency of this current drive scheme in the Texas Tech 

3 
Tokamak with the originally proposed D-He plasma, could be 

extremely low indeed. In any case, with any value of Z 
eff 
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greater than 1, the efficiency of current drive is smaller 

than that originally predicted. 

Difficulties in the Preferential Deposition of RF Power into Particles 
Participating in Current Drive 

Though Fisch was quite explicit in his paper in the 

description of what minority species ions to heat to achieve 

a particular current drive efficiency, he gave few clues to 

the experimenter on how exactly to heat those particular 

minority species ions. As already mentioned, the basic idea 

is to couple RF energy from a unidirectional fast Alfven 

wave through Doppler shifted ion cyclotron resonance to 

minority species ions moving with a particular parallel 

velocity around the tokamak. This quality differentiates his 

current drive scheme from other current drive schemes in 

that it results in current generation being spatially 

localized within the tokamak. 

Whereas other current drive effects are bulk effects, 

asymmetrical heating of minority species ions only occurs 

for minority species ions that satisfy 

0) = n^ + k„WV^^ (29) 

where Q, is the local value of the minority ion cyclotron 

frequency, w is the frequency of the RF power applied, k|| is 

the parallel wave number of the launched fast Alfven wave. 
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and WV.j,̂  is some multiple of the minority species thermal 

velocity (recalling from Eq,(18), that parallel velocity V 

equals WV^^). The magnetic field of a tokamak decreases 

towards the outside of the torus. This characteristic of 

tokamaks causes the local cyclotron frequency of the 

miniority ions (fi. = Z e|B|/m ) to be spatially dependent. 

In the Texas Tech Tokamak, the local cyclotron frequency for 

3 
He ranges from approximately 6,7 MHz at the inside edge of 

the plasma column to 3.7 MHz at the outside edge 

(see Fig. 2). 

Our original experimental plan was to choose an applied 

frequency, w, such that the spatial location, where w = fi, 

was satisfied, existed outside the plasma, while the spatial 

location, where o) = Q, + 4VT, k,, was satisfied, existed just 

L Ta II *̂  

inside the plasma (see Fig. 3). This circumstance would 

eliminate two undesirable effects. If the spatial location 

of &) = fi, + 4V^ k.. was just inside the plasma, heating of 

slower minority ions (W = 3.2,1 etc.) would be impossible 

(see Fig. 3 ) , This feature is desirable since these slower 

ions convert RF energy to current drive less efficiently. 

The other undesirable effect our original plan eliminated, 

was the possible absorption of significant amounts of RF 

energy at the cyclotron resonance of the minority species. 

It is well known that in a two species plasma, the fast 
wave is heavily damped at the cyclotron resonance of the 

1 fi 
minority species , If we were to allow the spatial 
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n ( He^ ) = 3.7 M Hz 

1 

TOKAMAK VESSEL 

-5J> 

Fig. 2 Cross Section of Tokamak. Showing Value of the 
3 

Cyclotron Resonance Frequency for lie at Plasma 
Edges . 
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location, where co = Q i s satisfied, to exist inside the 

plasma, instead of heating only minority ions with a certain 

parallel velocity, we would also heat the bulk ions, with 

the result of a greatly reduced amount of current drive 

being generated. 

Unfortunately, our original plan, in practice, is 

impossible to carry out. In the Texas Tech Tokamak. the term 

4V^ k.. (using values for k.. and V^ experimentally 

obtained ) is much smaller that Q, . In fact, the spatial 

location which satisfies w = fi, and the spatial location 

which satisfies w = fi, + 4VT, k,, are separated by less than 
L Ta II ^ ^ 

two centimeters. 

The plasma at the edge of our machine's plasma column 

is undoubtedly colder than the plasma at the center of its 

plasma column. In fact, the plasma at the edge is too cold 

(too collisional) to enable minority species heating. The 

question then becomes, "where is the plasma warm enough to 

support ion heating?" One could guess one-half or one 

centimeter into the plasma column but we do not have 

sufficient, space resolved temperature diagnostics to 

ascertain this. This location also most probably varies from 

one tokamak discharge to another. Beyond this, the magnetic 

field of the tokamak also varies slightly from shot to shot, 

varying the location of the heating layer, and making the 

prediction of its exact location difficult. 
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These difficulties, from a practical, experimental 

point of view, make it virtually impossible to place the 

asymmetrical heating layer, which corresponds to 

ID = Q^ + 4V^^k|| . inside the plasma column, where heating is 

possible, while at the same time, less than two centimeters 

away, placing the damping layer, which corresponds to 

" ~ ^L ' °^^side the plasma column. Even if we were able to 

place our current generating layer just at the edge of our 

plasma column, since the Texas Tech Tokamak's plasma is a 

rather cold tokamak plasma, most of the ions participating 

in current drive, being near the edge, would rapidly scatter 

out of the column, drastically reducing the current drive 

eff iciency. 

Unfortunately, our original plan to demonstrate current 

generation exactly as Fisch described it, was our only 

conceivable plan to do so. It appeared that the effect, 

exactly as Fisch described it, was impossible to demonstrate 

on the Texas Tech Tokamak. What we needed was a variation of 

the scheme, which was demonstrable on our tokamak. 

Current Drive by Asymmetrical Heating of 
a One Ion Species Plasma 

The current generation scheme that was ultimately 

investigated experimentally in the Texas Tech Tokamak was 

very similar to Fisch's original scheme, but differed in 

17 that only one species of ion. hydrogen, was used . An 
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explanation of this effect can be given in terms of Fisch's 

original scheme. 

As already mentioned, the effective charge of a 

hydrogenic tokamak plasma is Z -^ > 2 for virtually all 

existing tokamaks. including the Texas Tech Tokamak. Even 

for a one-species, hydrogen plasma, where there has been no 

intentional addition of a minority species, contaminants 

from the vessel's walls and limiters act to increase the 

effective charge of the tokamak plasma to Z -» > 2. The 

essential idea in this new scheme is to use this fact to 

experimental advantage. Within the new scheme minority 

species ions are never intentionally added. All experiments 

were conducted with a one-species, hydrogen plasma, with an 

effective charge of Z -._ > 2. 
^ eff 

If a unidirectional fast Alfven wave were launched in 

the Texas Tech Tokamak with a frequency chosen to heat 

hydrogen ions moving in one particular direction around the 

torus, this heating would occur within a small portion of 

velocity space. Due to the variation in the toroidal 

magnetic field from the high field side of the machine to 

the low field side of the machine, this asymmetrical heating 

would occur within a small cross-sectional area in the 

machine (see Fig. 4 ) . Hydrogen ions within this small area, 

streaming with the wave, would become hotter and hence 

collide less frequently with the background plasma than 

hydrogen ions streaming in the opposite direction within 
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this small heating area. The background plasma is defined 

here as all hydrogen ions outside the small heating area and 

all impurities throughout the machine. In other words, all 

particles within the machine that are incapable of being 

heated by the Alfven wave are considered to be part of the 

background plasma, which because of the influence of the 

impurities, has an effective charge of Z „- > 2. 
ef f ~ 

In terms of Fisch's original scheme, the hydrogen ions 

(Z = 1) within the area of possible asymmetrical heating 

could be called the "Fisch minority species" and the 

background plasma with Z -^ > 2 , could be called the "Fisch 
ei r 

majority species." During asymmetrical heating, hydrogen 

ions with charge Z = 1 would stream relative to the 

background plasma. Since the "Fisch minority species" has a 

different charge state than the "Fisch majority species," a 

toroidal current would result, in exactly the same manner as 

in Fisch's original scheme. Electrons would collide more 

frequently with the species having a larger electric charge, 

causing the electrons to experience a net ion drag and hence 

drift and produce a net current. 

Current drive by the asymmetrical heating of a 

one-species plasma is similar to Fisch's original scheme in 

that current generation is localized within the tokamak. As 

in his scheme, asymmetrical heating only occurs for 

particles which satisfy 
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w = n, + k.-WV̂ , (29) 
L II Ta ^ ' 

where Qĵ  is again the local value of the "minority" ion 

cyclotron frequency, remembering now that the "minority" ion 

is hydrogen. As before, w is the frequency of the RF power 

applied, k.. is the parallel wave number of the fast Alfven 

wave launched, and WV^, is some multiple of the minority ion 

Ta *̂  "̂  

thermal velocity (typically W < 4) . where the "minority" 

ion, is again, hydrogen. 

In the Texas Tech Tokamak, the term 4V^ k,, (values of 
Ta II '̂  

V^ and k.. found experimentally) is much smaller than the 

term fi, (the local cyclotron frequency for hydrogen, Q, , 

ranges from 5.6MHz to 10 MHz in our machine ). In fact, it 

can be shown that the spatial location which satisfies 

0) = n, and the spatial location which satisfies 
0) = n̂  + 4VT, k,, differ by only two centimeters or less in 

L Ta II 

this tokamak. Thus all asymmetrical heating in the tokamak 

occurs in a small portion of the machine near the location 

which satisfies the condition w = Q̂ ,̂ 

It is now no longer a concern for us that the spatial 

location that satisfies cj = fl, is within the plasma column. 

The reason for this is that in a hydrogen plasma (with or 

without heavy impurities from the tokamak vessel) which has 

no added minority species, there is no known damping 

mechanism of the fast Alfven wave at the fundamental 

hydrogen cyclotron resonance. In fact, using cold plasma 
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theory, Stix predicts that the fast Alfven wave in such a 

hydrogen plasma has no resonance at the hydrogen fundamental 

18 cyclotron frequency 

However, it was of concern that perhaps the fast Alfven 

wave could propagate at frequencies very near the 

fundamental hydrogen cyclotron frequency, a situation not 

ruled out by Stix's cold plasma calculations. If this were 

indeed the case, the Alfven wave would be able to heat slow 

moving hydrogen ions, ions with low values of W. Large 

amounts of RF energy would go to heat these slow moving ions 

since there are many more of them than of fast moving ions. 

Since, as was already mentioned, slow moving ions convert RF 

energy to current drive less efficiently than fast moving 

ions, the resulting current drive efficiency would be very 

low indeed. 

Since Stix predicts no resonance at the fundamental 

cyclotron frequency for the fast Alfven in a hydrogen plasma 

18 
using cold plasma theory , it seemed possible that if the 

dispersion relation were calculated for the fast Alfven wave 

in a hydrogen plasma, near the fundamental cyclotron 

19,20 
frequency of hydrogen, using warm plasma theory , the 

dispersion relation would show that the fast wave could not 

damp near the fundamental hydrogen cyclotron frequency and 

therefore could not heat slow ions. The calculation of the 

dispersion relation of the fast Alfven wave in a hydrogen 

plasma near the hydrogen cyclotron frequency is given in the 
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next section of this chapter. The result in short is that 

the assumption proved to be correct. 

As mentioned previously, the term 4V^ k„ is small 
Ta II 

compared to the term Q. . A consequence of this is that, for 

a given applied frequency, w , the spatial locations which 

correspond to co = Q, + 4VT, k,, and u = Q, - 4V^ k„ are 

L la II L Ta II 

both likely to be in the plasma column. Of course, particles 

satisfying u = Q. + 4V^ k.. are moving in the opposite 

direction to those satisfying D = Q, - ^Y^ k,, . Therefore, 
L Ta II 

especially in the case of a small tokamak (which possesses a 

lower plasma temperature and hence a lower value of V^ than 

a large tokamak), the scheme of current drive by 

asymmetrical heating of a one-species plasma, generates two 

opposing layers of current generation (see Fig. 4). 

This circumstance, at first glance, would seem to make 

experimental verification of current drive by asymmetrical 

heating of a one-species plasma difficult, if not 

impossible. However, there is. luckily, a quality inherent 

to small tokamaks which actually helps to facilitate 

confirmation of the effect. This effect, and the 

experimental procedure used to confirm current drive is 

explained in detail in Chapter 3. 

If we assume that the background plasma (the "Fisch 
majority species") has an effective charge of exactly 2, or 
Z - = 2, and that the effective mass of the "Fisch majority 
eff 

species" is exactly one proton mass, or m = m , a current 
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drive efficiency for this new, one-species current drive 

scheme can be derived. Using Eqs.(23), (25), and (28), and 

assuming that we heat only ions that are foiir times V^ (or 
T a *• 

W = 4 ) , we find an efficiency of approximately 30 milliamps 

of toroidal current for each watt of RF energy used. This 

value is comparable to the efficiency of Fisch's original 

scheme, corrected for temperature effects. Of course this 

value is much greater than the efficiency of his original 

scheme when corrected for Z - - ?J 1 , since if Z _. = 2 , the 

elt eff 
efficiency of his scheme goes to zero. 

Dispersion Relation of the Fast Alfven 
Wave in a Hydrogen Plasma Near the 
Fundamental Cyclotron Frequency 

The following is a warm plasma calculation of the 

propagation of the fast Alfven wave in i one-species, 

hydrogen plasma, near the fundamental cyclotron resonance of 

hydrogen. The calculation, which uses theory as developed by 

19 20 

Stix , closely follows an earlier calculation by Cato 

where the dispersion relation of the fast Alfven wave near 

the first harmonic of the ion cyclotron frequency was 

calculated. 

The difference between warm plasma theory and cold 

plasma theory is, of course, that in warm plasma theory the 

particles are considered to have some non-zero temperature, 

and thus some thermal velocity. The velocity of the 

particles in some system is given by a particular velocity 
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distribution function. When the system is subjected to the 

effects of electromagnetic fields, the velocity distribution 

function of the system can be perturbed. The perturbation of 

the velocity distribution function can be found from 

Boltzmann's equation in terms of the perturbing fields. With 

this perturbed velocity distribution, the current density 

can be calculated and then combined with Maxwell's equations 

to find the dispersion relation. 

Of course, the purpose here is not to rederive Stix's 

work, but simply to use it for the present calculations. 

Consequently, only the results of Stix's work together with 

additional simplifing assumptions are presented. 

On his way to calculating the perturbed velocity 

distribution function, Stix obtains, as an intermediate 

result, a dimensionless mobility tensor, M , defined by 

< V̂ "̂ ^ > = SSS y f[^^ dVj^dVydV^ (30) 

1 - > , X -> 

- M('I) . E . 
o 

where V^^^ is a velocity vector for plasma particles of 

type T), B is the static confining magnetic flux density, E 

is the electric field, and f̂ "̂ ^ is the first-order velocity 

distribution function for plasma particles of type T] . The 
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matrix elements of M will be given shortly. From the 

average velocities given by Eq.(30), the current density, J. 

can be found as 

J = 2 N Z e € < V^^^ > . (31) 

where N is the zero-order density of particles of type T] , 

Z is the absolute value of the charge of a particle of 

-19 
type 7) divided by e, e is 1.6 x 10 Coulombs, and € 

equals +1 for ions, -1 for electrons. 

In terms of the mobility tensor 

M('I)- E 
J = 2 N Z e € . (32) 

T] T] TJ B 

n ' ' O 

Assuming that all perturbed field quantities vary as 

exp j(k • r - wt). Maxwell's equations become 

(jk) X (B / ^^) = J - jcue^E (33) 

k x E = wB (34) 

where u is the permeability of vacuum, e^ is the 
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permittivity of vacuum, and k is the propagation vector. 

Inserting Eq.(32) into Eq,(33) and eliminating B between 

Eqs.(33) and (34) yields 

(i) 

k X (k X E) + K E = 0 (35) 

where 

-• -> 
M (T;) 

K = I + j 2 N Z e € r 
17 ' ' ' O O 

is the equivalent dielectr ic tensor. 

and 

K 

2 _ 
P T ] T) 

= I + J 2 G) n 
M ( T ) ) 

T] 

( 3 6 ) 

where (D-, is the plasma frequency of type 77 particles, Q 
PT] T] 

-» 

is the cyclotron frequency of type 17 particles, and I is 

the idenity tensor. 

Cato used N = ck/w , where |N| is the refractive 

index, to simplify the dispersion relation (Eq,(35)) to 

-• -» 

N x ( N x E ) + K * E = 0 (37) 
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and made the assumption that the cartesian coordinate system 

was positioned such that B = e B and k (or N) lies in 
o z o ^ ^ 

the x-z plane (i.e, k = 0 ) . Equation (37) then becomes, in 

matrix form. 

-N^+K 
Z XX 

K 
yx 

N N +K 
X z zx 

K 
xy 

2 2 
•N^-N +K 
X z yy 

K 
zy 

N N +K 
X z xz 

K 
yz 

•N^+K 
X zz 

= 0 (38) 

The desired dispersion relation is found by equating 

the determinant of the coefficient matrix to zero. 

Now what is left is the definition of the mobility 

tensor. In the same cartesian coordinate system as just 

described, the mobility tensor components are defined in 

Eq.(39) with associated quantities (involving the averaging 

of velocity components over zero-order velocity distribution 

functions) described in Eq.(40). 

M 

^ ~A _ 2 
-flee K.T. » n 

XX mk 
2 — I (X) <e> 

^ X n^ ^ n 

' z n=-o> 



~ ^ e K T , CO n k 

x z = mk ^ ~^ ^ n ^ ^ ) (n<(^> - <v/,> ) 
z n=-<» ^ " n '̂  n^ 

- f l e ^fcT, 00 

V = mk 2 - J n ( I (X) - i ; ( X ) ) <e> 
z n=-«> " ^ 

38 

M 
•nee ^jcT, 00 n ^ 

y y - mk ^ ( x " ^ n ^ ^ ) -̂  2X1 (X) 

- 2 X l ' ( X ) ) < e > n'- -' ̂  n 

M 

( 3 9 ) 

y z = mk^ ^l_^ - J ^ x ^ ^ n ^ ^ ) - ^ni^))(^<<t>>^ - <^>^) 

-X ^ e K.T, 00 

- e KfcT, 00 _ n k 

" z x = mk 2 ^ I (X) <v e > „ 

—X _, 
— e K.T 00 

Qee 00 

k *c T, X 1 
where X = ~ , k i s t he wave number p e r p e n d i c u l a r to 

n^ m ^ 
-» -• 

B . k = k.. = the wave number parallel to B , K is the 

Boltzmann constant. T. is the perpendicular temperature m 
T7 



is the mass of a particle of type T] . 

modified Bessel function of n^^ ord 

39 

and I (X) i s t h e 
n 

e r . 

<e> = 
n VN" 

r <JVii(VT||) 

- [ ( " - k^V^ + n n ) T ^ - nnT, | ] F ^ { a ^ ) } 

2n 
< * > = 

n k T v 3 « < - " - ^ | ( V T | , ) 

+ [ ( « - k^V^ + nn)T_^ - ( „ + n n ) T , , ] F(a)} 
o " n 

( 4 0 ) 

<v//> = 
n 3 ^-^'^z^ll - ( " - k V^ + n n ) F ( a ) } 

z II 

<v G> = z n 
k T.v , . u z 1 

3 ^J^z^l lJ^^" •*• ^ " ) T ^ - ( V z •" ^ " ) ' ^ | | ] 

- (o) + n n ) [ ( a ) - k V + n n ) T , - nQT,,] F ( a ) } 
z z ± II o n ' ^ 

<v «̂ > z n 
z z 

2n 
r r ^ J - { j k V [;(_^ _ nn )T + (o) + k V 
ẑ Vll " 

+ n n ) T | | ] + (to + n n ) [ ( a ) - k V + n n ) T , 

- (0) + n n ) T „ ] F ^ ( a ^ ) } 

- (u + nn)(G) - k^V^ + nfi) F ^ ( a ^ ) } . 
o" n 
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a 
F (a ) 
o ̂  n-* 

0 

0) - k V + nn 
z z 

a = ; 
n k v., 

z II 

1̂1 = 

2K:T, 

m 

1/2 

T.. is the parallel temperature, and V is the parallel drift 

veloci ty. 

From Eq.(39) it is obvious that M = -M . From 
xy yx 

Eq,(40) we can also note that 

j k v z z 
n<4>> - <v//> = - < v e> -

n n z 0) 

m 
KT, 

which, when used with the Bessel function identities for 

00 

integral n, I^(X) = I_j^(X) and 2 (Ij^(X) - I^(X)) = 0, can 
n=-oo 

be used to show that M = M and M = -M . There are 

thus only six independent terms in M, but it is obvious from 

Eqs.(39) and (40) that evaluating even just six terms is 

going to be rather difficult. Consequently, we would like to 

simplify the remaining mobility tensor terms in any 

reasonable way. 
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If we recall the power series representation of I (X) 
n*- '̂  

I (X) 
n'̂  ' 

00 

: 2 
i;=0 

X 

2 

2u+n 

u! (n+u)! 
(41) 

and use it in M and recall the fact that I (X) = I (X) 
n •n 

for integral n. we find 

M 
XX 

-ne/cT 

mk 
L -X 
e 

00 

2 
CO n 

X 

2 

2u+n-l 

2 2 
n=l u=0 

I)! (n+u) ! 
[<e> -<e> ] (42) 

To reduce algebraic complexity, we assume that the plasma is 

only "moderately hot" (which is a fair approximation in our 

case), or that X << 1 (recalling that X = 

k »c T, 
X 1 

n ̂ m 
T] T] 

) . In 

this approximation, the terms of M up to the first order 

in X of the power series give a fair approximation to M 
XX 

Using e = 1-X and power series expressions like the 

one found for the term M , the mobility terms, correct up 

to the first-order in X , can be given as 

M 
XX 

-nfc/cT 

2mk 
^ [<e>j(i-x) + <0>_^(i-x) + x<e>2 + x<e>_2] 



M 
x y 

= - M 
y x 

jn»cT 

2mk 
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[ < e > ^ ( i - 2 X ) - < e > _ ^ ( i - 2 X ) + x<e>2 

- x < e > _ ^ ] 

M 
x z 

= M 
z x 

- k £»cT. 

2mk [<v^e> (1-X) - <v e> ( l - X ) 
Z 

X X 

^ 2 <^z^>2 - 2 < ^ z ^ > - 2 ^ 

-ne/cT 
M 

y y 2ink [ < 0 > i ( l - 3 X ) + < 0 > _ ^ ( 1 - 3 X ) + 4<e>Q + 

( 4 3 ) 

x<e>^ 

-^V î 
M = -M yz zy 2mk C<v^e>o(2 -3X) - < v ^ e > j ( l - 2 X ) 

z 

- < v ^ e > . i ( l - 2 X ) - 2 <^z^>2 - 2 < ^ z ^ ^ - 2 ] 

-ns 
M ^ —— [ 2 < v x//> ( 1 - X ) - X<v «̂ > + X<v >//> + X<v <̂ > 

^ w 2 X ^ X Z X 

z- - 1 

zz ~ 2k 

+ X<V^v//>_J. 

To simplify the quantities of Eq.(40), in addition to 

assuming X small, we assume that T. = T.. = T , and that th« 

plasma drift velocity V , equals zero. These assumptions 

simplfy the quantities in Eq.(40) considerably: 

^ n z n 



2j 
<>//> = <v e> = — 

n z n 2 
1̂1 

2((j + nn) F (a ) 
o*̂  n^ 

k V 
z I 

<e> = 
n 

-2 F (a ) 
o^ n^ 
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(44) 

<V ^P> = 

z n 

2j(w + nn) 2((j + n n ) ^ F (a ) 
o*̂  n-' 

k V, 
z I 

1 2 3 
k v., z II 

When these values are substituted into Eq,(43). th« 

simplified mobility tensor elements become 

-QeicT 
M 

XX 2mk 

- 2 

3 ^ ^ o ( " l ) - ^ o ^ ^ - l ) -̂  ^ ( ^ o ^ " 2 ) 

^ ^o(«-2)) > ] 

M = -M 
x y 

jn/cT r -2 

yx ^ 2;;;ir [ ^ ^ ^o^^ î̂  - ^o^^-i) -̂  ^ (^o("2) 
- ^(--2)) > 

-nejcT 
M 

yy 2mk, 

- 2 

3 < ^ o ^ ^ l ) ^ ^ o ( " - l ) ^ ^ ^ ^ o ( % ) 

+ X ( F J a ^ ) + FJa_2) ) } 

( 4 5 ) 
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M 
-Qe 

zz '" 2k 

4j(j 1 

k V 
z 

, 2 3 
k v., z II 

{ 4w^F (a ) 
o^ o^ 

+ X ( 2(G) + n ) ^ F Q ^ ^ I ^ •" ̂ ( " " " ) ^ ^o^"-l^ ^ ̂  

-k £K.T 
X 

M = M 
XZ zx ^ — J {-2(co + n)F (a ) + 2(0, -n)F (a_ ) 

2mk v., 
z II 

+ X [-(G) + 2n)F^(a2) + (G) - 2n)F^(a_2)] } 

M = -M 
yz 

-k KXT 
X 

zy 1 2 mk v., z II 

-jk^KT 

2mk v., 
z II 

^ ^ {-4G)F (a ) 
3 3 ^ o ̂ o '̂  

+ 2(G) + n)F^(a^) + 2(G) - n)F^(a_^) 

+ X [(G) + 2n)F^(a2) + (G) - 2n)F^(a_2)] } 

Now to find the elements of the equivalent dielectric 

tensor. K . we need to make use of Eq.(36) 

2 _ 
G)^ € 
PT7 77 

K = I + j 2 
G) n 

M (T)) (36) 
V 

Since we are trying to find the dispersion relation of the 

fast wave in a hydrogen plasma, and since ri refers to a 

"type" of particle, we need only to sum over electrons and 

protons to find the dispersion relation. 

However, there is one last thing to define in the 

mobility tensor before one can find the dispersion relation. 
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and that is the various values of the function F (a ). With 
o n'̂  

the assumption V^ = 0, a for protons becomes 
z n 

a ni 

G) + nn. 
1 

k v., . 
z II1 

(46) 

and for electrons 

a 
ne 

G) + nn 

k v., 
z He 

(47) 

where n. is the cyclotron frequency for protons, n is the 

cyclotron frequency for electrons, v.. . is the parallel 

thermal velocity of the protons and v.. is the parallel 

thermal velocity of the electrons. 

In an attempt to solve the dispersion relation near the 

ion cyclotron resonance of hydrogen (G) ~ n,), we assumed 

19 
that la I >> 1 (n ?£ - 1 ) , Stix tells us . that for 

' n ' 

la I >> 1. F (a ) ~ j/a . Therefore, the only values of the 
' n o n n 

function F (a ) that must be found are for the case when 

n = -1 for protons, or F 

G) - n 

k v., . 
z II1 

. which we will be 

denoted from now on as F^(a_^). 

The function F (x) is known in terms of a better known 

function, the Z function, as 

F^(x) = -j Z(x) . (48) 
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where x is a real number. We can therefore insert the proper 

value of F (a ., ) into the calculation, as parameters vary. 
o - i 

by using values of the Z function, tabulated by Fried and 

n . 21 Conte 

We are now ready to state the elements of the 

equivalent dielectric tensor as 

G) Pe G) Pe 
K = K = K, = 1 -
XX yy 1 2G)(G) + n ) 2G)(G) - n ) 

"Pi G) 

2G)(G) + n.) 

Pi ^o^"-l> 

2JG)k^V„. 

JW Pi 
K 
xy ^yx " ^2 " 2G)(G) + n^) 

2 

G)„. F (a . ) 
Pi o^ - 1 ' 

2G)k v., . 
z II1 

J<J Pe jw Pe 

2G)(G) + n ) 2G)(G) - n ) 

V e e 
(49) 

K 
zz 

K3 = 1 . 

-k G)n 
X Pe 

k 2n 2 
z e 

-k G)„ , 
X Pi 

2 2 
2k ^̂ n.̂ G) 

Z 1 

G) + n 

(G) - n.)'^F (a ,) 
*• l"* o ^ - l ' 

J'Viii 

2i 
G)T, , k Pi X 

K = K_.. = K^ = 2n..k_G) 
xz Z X 1 z 

(G) - n.) F^(a_^) 

JViii 
- 1 
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K = -K = K^ = 
yz zy 

-G)p \ \,, ^(1 + (1/k )) 
Pe X lle^ ^ z'^ 

4G)n \ 
e z 

G)Q . k 
Pi X 

2G)n.k ' 
1 z 

(G) - n. ) F (a , ) 
^ 1-̂  o - l 

J'Viii 
- 1 

Now recalling the coordinate system, one can label the angle 

between B and k (or N) as 9 . which allows one to write 
o ^ ^ 

N = N cos(0) and N = N sin(0). With these relations and 

Eq,(49). one can rewrite Eq,(38) as 

2 2 
K^-N'^cos 0 

•K, 

K, 

K^-N' 

K^+N sin0cos0 -K^ 
4 5 

K^+N^sin0cos0 
4 

K, 

2 2 
K^-N^sin'^O 

= 0 (50) 

By equating the determinant of the coefficient matrix to 

zero, one finds the desired dispersion relation as 

. 2 N [K.sin 0 + K^cos 0 + 2K^sin0cos0] 

,2r . 2^.r. 2 ., 2. „ ,, ,, 2, 

(51) 

+ N^[-sin''0(Kj^+K2 )-K^K3(l + cos 0)+K2K^(2sin0cos0) 

+K^-Kg^cos^0-2K^K^sin0cos0] 

+ [ K 3 ( K ^ 2 ^ K / ) ^ K ^ ( - K / . K / ) . K 2 K ^ K 5 = 0 . 

Equation (51) can be solved numerically for N and G) 

(where N = ck/G)) . as a function of position within the 
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tokamak (or in other words, as a function of magnetic field, 

or in still other words, as a function of the local electron 

and ion cyclotron resonances). Values (such as the plasma 

frequencies, the parallel wave number, and the ion 

temperature) which are characteristic of the Texas Tech 

Tokamak were inserted into the elements of the dielectric 

tensor (characteristic parameters of the Texas Tech Tokamak 

are presented in Chapter 3). These values were considered 

constant, an approximation made for ease of calculation. 

Interestingly, the electron temperature (within a reasonable 

range of values) has no effect on the dispersion relation, 

which one might expect, since we assume that the principal 

physical phenomenon affecting the wave is its frequency's 

proximity to the ion cyclotron frequency. 

What results after the insertion of constants in 

Eq.(51) is a function of the type 

<̂ j. + J(̂ i = f(o)^.r.k^) (52) 

where G) and G) . are respectively, of course, the real and 
r 1 

imaginary parts of G) . k is the wave number in the x 

direction, and r refers to the radial location within the 

tokamak. Within the calculation, the frequency inserted into 
7 

the function f(G) .r.k ) was G) = 4.4 x 10 rad/sec. a 
r X * 

frequency corresponding to the frequency of a fast Alfven 

wave known to exist experimentally within the Texas Tech 
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Tokamak, and a frequency corresponding to a hydrogen ion 

cyclotron resonance, n,, on the high field side of the 

tokamak (see Fig.5). Then for various locations within a few 

centimeters on either side of the spatial location where 

7 
G) = n. = 4.4 X 10 rad/sec is satisfied, values of k were 

L X 

sought that would result in the two G) values in Eq.(52) 

converging. Once the two G) values had converged, the value 
r 

of G). and hence the degree to which the fast wave was damped 

at that particular spatial location could be determined. 

The results are illustrated graphically in Fig.5. For 

spatial locations which correspond to the heating of ions 

with velocities +6 or +7 times the thermal velocity 
(G) = n, + 6VT, k,, , G) = n, + 7VT, k,,) a value of k that would *• L - Ta II L - Ta II •' x 

cause the two G) values to converge could easily be found. 
r o J 

The resulting value of G) . is extremely small (on the order 

of 10 rad/sec), which suggests that at these spatial 

locations, the wave propagates without significant damping 

(damping time is on the order of 100 msec) resulting in no 

heating of ions. 

For spatial locations which correspond to the heating 

of ions with velocities +5, +4, or +3 times the thermal 

velocity (o) = n^ + 5V^a^„ , G) = n^ + "^"^Ja^W ' 

G) = n + 3V k ) again a value of k that would cause the 
two G) values to converge could again be found (though not 

r 

as easily as before) but now the resulting value of G) . had 

increased significantly (from one to several orders of 
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magnitude larger). From this follows the conclusion that the 

wave still propagates in this area, but now damps, and thus 

heats ions, 

For spatial locations which correspond to the heating 

of ions with velocities +2, +1, or zero times the thermal 

velocity (G) = n, + 2V^ k,, , G) = n, + V̂ , k,, , G) = n. ) no 
L - Ta II L - Ta II L' 

value of k that would cause the two G) values to converge 
X r 

could be found. In these locations therefore, the fast wave 

is cut off. unable to propagate. 

It appears that not only is there no resonance at the 

hydrogen ion cyclotron resonance frequency, as Stix 

19 >-

predicts , but beyond this, the fast Alfven wave cannot 

even propagate near the ion cyclotron resonance 

frequency.This fact, which prevents the heating of slow 

hydrogen ions (which are, as we have seen, inefficient for 

current generation), seems to make possible the 

demonstration of current generation by asymmetrical heating 

of a one-species plasma in the Texas Tech Tokamak. 



CHAPTER III 

EXPERIMENTAL APPARATUS AND PROCEDURE 

Tokamak and Associated Equipment 

The following is a short description of the Texas Tech 

Tokamak, This device has been described in various 

11,22,23 
works ' ' and has been extensively documented by 

24 
Kirbie 

The basic design of the Texas Tech Tokamak is not 

original, but a modification of several preceding circular 

cross section tokamaks with air-core, ohmic heating 

transformers. The first tokamak of this type in the United 

States was built at the Francis Bitter National Magnet 

Laboratory in the mid 1970's. A tokamak very similar to the 

Texas Tech Tokamak was built somewhat later by Professor R. 

M. Gould at the California Institute of Technology 

The Texas Tech Tokamak was designed to produce a plasma 

hot enough to enable studies of wave propagation and plasma 

heating with waves in the ion cyclotron range of 

frequencies. Extensive research on the fast Alfven wave, in 

, , ^ 11,22,23.27.28.29 
particular, has been carried out 

The following are short descriptions of various 

characteristics and parameters of the tokamak. Also included 

52 
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are descriptions of various pieces of equipment associated 

with the machine. 

Vacuum Chamber 

A top view of the Texas Tech Tokamak's stainless steel 

vacuum vessel is shown in Fig. 6. The tokamak has 22 vacuum 

2 
ports, with a total access area of 550 cm . 

Toroidal Field 

The toroidal field coil, wound directly on the 

insulated metal chamber, is energized by a 2.56 mF capacitor 

bank. When the bank is charged to a typical voltage of 6 kV, 

a magnetic field of .5 T is produced at the poloidal axis of 

the machine. 

Plasma Current 

A 50 turn, ohmic heating, air-core winding drives a 

maximum plasma current of 15 kA. The winding is driven by a 

two stage capacitor bank with a fast bank of 980 jiF at 3 kV 

and a slow bank of 100 mF at 600 V, 

If no probes are inserted into the plasma, a current is 

driven and a plasma exists for a maximum of 10 ms, During 

the present experiments, a large antenna structure placed 

within the vacuum vessel undoubtedly injected impurities 

into the plasma. Most probably for this reason, a typical 

discharge during these experiments was approximately 1.5 ms. 
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F i g Top View of T e x a s T e c h Tokamak Vacuum C h a m b e r . 
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Vertical Field 

Radial plasma column motion, due primarily to the 

plasma's diamagnetic quality, can be controlled by an 

externally applied vertical magnetic field. A vertical field 

coil is wound inside the ohmic heating transformer of the 

Texas Tech Tokamak. The coil is energized by a two stage 

capacitor bank with a fast bank of 500 jiF at 1 kV and a slow 

bank of 15.5 mF at 500 V (see Fig. 7). 

Radial Field 

A radial field coil, exterior to all other field coils 

on the Texas Tech Tokamak, forms a cusp field within the 

machine's vacuum chamber. Vertical plasma column motion, due 

to field errors, can be controlled by applying an external 

radial field. Since most of the vertical drift is caused by 

toroidal field imperfections, the applied radial field 

should follow the toroidal field in time. For this reason, 

the radial field coil is energized by sampling a controlled 

amount of the toroidal field winding's current. 

Plasma Density 

The Texas Tech Tokamak has a peak, line-averaged 

13 -3 
central electron density of 1.2 x 10 cm . This density is 

measured by a 70 GHz microwave interferometer. 

Plasma Temperature 

The Texas Tech Tokamak has an electron temperature of 

approximately 100 eV and an ion temperature of approximately 
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20-40 eV, Ion temperature measurements were made with a 

monochrometer by observing the Doppler-broadening of a Hell 

line. The electron temperature was estimated through Spitzer 

resistivity calculations by assuming Z -_ = 2 . 

Other Diagnostics 

The toroidal field, ohmic heating, and vertical field 

excitation currents are monitored by self integrating 

current transformers. The machine's loop voltage is measured 

with 2 one-turn loops in the equatorial plane, next to the 

tokamak's vacuum chamber. The toroidal magnetic field and 

plasma current are measured with passively integrated 

Rogowski coils. The plasma column's position is determined 

by a sine coil for axial (up-down) movement, and a cosine 

coil for radial (in-out) motion. Toroidal eigenmodes of the 

fast Alfven wave are detected by B probes placed within the 

vacuum vessel at the plasma column's edge. 

Slow Wave Antenna 

Two slow wave antennas were used during the course of 

the research on current drive by asymmetrical heating of 

ions in the Texas Tech Tokamak. Of the two antennas (which 

differed in only a few minor respects) the original is very 

well documented^^'*^^. and is the major subject of the brief 

description that follows. The second antenna and how it 

differs from the original one are briefly discussed. 



58 

Antenna Structure 

The original antenna is a short, rectangularly coiled, 

slow wave antenna. The slow wave nature of the antenna 

allows it to launch unidirectional Alfven waves. The antenna 

consists of a copper coil lying on a 10" by 5.25" by 3/8" 

stainless steel tray that is enclosed by a stainless steel 

Faraday shield. The coil is wound from a 0.75" thick, .325" 

wide copper strip. The coil has 16 1/2 rectangular turns, 

each turn with inner dimensions of .375" by 3.300", The 

axial length of the coil is 6.60" (see Figs, 8 and 9), 

The coil is insulated from its stainless steel tray by 

a thin sheet of teflon. The antenna is designed so that the 

distance between the coil and the tray can be varied 

slightly to change the capacitance of the coil and thus to 

fine tune the impedance of the antenna to match that of the 

transmission line feeding it. Thus, no matching circuitry 

between the antenna and the transmission line is necessary. 

With no matching circuitry, the high reactive voltages 

associated with matching circuitry are eliminated. In this 

antenna system, a 30 kW RF pulse into 50 Q results in a 

peak-to-peak voltage at the feed-throughs of only 3500 V. 

The same pulse in the matching circuitry of a loop antenna 

would produce approximately 15 kV at the feedthroughs, This 

approach therefore greatly simplifies the feed-through 

design. 
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Another important design consideration for this antenna 

system is the ease of installation and removal of the 

antenna. To avoid disassembling the tokamak whenever the 

antenna is inserted or extracted, the entire antenna 

assembly is designed to fit through one of the ports on the 

low field side of the tokamak. Once inside the tokamak, the 

antenna is rotated 90 degrees so that the axis of the coil 

is parallel to the plasma column. Two feed-throughs are then 

plugged into the antenna assembly and tightened down to 

support the antenna structurally. 

Two feed-throughs are used, one for feeding the 

antenna, the other for removing excess RF power. This design 

has been used for two basic reasons. 

To prevent reflections on the slow wave section of the 

antenna (the section which radiates to the plasma), the slow 

wave section must be terminated into 50 Q. Due to physical 

size constraints, it is impossible to place a 30 kW, 50 Q 

load resistor in the antenna structure. Therefore, the 

excess RF excitation on the slow wave structure (that which 

is not radiated) must be brought out of the machine on a 

second feed-through so that the slow wave section of the 

antenna can be properly terminated to prevent reflections. 

Secondly, there was no expectation, theoretically, for 

high power coupling with this antenna. With this antenna 

design, it is possible to extract any unused power from this 

antenna and feed this excess power to a similar antenna 

elsewhere in the machine. 
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General Results 

The original antenna could be matched almost perfectly 

to the transmission line feeding it. Power reflection was 

recorded as low as .01%. The antenna stayed nearly perfectly 

matched regardless of the amount of radiation resistance it 

encountered. Thirty kW of RF power was easily fed to the 

antenna with no voltage breakdown. The tokamak was able to 

-7 
maintain a vacuum of 8 x 10 Torr after the antenna had 

been placed within it, an adequate vacuum to operate the 

machine. 

Power coupling was determined by measuring the incident 

and transmitted current pulses (transmitted current meaning 

excess current removed from the machine through the second 

feed-through) with Rogowski coils and by measuring the 

incident and transmitted voltage pulses with high voltage 

probes. With plasma in the machine and RF power with a 

frequency of 6.7 MHz applied to the antenna, power coupling 

was measured for a variety of incident power levels. The 

average of the data gives a power coupling of approximately 

36%. 

Unidirectionality of Wave Propagation 
in the Tokamak 

An experiment was devised to determine whether or not 

the slow wave antenna actually launches unidirectional 

Alfven waves in the Texas Tech Tokamak. Two B probes. 

oriented to detect the B component of the fast wave, were 
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placed near the plasma column, one at a toroidal position of 

60 from the antenna, the other at a toroidal position of 

90 from the antenna (see Fig.6). The signal from each probe 

was split and fed to two double balanced mixers. A reference 

signal, from a Rogowski coil around the incident 

feed-through of the antenna, was split by a 2-way, 90 

splitter. The reference signal was fed to mixer A. which put 

out the signal C cos<^. The reference signal shifted by 90 

was fed to mixer B, which put out the signal C cos(<^ - 90 ) 

or C sin<^. The quanity "C" refers to the amplitude of the 

probe signal, and "<̂ " refers to the probes' phase difference 

with respect to the reference signal (see Fig.10). 

With cos<^ and sin<̂  known, <t> can easily be found. 

Therefore, as a wave propagates around the machine, the 

wave's phase difference with respect to the driving RF 

amplifier can be determined at two distinct points. With 

this information, the direction of the wave propagation can 

be discerned. 

The results from this experiment are well documented 

elsewhere^"^'*^^. It is sufficient here to say that feeding 

the slow wave structure RF power at one end resulted in the 

propagation of a fast Alfven wave in one direction around 

the tokamak. while feeding the slow wave structure RF power 

at the opposite end resulted in the propagation of a fast 

Alfven wave, as one would expect, in the other direction 

around the tokamak. 
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Second Version of Antenna 

In an attempt to increase power coupling, a second. 

longer, but otherwise similar, version of this slow wave 

23 

antenna was built. Theory predicts , and one would expect, 

that the longer of these slow wave antennas radiates more RF 

power to the plasma. Figures 11. 12 and 13 depict the second 

version of the antenna. The antenna's longer length (some 91 

centimeters) dictated, for practical reasons, that the 

antenna lie on the bottom of the machine, in the shadow of 

the 1imi ter. 

This antenna did in fact demonstrate higher power 

coupling than the original antenna. It coupled approximately 

50% of the incident RF power to the plasma. Eventually, up 

to 40 kW of RF power was supplied to this antenna without 

electrical breakdown. This longer antenna was used during 

the experiments described in Chapter 4. 
Method of Determination of Current 
Generat i on 

Characteristics of Current Drive by 
Asymmetrical Heating of Ions Which 
Facilitate Determination of Current 
Drive 

Chapter 2 points out that the scheme of current drive 

by asymmetrical heating of ions, especially in the case of a 

small tokamak. generates two opposing layers of current. 

This circumstance, of course, would seem to make 
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Fig. 12 Diagram of Long Slow Wave Antenna 
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experimental verification of the effect difficult, if not 

impossible. However, qualities inherent to small tokamaks 

actually help in the verification of the effect. 

The Texas Tech Tokamak has a safety factor, q, of 

approximately 8 (see Appendix A ) . This means that a field 

line makes 8 toroidal transits for every one poloidal 

transit. The machine is also relatively cold. Calculation of 

31 
the slow down relaxation rate of a hydrogen ion (see 

Appendix B) that has four times the ion thermal velocity on 

the high field side of the machine shows that, by the time 

the ion has reached the low field side of the machine, it 

will have slowed so significantly that it will no longer 

participate in current generation. 

Therefore, during asymmetrical heating on the high 

field side of the machine, high velocity hydrogen ions 

heated at the spatial location w = fi, + k.jWV^^ follow the 

rotationally transformed field lines to the top of the 

machine and then on to the low field side of the machine. As 

these particles reach the low field side of the machine, 

they should slow down, some scattering completely out of the 

plasma. The high velocity of those particles heated 

asymmetrically makes current generation possible. Hence 

there should be a region of greater current generation 

towards the top of the machine, where particles have not 

slowed significantly (see Fig. 14). 

Similarly, during asymmetrical heating on the high 

field side of the machine, high velocity hydrogen ions 
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PLASMA 

AREA WHERE WAVE 
PROPAGATION IS 

IMPOSSIBLE 

RF CURRENT 
GENERATION 

ASYMMETRICAL 
HEATING AREA 

Fig- 14 Section of Tokamak Plasma Showing Area of 
Asymmetrical Heating, Area of Wave Cut-off. Areas 
of RF Current Generation. Direction of I-...(Ohmic 

Heating Current), and Rotational Transform of the 
Machine (Which is Exaggerated for Purposes of 
Demonstration). 
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follow the 

rotationally transformed field lines to the bottom of the 

heated at the spatial location (D = Q, - k.,WV̂  
L II Ta 

machine and then on to the low field side of the machine. As 

these particles reach the low field side of the machine, 

they should also slow down, some scattering completely out 

of the plasma column. Again the high velocity of those 

particles heated asymmetrically makes current generation 

possible. Hence there should be a region of greater current 

generation towards the bottom of the machine, where 

particles have not slowed significantly. The current 

generated near the bottom of the machine is in the direction 

opposite to that current generated near the top of the 

machine (see Fig, 14). 

Current will flow out of these areas of current 

generation towards the low field side of the machine. 

However, since the two areas of current generation drive 

currents in opposite directions, the two currents cancel. 

The current within the two areas of current generation 

should however, perturb the current density profile of the 

COlumn. 

Apparatus and Procedure Used to 
Determine Current Drive 

To observe current drive by asymmetrical heating of 

• 

ions in the Texas Tech Tokamak, two current probes (B 

probes) are placed at the top and bottom of the plasma 

column, just outside of the plasma (see Fig, 15). The B 
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probes are oriented so that they detected the current in the 

plasma column and not the magnetic field of the Alfven wave. 

In fact, the current probes are low-pass filtered to ensure 

the elimination of any effect from the magnetic field of the 

fast Alfven wave. Figure 16 shows the top view of the vacuum 

vessel with the relative toroidal positions of the current 

probes and the slow wave antenna. The current probes are 

purposely placed on the side of the torus opposite the 

antenna to prevent any near field antenna effects from 

corrupting the data. 

The signals from the current probes are sent to a 

differential amplifier, where the difference between the 

signals is amplified and recorded. If any "up-down" 

variation in the current density of the plasma column were 

to occur, this diagnostic would detect it. 

Recall from the previous section that the ohmic heating 

current in the tokamak for this experiment is in the 

direction of the postulated RF driven current generated at 

the bottom of the machine. Label the probe at the top of the 

plasma column 'A' and the probe at the bottom of the 

plasma column 'B' . The RF driven current near probe 'A' 

would be in a direction opposite to that of the ohmic 

heating current: hence, the signal 'A' would decrease. At 

the same time, RF driven current near probe 'B' would be 

in the same direction as the ohmic heating current: hence, 

the signal 'B* would increase, with the overall effect 
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VOLTAGE 
GAP 

PROBE 

Fig. 16 Top View of Texas Tech Tokamak Vacuum Chamber With 

Relative Position of Long Antenna and B Probes. 
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that the signal 'A' - 'B' would decrease. If the signal 

from the differential amplifier, 'A' - 'B' , goes negative 

during RF heating, therefore, then the postulated effect 

must be occurring (see Fig. 15). 



CHAPTER IV 

RESULTS 

General Results 

Figure 17 shows typical experimental data from two 

tokamak shots. The data are the differential amplifier 

response. 'A' - 'B'. described in the previous chapter. 

When RF power with a frequency of 9.7 MHz was applied 

to the antenna and a fast Alfven wave launched in the 

tokamak, the signal 'A* - 'B' appeared no different than 

when no RF was applied to the antenna and no wave launched. 

This observation is consistent with the fact that the 

spatial location of the fundamental cyclotron resonance for 

hydrogen is well "outside the machine" at 9.7 MHz. 

Therefore, asymmetrical heating is impossible: consequently, 

no current generation: no current density asymmetry of the 

plasma column; and hence no deflection of the probe signal 

'A* - 'B' occurs. 

However, application of RF power at 7.7 MHz to the 

antenna launched a fast Alfven wave that could heat ions 

asymmetrically on the high field side of the machine. At 7.7 

MHz the spatial location of the fundamental cyclotron 
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resonance for hydrogen is "in the machine" on the high field 

side. Figure 17 shows that the probe signal 'A* - 'B' is 

clearly more negative with the application of RF at 7.7 MHz 

than when no RF is applied. The probe signal 'A' - 'B' 

therefore indicates an asymmetry of the current density in 

the plasma column, caused by the postulated current drive 

effect. Even though there was a heating layer within the 

machine, there appeared to be no substantial alteration in 

the mode structure of the fast Alfven wave. 

Figure 18 shows the signal response, 'A' - 'B' 

versus frequency. At about 8.5 MHz the signal 'A' - 'B' 

starts to go negative. This observation corresponds to the 

entrance of the asymmetrical heating layer into the machine 

from the high field side. As the applied frequency 

decreases, the asymmetrical heating layer moves deeper into 

the machine. The area of possible current generation becomes 

greater towards the poloidal axis of the machine and the 

possibility that particles which participate in current 

generation scatter out of the machine becomes less as the 

heating layer approaches the poloidal axis of the machine. 

Therefore, the response 'A* - 'B' becomes more negative as 

the frequency decreases and the heating layer moves toward 

the poloidal axis. 

From an argument similar to one already given, the 

probe response 'A* - 'B' should go positive if the 

asymmetrical heating layer lies on the low field side of the 
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machine. From Fig. 18 one can see that the probe response 

'A' - 'B' does indeed go through zero and become positive 

as the heating layer reaches the poloidal axis 

(corresponding to f ^ 7.2 MHz) and moves on to the low field 

side of the machine. 

Figure 19 shows the result of a tokamak shot in which 

the frequency of the RF power supplied to the antenna was 

modulated between 7.5 and 8.1 MHz. This modulation was 

possible since a wide band, slow wave, transmission line 

type antenna (described in Chapter 3) was used. This 

modulation in frequency moved the heating layer repeatedly 

from the outside edge of the plasma column towards the 

poloidal axis of the machine. Note that the response 

'A' - 'B' followed the modulation in frequency exactly. 

Analysis of Results 

One of the obvious questions at this point is "what is 

the experimental efficiency of this current drive scheme?" 

Unfortunately, neither the experimental setup used to 

demonstrate the effect nor practical modifications of the 

setup lend themselves to easy or accurate estimates of the 

current drive efficiency. 

The magnitude of the signal 'A' - 'B' , corrected for 

noise, was at its maximum, approximately ten times smaller 

than the magnitude of either the signal 'A' or 'B' . 

Since the probes *A' and *B' were looking at the total 
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plasma current, which was 10 kA, one might be tempted to say 

that the total RF driven current (represented by the signal 

'A' - 'B' ) was therefore approximately 1 kA. This 

conclusion, unfortunately, would be incorrect. 

It is well known that the current density in a tokamak 

plasma is much greater at the poloidal axis of the tokamak 

than at the edges of the plasma column. In fact, a plot of 

current density versus radial position would be quite peaked 

at the center of the plasma column. The 10 kA of current 

that the probes 'A' and 'B' detected was (taking a crude 

guess) some 13 cm away from the probes. 

The RF driven current on the other hand, should have 

been, as discussed in Chapter 3, rather close to the edge of 

the plasma column and hence rather close to the probes. 

Herein lies the problem", it is not really known exactly 

where the RF driven current flows (meaning, how close to the 

probes it lies). If one makes a crude guess that the RF 

driven current is some 1.3 cm away from the probes, and if 

one recalls the previous guess that the bulk of the 

ohmically driven current is some 13 cm away from the probes, 

then the probes' sensitivity to the RF driven current is ten 

times greater than their sensitivity to the ohmically driven 

current (the magnetic fields of the currents should drop as 

1/r). Thus, although the magnitude of the signal 

corresponding to RF driven current ('A' - 'B') may have 

been one-tenth of the magnitude of the signal corresponding 
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to the ohmically driven current ('A' or 'B'). the probes' 

ten times greater sensitivity to the RF driven current than 

to the ohmically driven current could mean that the RF 

current drive accounts for maybe only one-hundredth of the 

ohmically driven current. 

This means that when 40 kW of RF power was applied to 

the slow wave antenna and approximately 20 kW of RF power 

was injected into the plasma, only about 100 A of RF driven 

current, in the maximum case, was obtained. This works out 

to an efficiency of approximately 5 mA of toroidal current 

generated for each watt of RF power used. 

In Chapter 2. a theoretical efficiency for this current 

drive scheme was calculated using a one-species, hydrogen 

plasma. Utilizing Fisch's corrected theory, a value of 30 mA 

of toroidal current for each watt of RF power used was 

obtained. Therefore, the extremely crude determination of 

the experimental efficiency corresponds relatively well to 

the simple theoretical calculation of efficiency. 

Wong . in a more sophisticated, numerical calculation 

based on the Fokker-Planck equation, calculated the current 

drive efficiency for the one-species (hydrogen) current 

drive scheme, in the Texas Tech Tokamak to be approximately 

18 mA of toroidal current for each watt of RF power used. 

This result gives added confidence in the relatively crude 

calculations presented here. 
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One minor unexpected result was that the magnitude of 

the differential amplifier signal |'A' - 'B'l (corresponding 

to RF current drive) was smaller when asymmetrical heating 

occurred on the low field side of the machine (see Fig. 18). 

One possible explanation for this finding (known from 

personal experimental experience and also from Coleman ) is 

that the fast Alfven wave simply does not propagate very 

well in the Texas Tech Tokamak at frequencies much below 7 

MHz. This circumstance could of course make current drive 

difficult on the low field side of the machine, since 

the local cyclotron frequency for hydrogen is below 7 MHz on 

this side of the tokamak. Another possible explanation for 

this finding is that this current generation scheme is 

simply less efficient on the low field side of the tokamak. 

33 Hamnen has predicted this very effect to occur for Fisch's 

original current drive scheme if it is attempted on the JET 

tokamak. 

Finally, it is clear that the signal *A' - 'B' has 

detected current asymmetry and not simply gross column 

movement. It is true that the application of RF power to a 

plasma column can cause the column to move. However. Fig. 19 

shows that slight variation in the frequency of the applied 

RF power causes a large variation in the signal *A* - 'B' . 

a phenomenon which is unexplainable in the context of plasma 

column movement. 



CHAPTER V 

CONCLUSIONS 

It has been shown that current drive by asymmetrical 

heating of ions in a tokamak plasma is in fact an observable 

physical phenomenon. Unfortunately, this current drive 

scheme does not seem to be a likely candidate for the 

primary means of current generation in tokamaks for a 

variety of reasons. Aspects of this current drive scheme may 

warrant further investigation however. 

A General Assessment of Current Drive 
by Asymmetrical Heating of Ions 

Parameters common to small tokamaks ( T > T. , 
^ e 1 

Z ^^ > 1 ) tend to severely degrade the efficiency of ef f ^ ./ <=» 

current drive by asymmetrical heating of ions, which was not 

considered in the original proposed scheme by Fisch. Added 

to this problem of low efficiency is the fact that Fisch's 

scheme may be severly hampered, if not made impossible, by 

the absorption of RF power by the bulk plasma at the 

minority species resonance. This circumstance, as a 

practical matter, is virtually unavoidable in a small 

machine. Even for the observed, one-species current drive 

scheme, the fact that the electron temperature is greater 

85 



86 

than the ion temperature causes the efficiency of this 

current drive scheme also to be very low. 

It would appear that large tokamaks would not be 

hampered by these temperature and effective charge effects, 

and that the current drive efficiency in these type of 

machines could be rather large. Fisch predicted (in a 

calculation which he termed 'crude') that in a large "PLT 

type machine." his current drive scheme would have an 

efficiency of approximately .5 A of toroidal current 

32 generated for each watt of RF power used. Wong predicted 

using a numerical Fokker-Planck calculation, that in a large 

"generic type" tokamak. the one-species (hydrogen) current 

drive scheme demonstrated in the Texas Tech Tokamk would 

have an efficiency on the order of 1 amp of toroidal current 

generated for each watt of RF power used. 

The problem with these efficiency calculations is that 

values for the tokamak parameters are chosen so as to 

optimize current drive efficiency with little thought as to 

whether these values are necessarily obtainable 

simultaneously or are sustainable throughout the tokamak 

discharge. Variation in some of these parameters can cause 

drastic reduction in the current drive efficiency. It is 

extremely difficult to control the values of some of these 

parameters, especially when it is also extremely difficult 

to determine their values. 
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One example of a parameter which is difficult to 

control is the effective charge of a tokamak plasma. We have 

seen in Chapter 2 what a drastic effect this parameter can 

have on current drive efficiency. In large machines the 

effective charge of the plasma, Z _., is known to be greater 

than 1, though how much greater is difficult to determine, 

even with sophisticated diagnostic equipment. It is known on 

34 JET (the Joint European Tokamak) for example, that Z --

increases slightly during RF heating, and increases 

gradually from shot to shot. Various techniques, such as 

carbonization of the inner walls of the tokamak, decrease 

Z --. but by how much is unpredictable, and the effect is 

temporary in any case. 

As difficult as the control of various plasma 

parameters may be. the real difficulty with current drive by 

asymmetrical heating of ions when considered as a candidate 

for primary current drive in large tokamaks. is the spatial 

localization of the current drive associated with this 

scheme. As mentioned several times before, current 

generation occurs in this scheme at the spatial locations 

inside the tokamak which satisfy u = Q^ + k||WV^^ where u 

is the frequency of the applied RF power, k|| is the parallel 

wave number, and WV^^ is some multiple of the ion thermal 

velocity. If the primary current of the tokamak is to be 

generated by this scheme, only one of the relations, 

0, = n, + k,|WV^^ or G) = n^ " ^II^^Ta ^^" ^® satisfied within 
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the tokamak: otherwise, two opposing layers of current are 

generated within the machine, resulting in no overall 

current generation. Furthermore, if Fisch's original scheme 

is used, the spatial location where o) = fi. is satisfied 

must also be kept out of the plasma column to prevent simple 

bulk heating at the minority species resonance from "eating 

up" the RF power. 

In the Texas Tech Tokamak the term k,,WV̂  is very small 
II Ta 

compared to Q, . thus placing the two opposing asymmetrical 

heating layers spatially close together. It is true that, in 

large machines. V^ will be some 20 times larger than in the 

Texas Tech Tokamak. However, in large machines, the term fi. 

(a function of toroidal magnetic field) is also larger than 

in the Texas Tech Tokamak. perhaps some 10 times bigger. So 

even in large machines (if k.. is of about the same order as 

in the Texas Tech Tokamak) fi^ >> kjjWV^^. 

It appears likely, that if only one of the relations 

(0 = n, + k.|WV^ or (J = n, - k||WV^^ is satisfied in a large 

machine, it will be satisfied near the edge of the plasma 

column, with the other relation satisfied just outside the 

column. If current drive by asymmetrical heating is to be 

the only means of current generation employed within the 

tokamak. current density within the plasma column would be 

concentrated near the edge of the plasma column. This 

current density profile would be very unusual for a tokamak. 

and could lead to difficulties with plasma stability. 
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Peculiarities of Current Drive by 
Asymmetrical Heating of Ions Which 
Warrant Further Investigation 

Even though current drive by asymmetrical heating of 

ions may not prove to be a means of generating the bulk of a 

tokamak's current, its spatially localized nature could 

permit the current density profile of a tokamak's plasma 

column to be tailored to suit the experimenter's needs. The 

experimenter could even vary the current density profile as 

a function of time by simply modulating the frequency of the 

RF excitation (as discussed in Chapter 4). 

As mentioned before, current density profiles of 

tokamak plasma columns are peaked at the poloidal axis of 

the machine. An interesting experiment would be to generate 

a current layer right at the edge of the plasma column. Once 

the current density profile had been perturbed in this way. 

it would be interesting to see if the perturbed current 

density profile would relax to its original shape. If this 

relaxation did indeed occur, it would indicate that the 

original current profile was a preferred state for the 

plasma to be in. associated with a so called "Taylor relaxed 

state"*^^. This question has never been investigated 

experimentally for a tokamak and is currently an area of 

intense interest in plasma physics. 

One other interesting experiment is the use of 

spatially localized current generation to maintain MHD 

stability in large tokamaks. As large tokamaks are pushed 

towards ignition, current density in the machines must be 
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increased to heat the plasma contained within them. But, 

because current density profiles are so peaked at the 

poloidal axis of tokamaks. the current density at the 

poloidal axis becomes very large, causing the safety factor 

q (which is inversely proportional to current) to be driven 

to less than 1 at the poloidal axis. This condition permits 

MHD instability and the rapid cooling of the tokamak plasma 

36 
to occur 

A possible experimental approach is illustrated in 

Fig.20. Two opposing layers of current are generated within 

the machine. One layer, positioned at the poloidal axis of 

the machine, would oppose inductively driven current in the 

column, therefore reducing the current density at the 

poloidal axis, and increasing the value of the safety factor 

q, and thereby maintaining MHD stability throughout the 

plasma column. At the same time, another current generating 

layer, driving current in the same direction as the 

inductively driven current, would be introduced nearer the 

edge of the plasma column. Here, current density is normally 

low. and therefore the increase in current density at this 

location has no effect on MHD stability. In this way. the 

current inductively driven in the tokamak could be increased 

to heat the plasma without driving the plasma into MHD 

instability, since spatially localized current (generated by 

asymmetrical heating of ions) "flattens out" the current 

density profile of the plasma column, as shown in Fig.20. 
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(^ ) Current 
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F i g - 2 0 Cross Section of a Tokamak Showing Current Drive 
by Asymmetrical Heating of Ions Flattening the 

Current Density Profile of a Tokamak Plasma 

Co 1umn. 
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APPENDIX A: DEFINITION OF THE SAFETY FACTOR 

37 The safety factor, q. for tokamaks is defined by 

^ a 

" = B R 

where B is the toroidal magnetic field. B is the poloidal 
L P 

magnetic field, 'a' is the minor radius, and R is the major 

radius. B /a is proportional to current density, which 
P 

varies by approximately + 5% in the Texas Tech Tokamak. 

The tokamak's toroidal magnetic field, B , varies from its 

value of .5T at the poloidal axis by +39% on the high 

field side of the machine to -22% on the low field side of 

the machine. 
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APPENDIX B: DEFINITION OF THE SLOWING DOWN RATE 

The slowing down relaxation rate is given by ^^ 

«//P = (1 . V™p) %"'' (2--'"") X dt tl/2 ,-c 
X 

s 
0 

where 

u "/" = 4^ e^ e^ X „ „ / „2 ^3 -1 
o a P a/3 p a a 

and 

x"^^ = m„ V^ / 2 »c T„ , j3 a p ' 

where »c is the Boltzmann constant. T is temperature, V is 

velocity, m is mass, n is particle density, X is the 

Colulomb logarithm, and e is the particle charge. 

For the experiment conducted the streaming particle 

(labeled a) is a hydrogen ion at 4 times the ion thermal 

velocity. The field particles (labeled P) are also hydrogen 

ions, but with an effective charge of 2. The streaming 

particle is considered to make four toroidal transits of the 

Texas Tech Tokamak in moving from the high field side of the 

machine to the low field side, traversing approximately 12 

meters. In this distance, using the slow down relaxation 
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rate, we can calculate that the streaming particle will have 

slowed significantly, so as not to participate in current 

dr ive, 


