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ABSTRACT" 

One- and two-dimensional p a r t i c l e simulations of beam-plasma in terac t ion 

have been carr ied out in order to understand current drive experiments that 

use an electron beam injected into the ACT-1 device. Typically, the beam 
g 

velocity along the maanetic field is V = 10 Om/sec while the thermal velocity 

of the background electrons i s v. = 10 /cm. The r a t i o cf the beam density to 

the background density i s about 10% so that a stronq beam-plasma i n s t a b i l i t y 

develops causing rapid diffusion of b'.am p a r t i c l e s . For both one- and two-

dimensional simulations, i t i s found that a s ign i f ican t amount of beam and 

background electrons i s accelerated considerably beyond the i n i t i a l beam 

velocity when the beam density i s more than a few percent of the background 

plasma densi ty . In addit ion, e lectron d i s t r ibu t ion along the magnetic field 

has a smooth negative slope. f ' (v ! ( ) < 0, for Vj, > 0 extending Vj = 1.5 V ~ 2 

V, which i s in sharp contrast to the predict ions from quasi l inear theory. An 

estimate of the mean-free path for beam electrons due to Coulomb co l l i s ions 

reveals that the beam electrons can propagate a much longer dis tance than i s 

predicted from a quasilinear theory, due to the presence of a high energy 

tai? . These simulation results, igree well with the experimental observations 

from the ACT-1 device. 

*? 
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I. INTRODUCTION 

Current drive in a toroidal device is important in relation to steady-

statq operation of a tokamak device. Various schemes including relativistic 
1 2 3 

electron beam inject ion, use of electromagnetic waves, ' and synchrotron 

radia t ion spontaneously generated in a plasma have been proposed. 

For the case of the electron beam Injection experiment, such as done in 

the ACT-1 device, i t i s important to consider the effects of beam-plasma 

in te rac t ions in determining the beam d i s t r ibu t ion and the resu l t an t currant 

d r ive . Ttiis i s because the beam density i s r e l a t i v e l y high compared with the 

background plasma density so that strong e l e c t r o s t a t i c i n s t a b i l i t i e s 

associated with beam-plasma in terac t ion develop, thereby modifying both the 

beam and the background electron d i s t r i bu t i ons . An applicat ion of a 
fi 7 quasi l inear theory ' and the Coulomb co l l i s ion theory to determine the 

current generation indicates that the current generated by the electron beam 
5 i s too small to exj.iain the observations in the RCT-1 device. This 

discrepancy may be traced to the Eact that the veloci ty d i s t r ibu t ion with a 

plateau predicted from a quasi l inear theory does not agree with experimental 

observations where a high energy t a i l whose velocity s ign i f ican t ly exceeds the 

i n i t i a l heam velocity has been observed. 

There have been a number of nonlinear theories for the beam-plasma 

i n s t a b i l i t y . Nonlinear sa turat ion of the i n s t a b i l i t y i s calculated within the 

framework of guasi l inear theory, ' which i s valid in the presence of many 

unstable modes so that the coherent trapping of pa r t i c l e s is not important. 

When only a s ingle mode i s unstable, a nonlinear theory i s developed when the 

beam density i s much smaller than the background d e n s i t y . 8 

when the beam density i s high, for example, more than a few percent cf 

the background plasma, several modes become highly nonlinear so that pa r t i c le 



trapping becomes very important. Under such conditions no appropriate 

nonlinear theory has been developed. 

There are several computer simulation studies on the beam-plasma 

instabilities using a one-dimensional model. In these calculations, 

development of large amplitude waves and the associated particle distributions 

are studied. In these works, i t is found that the trapping of particles plays 

an important role in the nonlinear development of the beam-plasma instability. 

In the present work, we shall study the beam-plasma instabilities first 

using a one-dimensional electrostatic model in a uniform external magnetic 

fi^ld a which corresponds to an electron beam of infinite transverse 

extent. Both parallel (k x B =0) and oblique (k * B ? 0) propagations are 

studied. Simulations are extended to two dimensions where effects of the 

finite radius of the electron beam can be incorporated. Using the beam 

velocity distribution obtained in the simulation, an estimate of the mean-free 

path due to Coulomb collisions is obtained to compare with the experimental 

observation in the ACT-1 device. 

In Sec. II, we shall briefly review the theory of beam-plasma 

instabilities in the electrostatic limit. In sec. I l l , simulation results 

from one-dimensional models are jiven for different beam density and velocity 

for parallel (& x fi = 0 ) and ob l ique (& * B f 0) p r o p a g a t i o n s . Two-

dimens iona l s i m u l a t i o n s a r e g iven in Sec . IV and a r e compared with one-

dimens iona l r e s u l t s . Conclus ions a r e given in See. V along with s u g g e s t i o n s 

for f u tu r e r e s e a r c h . 
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I I . LINEAR THEORY 

Consider a beam-plasma system in which an electron beam is drift ing along 

a uniform magnetic field in a uniform background plasma, when the dr i f t speed 

of the beam is large in comparison with the thermal speeds of bith the beam 

and background electrons, one may use a cold plasma dispersion relation to 

describe small amplitude waves. In the limit of electrostat ic approximation, 

relevant to the ACT-1 device one finds for k = (0, k , k a ) , 

k 2 u 2 k 2 co2 o>2. 

i r u - r r k^ ur or 
e 

2 2 , 2 2 
k « k u 

k^ (ai-k v l - s r k^ (<J-k v r z • e l z 

where OJ . « . are the electron, ion plasma frequency, V i s the electron dr i f t 

speed alonq magnetic field B z , Q is the electron gyrofrequency, and t = 

n /n is the rat io of the beam density to the total plasma density. Mote in 

at . <l) ions ar<? treated as unmagnetized so that w » ft. and k,P. » 1 are 

assumed in accordance with the wave observations in the ACT-1 eKperiment. 

t^t us f i rs t consider a parallel propagation, k = 0 and k = k. Then 

Eq. (1) is reduced to 

2 2 2 2 2 
, ., ( 1 _ e ) -la + J3L + E _ £ ? . ( 1 _ e ) _ E | + e ^ , < 2 ) 

u tu (cu-kv) £•> (uj-kV) 

8 11 
which is a familiar fona considered by a number of people. ' It is well-
known that a negative energy wave an the beam electrons couples to the 

positive energy plasma wave at 0) = w giving rise to an instability. Figure 
pe 

1 r e p r e s e n t s t he numerical s o l u t i o n s t o Eq. (2) f o r e = 1 0 - 1 . For w /Tc < V, 
pe n-

the instability results from the coupling between a plasma wave u = u and a 
pe 
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bean mode W = kv - & u , while for <d,A h v> -he instability results from 
pe P& 

the coupling between two beam, nodes giving a wave frequency of roughly w = 
6 11 kv. The maximum growth rate occurs near kV/cj - 1. ' 

For an oblique propagation given by B3. (1). the ion contribution is 

still negligible until the propagation is nearly perpendicular to the magnetic 

field where 

, 2 2 

k 10 . m 

k 2 w2 m i 

pa 

i s r ^ t i s f i ed . For th i s angle of propagation, i t i s well-known tha t the 

electron plasma waves u = "^ /^ ' ^De 9° o v e r ^° ^ n e lower hybrid wave 
u 2 = u 2 . / d + w 2 /S 2 ) in the high densi ty l imi t u>2./Q? » I . 1 2 

pi pe e p i 1 
Figure 2 shows a typical example for the oblique propagation where the 

angle 9 between Jj. and g. i s assumed to be © = 67.5 . £ = 10~ and Q / " _ . 
e pe 

= 1/2 are taken. I t i s .-lear that there are two groups of unstahle modes. One 

i s associated with the electron plasma wave <i) = (k\\fk)<o and the other i s 
pe 

associated with the upper hybrid wave destabilised by the beam 

electrons. For small kv/w . j, 1.5, electron plasma waves u = (k|,/k)w 
pe 'i pe 

and u = k||V - /? (k,./k)(o are unstable, which are the continuation from the 

parallel propagation shown in Fig. 1. Both the growth rate and the wave 

frequency decreases as the propagation becomes more and more perpendicular. 

The instability near th.» upper hybrid resonance frequency, on the other 

hand, has a larger growth rate as the propagation approaches perpendicular. 

The instability appears only for a selected band of kV/w as shown in Fig. 
pe 

2. Note that the cold plasma model used here is valid only for k,p << 1 
where p = v /Q is the electron gyroradius. It is shown that a more accurate 

t e 

treatment of the instability near the electron cyclotron harmonics requires a 
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k i n e t i c theory which shows a p r a s e n c e of beam-dr iven i n s t a b i l i t i e s near the 

harmonics of the e l e c t r o n qyrof requency, u ~ nQ for kjO ~ 1. , 1 4 

I I I . RESULTS FROM ONE-DIMENSIONAL SIMULATIONS 

we s h a l l f i r s t d e s c r i b e r e s u l t s ob ta ined from one-d imens iona l s i m u l a t i o n s 

in some d e t a i l fo r d i f f e r e n t beam d e n s i t i e s and v e l o c i t i e s r e l a t i v e to the 

main plasma d e n s i t y and the thermal speed . Ws s h a l l s tudy the s i m u l a t i o n a t 

va r i ous a n g l e s of p r o p a g a t i o n wi th r e s p e c t to a uniform s t a t i c maqnetic 

f i e l d . The cede used i s a s t anda rd e l e c t r o s t a t i c one -d imens iona l model us ing 

f i n i t e - s i z e p a r t i c l e s in a s p a t i a l g r i d . T y p i c a l l y , t h e s i m u l a t i o n l e n g t h I- = 

1 024A where A i s the g r i d s i z e , the number of s i m u l a t i o n p a r t i c l e s per g r i d n 

= BOA- , che i n i t i a l e l e c t r o n Debye l e n g t h X. = SH A, and the t ime s t e p of 

i n t e g r a t i o n (1) At = 0.2 a r e used . £ = " v / 1 1 •'•s v a r i e d from 10 t o 0 .2 w h i l e 

V/v i s v a r i e d from 3 t o 40. Beam t empera tu re in the d i r e c t i o n of t he 

magnet ic f i e l d i s assumed to be z e r o i n i t i a l l y whi le t he p e r p e n d i c u l a r 

t empera tu re i s taken t o he e q u a l t o v . When the beam v e l o c i t y i a much l a r g e r 

than the background thermal speed, 7 i 10 v , t he rma l spread of t he beam 

e l e c t r o n s equa l to v did not change the s i m u l a t i o n r e s u l t s s i g n i f i c a n t l y . 

Let us f i r s t s tudy s e v e r a l c a se s where the wave p r o p a g a t i o n i s p a r a l l e l 

to the maqn&tic f i e l d in which l o n g i t u d i n a l motion i s comple t e ly decoupled 

from the t r a n s v e r s e motion in the e l e c t r o s t a t i c l i m i t . The f i r s t example i s 

E: = 0.1 and V/v. = 10 and t h e o t h e r pa rame te r s a r e de f ined e a r l i e r . 

F i g u r e 3 shows t h e phase - space p l o t s of e l e c t r o n s from the i n i t i a l 

c o n d i t i o n to the f i n a l s t a t e . According to the l i n e a r theory shown in F ig . 1, 

the growth r a t e t akes i t s maximum value near k a ( J )

D e / v = 0.707A 

c o r r e s p o n d i n g to the 12th mode of the sys tem. S i g n i f i c a n t a c c e l e r a t i o n of 
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beam electrons as well as the background electrons can he seen at w t = 20 

caused by the strong electric field of the unstable modes. Relative amplitude 

of the electric field energy of the Fourier modes shown in Pig. 4 indicates 

that at this time there are several dominant modes, modes 12, 14, 15, and IS. 

As the instability grows further, trapping of the beam as well as the 

background electrons is clearly seen in Fig. 3 at w t = 30 where mode 12 and 
pe 

14 are the most dominant moJes. It is interesting to realize that the motion 

of the trapped particles is roughly symmetric with respect to the wave phase 

velocity, thereby accelerating a significant fraction of beam and background 

electrons up to a velocity nearly twice of the original beam velocity. 

At w t = 50, significant diffusion in velocity space has taken place 

associated with the coalescence of the unstable modes shown in Fig. 3, 

resulting in the smaller amplitude of the electrostatic waves at this time. 

This diffusion process continues further in time and little evidence for the 

trapped particle is seen at u t = 100. Nearby complete thermalization has 

taken place at <>> t = 400 as shown in Fig. 3. By this time, wave energy is 

much smaller compared with earlier times when the instability is the strongest 

as shown in Fig. 4. This is because the waves are absorbed back to the 

particles via Landau damping associated with the presence of a negative slope 

of the electron distribution. Note that the simulation results found here are 
6 7 very different from the predictions from a quasilinear theory. ' In 

particular, note the presence of accelerated beam and background electrons 

nearly twice the original beam velocity. 

Figure 4 indicates the electrostatic field energy of Fourier modes at 

four different time steps. There are sevoral strongly unstable modes that 

grow to large amplitudes. At a later time, w t = 100, the energy associated 
pe 

with these modes is reduced to a much smaller amplitude. The particle 
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distribution has a negative slope for all v B so that it is stable against the 

plasma instability at this time. 

Figure 5 indicates the beam, background, and the total electron 

distribution at different ti.-se steps. The initial distribution shown in (a) 

spreads in time and, at the same time, the background electrons are 

accelerated to form a high energy tail. Beam electrons shown in Fig. 5(c), 

(f) spread to both high and low energies while the average beam velocity 

decreases in time. The final beam distribution looks triangular, peaking at 

zero velocity and smoothly extending to nearly twice the Initial beam 

velocity. There is a finite negative slope associated with the beam 

distribution which is responsible for the damping of the waves after 

saturation. 

The background elections are accelerated to form a high energy tail as a 

result of trapping as shown in Fig. 5(b), (e). its final tail distribution is 

very similar to the beam distribution, suggesting that at tne final stage of 

the simulations, diffusion in velocity space is strong enough to smear out 

beam and background electrons. 

It is interesting to observe that the largest velocity for both beam and 

background electrons is almost twice the initial beam velocity. This can be 

explained in the following manner. For a strong instability, such as in this 

example, the wave energy grows to large amplitude to trap both beam and 

background electrons. Those trapped electrons oscillate back and forth in the 

potential well thereby producing a high energy tail. ?.s the amplitude of the 

unstable waves grow, the trapping width grows and more background particles 

are trapped. Since the trapping of the background electron', causes the 

damping of the wave, the instability must saturate when the number of the 

trapped background electrons approach that of the beam electrons. Since the 
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motion of a trapped electron 19 nearly symmetric, the maximum trapping 

velocity is v in the beam frame which is 2V in the laboratory frame. In 

reality, however, it should be smaller by a few thermal speeds of the 

background electrons since the wave amplitude must stop growing when the 

number of the trapped background electrons approaches the number of beam 

electrons. 

The final total electron distribution shown in Fig. 4(d) confirms the 

presence of a smooth, finite negative slope f'(v) < 0 for v > 0 and the 

presence of a high energy tail. "ttiis distribution is stable against plasma 

instabilities and no changes have been observed during the course of the 

simulations. 

Figure 6 shows the time history and frequency spectrum of two unstable 

jnodes, mode 3 where kV/U) = 0.27 and mode 12 where kV/w = 1. Mode 3 is a 
pe P e 

weakly unstable mode and its saturation amplitude is ten times less than that 

of mode 12. For mode 3, the frequency spectrum shows stable waves at u = 

u)pe, and unstable beam mode at to = kV. Mode 12 is one of the most unstable 

modes whose electric field shows amplitude oscillation after reaching the 

maximum amplitude. The wave energy decreases in time due to the Landau 

damping associated with the negative slope of the average electron 

distribution, f(vj) < 0. 

T*ie final electron velocity distribution found in the simulation is 

stable with respect to plasma instabilities since the distribution function is 

monotonically decreasing with respect to the velocity. Ihe time to develop 

such a stable distribution is found to be t = (50 — 100) w~' which is about 10 
pe 

e-iolding times the most unstable modes. So, on the average, the distance the 

beam travel led during such a time interval i s Vt * 10 ?»• . Such a distance i s 

very short in any experimental device including the ACT-1 so that except for a 
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narrow region near the beam inject ion point , one would expect the e lectron 

d i s t r ibu t ion to be given by the f inal d i s t r i bu t ion , which has an energetic 

t a i l as a r e s u l t of beam-plasma i n s t a b i l i t y . 

Generation of toroidal current in the ACT-7 device via inject ion of an 

electron beam may be estimated by calculat ing the mean-free path of t'r.s 

electrons determined froa c l a s s i ca l co l l i s i ons . This i s because the current 

associated with the e lect rons can only be dissipated by the co l l i s ions with 

the ions as well as with the background electrons when the electron 

d i s t r i bu t ion i s s tab le against plasma i n s t a b i l i t i e s . 

When the beam density i s small compared with the background plasma 

densi ty, the mean-free path of the beam electrons may be estimated by 

neglecting col l i s ions between beam electrons and t rea t ing the background 

plasma as a Maxwellian t a rge t . Note tha t the co l l i s ion time for an electron 

whose speed i s v i s proportional to v for v >> v so that the generation of 

the high energy t a i l of the e lectrons as a r e s u l t of beam-plasma i n s t a b i l i t i e s 

could enhance the mean-free path and the generation of toroidal cur ren t . 

"Pie mean-free path of the electrons may be estimated by i. = <vjt > where 

< > means averaging over the electron d i s t r i bu t ion . Here ; g i s the co l l i s ion 

time of a beam electron with the background electrons and ions, an.l i s given 

by, for v » v t , T ^ 1 = t ^ " 1 + - t ^ - 1 where 

2 3 
. m v 

T = -1 T . = —-— . i 4) 
ee 2 ei . 4, . 

Therefore the nean-free path i s given by 

2 
m e 3 3 

12itne AnA 
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Similarly, the mean-free path for the current may be given by 

V = <v\% > '<• <vjj 'v 3 - . ( 6 ) 

Figure 7 shov»u the ' * "^ history of A and A' calculated using the electron 

distribution found in the simulations as shown by Fig. 5. Both A and $.' are 

normalized by their initial values w*-.ore a cold beam 6!v„-V) is streaming 

through a Maxwellian background plasma. For short time, &> t < 20, both mean-
pe 

free paths-- remain the same as their initial value until they are suddenly 
reduced by 20* or so at la t = 25. At this time, the unstable waves have 

pe 

qrown to larqe amplitudes so that the beam electrons a r i decelerated as they 

give the ent=/gy away to the waves. At l a t e r times, however, a high energy 

t a i l is formed as a resu l t of pa r t i c le trapping for both beam and background 

e lect rons . Such high energy electrons have a long mean-free path as the 

co l l i s ion frequency decreases rapidly as v . As a r e su l t , both A and A' 

increase in time and their final values are larger than the ones shown in Fig, 

"i, suggesting that the mean-free path of the electrons and the current 

generated are more than that of the original beam. In this sense, we may 

conclude that the beam-plasma i n s t a b i l i t y generates an anomalous conductivity 

rather than an anomalous r e s i s t i v i t y as commonly believed. The simulation 

resu l t s reported here are obtained by using a fixed ion background,- however, 

no appreciable modifications are found by using mobile ions because the ion 

time scale i s much longer than the time scale reported here. 

I t i s of some in te res t to consider the mean-frea path H' defined by Eq. 

(6) for extramc d i s t r ibu t ions . For the i n i t i a l d i s t r ibu t ion of a cold beam 

given by 
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f h (v ) = n b 5(v ( | - V) , (7) 

*• - <vjv3> = / tbv] dv„ = n b V 5 

For a square d i s t r i bu t ion extending V|t = 0 to Vj •» V, which may be considered 

an approximation from a ctuasilinear theory, beam d i s t r i bu t ion may be given by 

n /V for 0 < v., < V 
f (v) = f b " (8) 

0 otherwise 

so that 

v - / f

b *\ av„ - « b v 5 /6 . O) 

Another extreme d i s t r ibu t ion i s to assume a square d i s t r i bu t ion extending to 

v = 2V tram v = 0 so that 

n, /2V for 0 < v,. < 2V 
f b (v ) = {^ ' , (10) 

0 otherwise 

*•' ~ f f

b

v 5 d v = < 1 6/3)n b v 5 - f ' l ) 
o 

I t i s c lear that the mean-free path i-' calculated from a d i s t r i bu t ion 

similar to the one found in the quasil inear theory, gives a grossly 

underestimated value because of the neglect of the high energy t a i l . The 

other d i s t r ibu t ion given by Eg. (10), which has a f l a t t a i l extending to 2V, 

overestimates the mean-free path because the t a i l population is higher than 

the d i s t r ibu t ion found in the simulation r e s u l t s . 
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The experimental r e su l t s obtained from ACT-1 do not show the toroidal 

current as much as the simulation, although i t i s cer ta in ly much larger than 

the estimate given from the quasi l inear estimate of Bg. (9 ) . The ACT-1 

r e s u l t s , however, show closer agreement with the two-dimensional r e s u l t s given 

in Sec. V, suggesting tha t a pure one-diiiensional model which assumes a 

presence of beam electrons with an in f in i t e transverse dimension overestimates 

the enhancement ~f the high energy e lec t rons . 

In an actual experiment such as done in the ftCT-1, the beam dimension, d, 

i s f in i te and i s only 100 X or so, and therefore the unstable plasma waves 

propagate obliquely to the magnetic f i e ld . In th i s case, the plasma 

i n s t a b i l i t i e s are expected to be weaker (as seen in the l inear dispersion 

re la t ion shown in Fig. 2) so that the enhancement of high energy e lect rons 

becomes smaller. 

When the beam transverse dimension i s large enough so that d i s much 

larger than the wavelength of the most unstable mode of the beaut plasma 

i n s t a b i l i t y , k~ •> v/u , the r e su l t s of the one-dimensional simulation should 

remain valid because the most unstable modes are nearly one-dimensional. This 

condition i s given by 

d » 2W/C0 . (12) 
pe 

We have run another simulation in which all the simulation parameters were 

kept the same, except that the initial beam temperature is assumed equal to 

that of the background electrons. No significant changes were found and the 

results found for the cold beam electrons remain valid. 

We shall now study the results of simulation where the relative beam 

density has been changed> When the beam density is increased to e = 0.2, the 
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qua l i t a t i ve cha rac t e r i s t i c s of the i n s t a b i l i t y remain the same except for the 

enhanced t a i l population and hence the mean-fr«<* path of beam propagation. 

Figure 8 shows the t o t a l ( a ) , background (b), and beam electron 

d i s t r ibu t ion (c) , a t t = 0 and ID t = 400, well af ter the sa tura t ion of the 

i n s t a b i l i t y . The high energy t a i l extends to almost 2V and there i s a smooth 

negative slope of the t o t a l d i s t r ibu t ion which may be responsible for the 

absorption of the lower hybrid vave used to drive a current in a tokamak. 

Clearly, the f inal d i s t r i bu t ion Landau damps waves excited by the beam-plasma 

i n s t a b i l i t y so that the wave amplitude i s near the noise level a t the end of 

the simulation. 

Figure 8(d), (e) shows the r e l a t i ve mean-free path A and X.' normalized by 

their i n i t i a l values. In t h i s case, the mean-free path for the current i s 

more than twice the mean-free path associated with the i n i t i a l cold beam. 

The enhancement of the hiqh energy electrons and hence the mean-free path 

of the current decreases as the beam density i s reduced while keeping the beam 

velocity constant a t V/v = 1 0 . As the beam density i s reduced, the 

i n s t a b i l i t y sa tura tes a t a low level thereby generating a smaller population 

of trapped e lec t rons . The p a r t i c l e d i s t r i bu t ion approaches that predicted 

from the quasi l inear theory in the long time scale af ter the coherent phase-

space s t ructure associated with pa r t i c le trapping i s smeared out. 

Figure 9 shows the i n i t i a l and f inal pa r t i c l e d i s t r i bu t ions a t <i) t = 400 

and the associated mean-free paths for £ = 0.05. Note the changes of the 

pa r t i c l e d i s t r ibu t ion where the maximum velocity of high energy p a r t i c l e s is 

1.6V, s igni f icant ly less than 2V. Also, the slope of the d i s t r ibu t ion for v < 

V i s much smaller while for v > V i t i s s t i l l f i n i t e , giving r i se to the 

enhanced current generation. The r e l a t i ve mean-free paths are s t i l l larger 

than 1 a t the end of the simulations. However, the gain i s decreasing as the 
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bean density is reduced relative to the background density as shown in Fig. 

9(d), (e). 

When the beam density is reduced to 1 % as shown in Fig. 10, the final 

distribution approaches further to that predicted from a quasilinear theory, 

altnough there are still clear signs of energetic electrons generated from 

b'.ch Che beam and main electrons. The mean-free path finally becomes less 

than 1, meaning that the toroidal current generated will be less than that 

associated with the initial cold beam. 

When the beam density is further reduced to 0.1% as shown in Fig. 11, 

coherent particle trapping is seen at <"> t = 100, coalesces gradually 
pe 

at a) t = 200, and then gives r i s e to a smooth phase-space d i s t r i bu t ion a t pe 
w __t = 400, whose velocity d i s t r ibu t ion i s nearly f la t for v < V with a small 

number of high energy p a r t i c l e s . In th i s case, the f inal r e l a t ive mean-free 

path for the current V , i s about 0.66 of the i n i t i a l value, which i s much 

smaller than the mean-free path calculated from the i n i t i a l cold beam. 

The next example i s the case where the beam veloci ty i s doubled to v = 

20v while the beam density i s kept a t E = 0 . 1 . This case i s intended to 

study if the final electron d i s t r ibu t ion i s s igni f icant ly different from the 

previous V = IQv t case. The most unstable mode in th is case is approximately 

the 7th mode of the system. As in the case of V = 10v , several unstable 

modes grow to large amplitude. The f inal p a r t i c l e d i s t r ibu t ion shown in Fig. 

12 a t ^ re t = 400 remains almost the same with the high energy t a i l extending 

to 2V. The shape of the t a i l d i s t r ibu t ion is roughly the same for the beam 

and main electrons as a resu l t of strong trapping accompanied by a mixing in 

phase space. Again the re la t ive mean-free path shown in Fig. 12(d), (e) i s 

s ignif icant ly larger than 1 and numerically almost the same as the case where 

V = 10v t . 
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Similar tail distribution is found for even a larger beam velocity. It 

is found that the final distribution at to t = 400 for V - 40 v is initially 
pe t 

similar again to those found for V = 10 V t and 20 V t , suggesting a similar 

solution for the high energy t a i l . Relative mean-free path therefore stays 

about the same. 

Reducing the beam velocity gives qua l i t a t i ve ly the same r e s u l t s even 

though the i n s t a b i l i t y i s much weaker. Figure 13 shows the p a r t i c l e 

d i s t r i bu t ion for V = 3 v.. i n i t i a l l y for e = 0 . 1 . Both the beam and the 

background electrons are accelerated to form a high energy t a i l . The r e l a t i ve 

mean-free path ia larger than 1 although the enhancement factor i s small 

because the i n s t a b i l i t y i s much weaker as shown ir> Fig. 13(d), ( e ) . 

We sha l l now consider an example of one-dimensional simulation where the 

unstable waves propagate obliquely with respect to the external magnetic 

f i e ld . ^s mentioned e a r l i e r , wave propagation in an experimental device 

cannot be s t r i c t l y along the magnetic f ield (k * B £ 0) due to the f i n i t e 

dimension of the electron beam. The example considered i s £ = 0 . 1 , V = 10vt< 

and 6 = S7.5U where fl i s the angle between k and B . The dispersion r e l a t i on , 

given by Fig. 2, reveals tha t the oblique plasma wave (J = (kii/k) iu and the 
pe 

beam mode (u = k V remain unstable for kV/u ' 1 in addition to thp 
i n s t a b i l i t y near the upper hybrid frequency for large kV/!»> • 

pe 

Figure 14 shows the initial and final electron distribution along 

magnetic field, fCv,,), averaged over v. at t = 0 and <J t = 400. Again both 

the beam and background electrons form a high energy tail with a presence of 

finite negii.ive slope very similar to the case of parallel propagation. 

Frequency analysis reveals that the dominant modes are the electron plasma 

waves propagating obliquely to the magnetic field for modes 6-1 5 which reach 

large amplitude. In addition, smaller peaks in the frequency spectrum are 

seen near u = w = <(1Ce + a
e ' ' , which are also predicted. 
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Again the r e l a t i v e mean-f ree p a t h shown in F i g . 1 4 ( d ) , (e) i s enhanced 

above the. i n i t i a l va lue a l though the enhancement i s modest compared wi th t he 

p a r a l l e l p r o p a g a t i o n . This i s because the i n s t a b i l i t y i s weaker in the ca se 

of ob l ique p ropaga t ion r e s u l t i n g in the s m a l l e r a c c e l e r a t i o n of h igh ene rgy 

p a r t i c l e s . Also the i n i t i a l beam energy i s p a r t l y fed to t he p e r p e n d i c u l a r 

h e a t i n g . 

Because of t h e p r e s e n c e of p e r p e n d i c u l a r e l e c t r i c f i e l d E^, h e a t i n g of 

e l e c t r o n s p e r p e n d i c u l a r to the magnet ic f j ?ld t akes p lace as shown in F i g . 

15. Both the beam and background e l e c t r o n s a r e hea ted to the same d e g r e e . 

However, the p e r p e n d i c u l a r h e a t i n g remains much s m a l l e r than the p a r a l l e l 

h e a t i n q in t h i s example . We s h a l l now d i s c u s s r e s u l t s o b t a i n e d from a two-

d imens iona l model and compare them wi th one -d imens iona l r e s u l t s . 

IV. RESULTS FROM TWO-DIMENSIONAL SIMULATIONS 

The two-d imens iona l model used i s an e l e c t r o s t a t i c code with p e r i o d i c 

boundary c o n d i t i o n s i n bo th x , y d i r e c t i o n s . The e x t e r n a l magnet ic f i e l d i s in 

the x-y p lane p o i n t i n g t o y - d i r e c t i o n B y , A 128 * 128 g r i d was used wi th 9 

~ 16 e l e c t r o n s per squa re g r i d . \ = A and ffl

e/a)

De = 1.2 a r e t a k e n . Ions a r e 

assumed to form a uniform background a l though c a l c u l a t i o n s i n c l u d i n g mobi le 

ions a r e a l s o performed to s tudy t h e e f f e c t s of i o n s . In o r d e r t o s i m u l a t e a 

f i n i t e dimsnrsion of an e l e c t r o n beam in a uniform p e r i o d i c s i m u l a t i o n , Fou r i e r 

modes of t h e e l e c t r o s t a t i c f i e l d having on ly k„ = k a r e d e l e t e d in the 

numer ica l s i m u l a t i o n s . This i s done by assuming E(k = 0, k ) = 0 f o r one-
~ x y 

d imens iona l modes p r o p a g a t i n g a long the magnetic f i e l d . This model appears 

b e t t e r than a c t u a l l y modeling a beam of f i n i t e t r a n s v e r s e dimension s i n c e the 

s i m u l a t i o n plasma i s on ly 128 - Debye l e n g t h s wide . The s i z e of the e l e c t r o n 

beam used in the ACT-1 i s about the same as the s i m u l a t i o n model. 
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The parameters for the f i r s t example of the two-dimensional simulation 

are X = A, v = 10 v , £ = 0 .1 , and £3 /®ae = 1 • 2. Note the system i s only 128 

- Ttebye lengths along the magnetic f ield so that the most unstable mode 

associated with the oblique elect ion waves i s the second longest wavelength 

mode in the system. Fiqure 16 shows the e l e c t r o s t a t i c potent ia l contours a t 

u t = 30, 50, and 250. At early time, oo t = 30, the most unstable mode, 

(k t k ) = (2TZL)~ (m,n) = <2T/I,) (1,2) shows clear dominance in the s t ruc ture 

of the potent ia l contour. At l a t e r time, ^ g t = 5 0 > several other modes 

(m,n) = (1,1) , (2 ,2) , and (2,1) grow to large amplitude. Eventually, the 

longest mode (m,n) = (1,1) survives, which i s dissipated showly via Landau 

damping. 

The corresponding phase-space plots averaged near x and v± (y, Vj) = (y, 

v ) are shown in Fig. 17. Coherent s t ructure in phase space caused by the 

(m,n) = (1,2) mode a t id t = 30 i s phase-mixed l a t e r , to t = 50 i s associated pe pe 
with the growth of several other modes and eventually shows l i t t l e evidence of 

coherent par t ic le trapping at m t = 250. I t appears that the phase mixing 
pe 

proceeds much faster in two dimensions than in one dimension. This i s because 

the degree of freedom for pa r t i c le motion i s increased in two dimensions. 

Figures 18 and 19 show the velocity d i s t r ibu t ion for p a r a l l e l and 
perpendicular (v ) components with respect to the magnetic f ield a t w t = 250 z pe 

when the i n s t a b i l i t y has been thermalized. Both the beam and main electrons 

form a high energy t a i l and the to t a l d i s t r ibu t ion shows a negative slope in 

good agreement with one-dimensional simulations. The maximum velocity of the 

t a i l pa r t i c l e s i s 1.5V which i s somewhat smaller than that found for pa ra l l e l 

propagation (k * B = 0 ) but i s closer to the r e su l t s found for the oblique 

propagation. Perpendicular veloci ty d i s t r ibu t ion shown in Fig. 19 shows a 

comparable heating for both beam and background electrons which i s also in 

close agreement with the one-dimensional r e su l t s for oblique propagation. 
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Relative mean-free path for t h i s case shown in Fig. 18 (d), (e) for X and 

V remains near unity after the i n s t a b i l i t y i s thermalized. This i s 

consistent with the r e l a t i ve ly modest accelerat ion of high energy p a r t i c l e s 

and also agrees well with the RCT-1 observations. Since the beam dimension, 

L , i s about the same as the pa ra l l e l wavelength of the unstable modes, i t i s 

clear that the one-dimensional r e su l t s for para l le l 

propagation (k x B = 0 ) overestimate the population of the high energy t a i l , 

thereby making the r e l a t i ve mean-free path longer than the one found here . 

Frequency analysis of the Fourier modes of the e l e c t r o s t a t i c po ten t ia l 

confirms tha t for long wavelengths, which are the dominant modes in this 

simulation, the frequency peaks near the oblique plasma wave & = (kj/kju and 

much less energy i s found a t the upper hybrid frequency. For shorter 

wavelengths, more and more f ield energy i s found near the upper hybrid and 

higher frequencies although their amplitude remains small compared with the 

long wavelength modes. 

Two-dimensional simulations using a higher d r i f t ve loci ty , V = 20v t , 

while keeping the other simulation parameters the same show a much more 

perpendicular heating while the high energy t a i l alo>>g the magnetic field i s 

subs tant ia l ly reduced compared with the resu l t s found for the V = 10 v 

case. This i s because of the fact that the simulation system i s not long 

enough to support a l l the dominant modes for such a high d r i f t velocity of the 

electron beam. Large fractions of beam energy therefore went to the 

perpendicular modes resul t ing in enhanced perpendicular heating in t h i s case . 

For a smaller d r i f t veloci ty , V = 3 v . , simulation resu l t s show a 

velocity d i s t r ibu t ion similar to the one-dimensional simulations given by Fig. 

13 with a small high energy t a i l . In th i s case, one-dimensional r e su l t s 

should be a good approximation to the two-dimensional model since the para l le l 
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wavelength of the most unstable mode k | M 2W/to i s much smaller than the 

beam dimension. Therefore, the condition given by Eg. (12) i s well s a t i s f i e d . 

Since the two-dimensional simulations include modes which propagate 

nearly perpendicular to the magnetic f ie ld , KjA & (ra /m. ) ' , the ion 

response cannot be neglected for such propagation. Simulations with mobile 

ions confirm the presence of lower hybrid waves near d> =* u . for such oblique 

propagations and small ion perpendicular heating has been observed. The 

effec ts on the electrons caused by such ion waves, however, remain small and 

no s iqn i f ican t modifications are found compared with the two-dimensional model 

with the immobile ion background. This i s because the electron plasma, upper 

hybrid, and electron cyclotron harmonic waves play a key ro le in determining 

the electron dynamics. 

V. CONCLUSIONS 

We have shown that the current drive experiment via in jec t ion of an 

electron beam in the ACT-1 can be well explained by using the r e s u l t s obtained 

from nonlinear plasma simulations. In pa r t i cu la r , generation of a high energy 

t a i l , the presence of a smooth, negative slope of the p a r t i c l e d i s t r i bu t ion 

function along the magnetic f ie ld , and the mean-free path of the e lectrons 

show good agreement between experimental observations and numerical 

simulations. The fact that the mean-free path of the beam propagation i s much 

longer than what one would expect from a quasi l inear theory may be important 

not only for current drive in a toro idal device but also for other 

appl ica t ions , such as beam propagation in space. While the mean-free path was 

estimated by using a t e s t pa r t i c l e slowing down time, we plan to solve ful l 

Fokker-Planck equations using the e lec t ron d i s t r i bu t ion found in the 

simulat ions. While the simulations are carried out using periodic boundary 
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conditions, it is possible to use a nonperiodio system to study convective 

instabilities. ' These results will be reported in the near future. 
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FIGURE CAPTIONS 

FIG. 1. Solution to the dispersion relation, &(. (2) for the parallel 

propagation. e = 0.1 is assumed. Note a stable root near u = -W is 
pe 

not shown here. 

FIG. 2. Plot of the unstable roots from the dispersion r e l a t i o n , Eq. (1) , 

for the oblique propagation. £ = 0 .1 , ^ /W™ = "̂ 2 , and 6 = 67.5 are 

assumed where 9 i s the angle between fc and B . 

FIG. 3. Phase-space p lo ts for the beam-plasma i n s t a b i l i t y . e = 0 .1 , V = 10 

v , 9 = 0, and L = 1024A are chosen. Note the generation of high energy 

electrons as a r e s u l t of pa r t i c l e trapping. 

FIG. 4. Relative amplitude of the e l e c t r o s t a t i c f ield energy for each 

Fourier mode a t four d i f fe ren t times. 

FIG. 5. Electron d i s t r i bu t ion functions for the t o t a l , beam, and background 

electrons. I n i t i a l d i s t r ibu t ion t a ) , background and beam d i s t r ibu t ion 

a t u t = 30 (b), ( c ) . Final t o t a l (d) , background (e ) , aid beam (f) pe 
d i s t r ibu t ion a t 41 t = 400. 

FIG. 6. Time his tory of the e l e c t r i c f ie ld of two Fourier modes, mode 3 and 

mode 11, and their frequency spectrum. Only the r e l a t i v e amplitude i s 

shown. 
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FIG. 7. Mean-free paths H and A' of the electrons and current defined by 

Eqs. (5) and (6) in the text normalized by the mean-free paths for the 

i n i t i a l cold beam. 

FIG. 8. I n i t i a l and fin/M t o t a l ( a ) , background (b), and beam (c) electron 

d i s t r ibu t ions and the r e l a t ive mean-free paths S.(d) and £.'(e) for £ = 

0.2 and V = 1 0 v f c . 

FIG. 9. I n i t i a l and f inal to t a l ( a ) , background (b), and beam (c) p a r t i c l e 

d i s t r ibu t ions and the r e l a t i ve mean-free paths A(d), I' (e) for e = 0.05 

and V = 10 v . 

FIG. 10. I n i t i a l and f inal t o t a l Ca), background (b), and beam (c) electron 

d i s t r ibu t ions and t h e . r e l a t i v e mean-free path ltd), V(e) for £ = 0.01 

and V = 10 v t -

FIG. 11. ?'r,jse- space plots a t w__t = 100 Ca) , 200 (b), and 400 (c)J and th« 

final electron d i s t r i bu t ions for to t a l (d) , background ( e ) , and beam 

electrons (f) for e = 0.001 and V = 10 v t -

PIG. 12. I n i t i a l and final to t a l ( a ) , background Cb), and beam <c) electron 

d i s t r ibu t ions and the r e l a t i v e mean-free path 1{A) , V (e) for £ = 0.1 

and V = 20 v t . 

PIG, 13. I n i t i a l and final to t a l (a) , background (b), and beam (c) electron 

d i s t r ibu t ion and the r e l a t ive mean free path -t(d) and £'<e) for £ = 0.1 

and V = 3V.,. • 
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PIG. 14. I n i t i a l and f inal t o t a l ( a ) , background (b) , and beam (c) e lectron 

d i s t r ibu t ions along the magnetic f ield averaged over the perpendicular 

ve loc i t i e s for an oblique propagation and the r e l a t i ve mean-free path A 

(d), X'le). e = 0.1, V = 10 v f c , R

e / " p e = /2 , and 6 = 67.5° are 

assumed. 

FIG. 15. I n i t i a l and f inal t o t a l (a)., background (b) , and beam (c) electron 

perpendicular velocity d i s t r i bu t i on , f(v ) , averaged over v and v . 

f(v ) i s almost the same to f(v ) . E .•. o. 1, v = 1 0 V . , 3 = /2 to , and x z t e pe 

9 = 67.5° 

FIG. 16. Contour plot for the e l e c t r o s t a t i c po ten t ia l for a two-dimensional 

simulation a t u t = 30, 50, and 250. 128 Ae * 128Ae, E = 0 .1 , V = 10 pe r 

v , and Q = 1.2 cu . A 128 X x 128 \ grid i s used, e e pe e e ' 

FIG. 17. Phase-space plot y - v B a t u t = 30, 50, and 250 for a two-

dimensional simulation. £ = 0 . 1 , V = 10 v , and Q = 1 .2 JO 
e e pfe 

FIG. 18. I n i t i a l and f inal electron d i s t r ibu t ions along the magnetic f ield 

averaged over perpendicular ve loc i t i es for to ta l (a ) , background (b) , 

and beam (c) electrons and the r e l a t i v e mean-free path X (d) and l ' ( e ) 

for a two-dimensional simulation, e = 0 .1 , v - 10 v . and Q = 1.1 tu . 
e e pe 

FIG. 19. Initial and final total (a), background (b), and beam (c) electron 

perpendicular velocity distribution, f(v) averaged over v and v for a 

two-dimensional simulation. f(v ) is very similar to f(v ). £ = 0.1, 

V = 10 t , and Q =1.2 u) . e ce pe 
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