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ABSTRACT

One-~ and two~dimensional particle simulations of beam-plasma interaction
have been carried out in order to understand current drive experiments that
use an electron beam injected into the ACT-1 device. Typically, the heam
velocity along the macnetic field is V = 109 om/sec while the thermal velocity
of the background electrens is v, = 108/cm. The ratio cf the beam density to
the background density is ahout 10% so that a strong heam-plasma instability
develops causing rapid diffusion of bram particles. For both one- and two-
dimensional simulations, it is found that a significant amount of bheam and
background electrons is accelerated considerably beyond the initial beam
velocity when the beam density is more than a few percent of the background
plasma density. In addition, electron distribution alorg the magnetic field
has a smooth negative slope. £'{v,) < 0, for v, > 0 extending vy = 1.5 v ~ 2
v, which is in sharp contrast to the predictions from quasilinear theory. an
egtimate of the mean-free path for beam eleéctrons due to Coulomk c¢ollisions
reveals that the heam electrons can propagate a much longer distance than is
predicted from a quasilinear theory, due to the presence of a high energy

tail. These simulation results agree well with the experimental observations

from the ACT-1 device.




I. INTRODUCTION

Current drive in a toroidal device is important in relation to steady-
state operation of a tokamak device. Various schemes including relativistic
alectron beam injectioﬂ,‘I use of electromagnetic waves;z’:’ and synchrotron
radiation spontaneously generated in a ;:vlas:ma"‘l have been proposed.

For the case of the electron beam injection experiment, such as done in
the ACT-) device,s it is important to consider the effects of beam-plasma
interactions in determining the heam distribution and the resultant curreat
drive. This is because the beam density is relatively high compared with the
background plasma density so that strong electrostatic instabilities
asgociated with beam-plasma interaction develop, thereby modifying both the
beam and the background electron distributiouns. An  application of a
quasilinear thecry6'7 and the Coulemb collision theory to detarmine the
current generation indicates that the <urrent generated by the electron beam
is too small to exr'ain the observations in the ACT-1 device.5 This
discrepancy may be traced to the Ffact that the velocity distribution with a
plateau predicted from a quasilinear 1:heory6 does not agree with experimental
observations whaere a high enerqy tail whose velocity significantly exceeds the
initial bheam velocity has been observed.5

There have been a number of nonlinear theories for the beam-plasma
instability. MNonlinear saturation of the instability is calculated within the
framework of quasilinear theory,6’7 which is valid in the presence of many
unstable modes so that the coherent trapping of particles is not important.
when only a single mode is unstable, a nonlinear theory is developed when the
beam density is much smaller than the background densit:y.8

When the beam density is high, for example, more than a few percent cf

the background plasma, several modes become highiy neonlinear so that particle
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trapping hecomes very important. Under such conditions no appropriate
nonlinear theory has been developed.

There are several computer simulation studies on the beam-plasma
instabilitiesg_“ ugsing a one-dimensional medel. In these calculations,
development of large amplitude waves and the associated particle distributions
are studied. 1In these works, it is Ffound 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 FEirst
using a one-dimensional electrostatic model in a uniform external magnetic
fi=1d g, which corresponds to an electron heam of infinite transverse
extent. Both parallel (}i X Eo = 0) and oblique ()‘c‘ x go # 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 disgtribution obtained in the samulation, 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. III, simuylation results
from one-dimensional models are jiven for different beam density and velocity
for parallel (kg X By = 0) and oblique (k X B, # 0) propagations. TWO-
dimensional simulations are given in Sec. IV and are compared with one-
dimensional results., Conelusions are given in Sec. V along with snggestions
for future research.
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II. LINEAR THEORY

Consider a beam-plasma system in which an electron beam is drifting along
a uniform magnetic field in a uniform background plasma. When the drift speed
of the beam is large in compariscn with the thermal speeds of both the beam
and background electrons, one may use a cold plasma dispersion relation te
describe small amplitude waves, 1In the limit of electrostatic approximaticn,

relevant to the ACT-1 davice one findg for k = (0, kY' kz),
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where w__. i are the electron, ion plasma frequency, V is the electron drift

speed alonq magnetic field Boz , QF_ is the electron gyrofrequency, and £ =

ne/no is the ratio of the heam density to the tectal plasma density. Note in
Eg. {1) ions are treated as unmaqnetized so that w >> &, and kyp; 2> 1 are
assumed in accordance with the wave ohservations in the ACT-1 experiment.

Let us first consider a parallel propagation, ky = 0 and kz = k. Then

BEq. (1) is reduced to
2 2 2 2 2
w W, W w w
1=(1-e)-ﬂ%+~—l’i+a——ﬂf——=(1-:1—P£+s——-ﬂ?—2, (2)
w w (V) w (w-kV)

which is a familiar form considered by a number of peop,\,e.s'” It is well-
known that a negative energy wave on the heam electrons couples to the
positive ¢nergy plasma wave at w = © o 9iving rise to an instability. Figure
1 represents the numerical solutions to By. (2) for € = 107, For wpe/k < v,

the instability results from the coupling between a plasma wave o = wpe and a

hll



bean mode W = kv - VE mpe’ while for wp:/k 2 V., the instability results from
the coupling hetween two beam nodes giving a wave frequency of roughly w =
kV. The maximum growth rate occurs near kV/cupe - 1.8 11

For an ohlique propagation given by BEg. {1), the ion contribution is

still negligible until the propagation is nearly perpendicular to the magnetic

field where

2 2
k [ m
_% < _.gi = E_e_ (3)
k w i
pe
is rotisfied. For this angle of propagation, it is well-known that the
electron plasma waves W = (kﬂ/k)mpe go over to the lower hybrid wave

2 2 2,02, . ; . s w2 702 12
= . { we, s .
w mpl/(1+lupe/<?e) in the high density limit 1_n_/ de 1

Figure 2 shows a typical example for the oblique propagation where the

° -
angle 8 betwesen Kk and B is assumed to be 6 = 67.5 . & = 10 !

and Qe/wpe
= /2 are taken. It is .lear that there are two groups of unstable modes. One
is associated with the electron plasma wave W = (k“/k)wpe and the other is
associated with the upper hybrid wave destabilized by the beam
electrons.'>* % por small KV/U,, & 1.5, electron plasma waves & = (ky/k)u__
and W = kv - /e (k"/k)wpe 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 kvpre as shown in Fig.
2. Note that the cold plasma model used here is valid only for kipe << 1

where Pe =V /Qe is the electron gyroradius. It is shown that a more accurate
t

treatment of the instability near the electron cyclotron harmonics requires a



kinetic theory which shows a prasence of beam-driven instabilities near the

harmonics of the electron gqyrofrequency, « *'nQe for klpe ~ 1.13'14

FIIT. RESULTS FROM ONE-DIMENSTIONAL SIMULATIONS

We 3hall firgt describe results obtained from cne-dimensional simulations
in some detail for different bheam densities and velocities relative to the
main plasma density and the thermal speed. Wa shall study the gimulation at
various angles of propagation with respect to a uniform static magnetic
field. The code used is a :tandard electroétatic one-dimensional model using
finite-size particles in a spatial grid. Typically, the simulation length L =
10244 where A is the grid size, the number of simulation particles per grid n
= BOA—1, the initial electron Debye length Ke = /2 A, and the time step of
integration mPeAt = 0.2 are used. € = nb/no is varied from 1073 to 0.2 while

V/v, is varied from 3 to A40. Beam temperature in the direction of the

t
magnetic field is assumed to be zero initially while the perpendicular
temperature is taken to be equal to Vg When the beam velocity is much larger
than the background thermal speed, 7 3 10 Ve thermal spread of the beam
electrons equal to v, did not change the simulation results significantly.

iet us first study several cases where the wave propagation is parallel
to the magnetic field in which longitudinal motion is completeiy decoupled
from the transverse motion in the electrostatic limit. The first example is
€ = 0.1 and V/vt = 10 ard the other parameters are defined earlier,

Fiqure 3 shows the phase-space plots of electrons from the initial
condition to the final state. A&ccording to the linear theory shown in Fig. 1,

the growtihi rate takes its maximum wvalue near k = wpe/V = 0.70747"

corresponding to the 12th mode of the system. Significant acceleration of
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beam electrons as well as the background electrons can he seen at wpet = 20
caused by the strong electric fleld of the unstable modes. Relative amplitude
of the electric field energy cf the Fourier modes shown In Fig. 4 indicates
that at this time there are several dominant modes, modes 12, 14, 15, and 16.
as the instability grows further, trapping of the beam as well as the
background electrons is clearly seen in Fig. 3 at wpet = 30 where mode 12 and
14 are the most dominant modes. 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 ve.locity nearly twice of the original beam velocity.

At wpet: = 50, significant diffusion in velocity space has taken place
associated with the coalescence of the unstable modes shown in Fig. 3,
resulting in the smzller amplitude of the electrostatic waves at this time.
This Jdiffusion process continues further in time and little evidence for the
trapped particle is seen at mpet = 100. ©Nearby complete thermalization has
taken place at wpet = 400 as siown 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 hack to the
particles via Landau damping associated with the prerence of a negative slope
of the electron distribution. WNote that the simulation recults found here are
6,7

very different from the predictions from a gquasilinear theory. In

particular, note the presence of accelerated beam and background electrons
nearly twice the original beam velocity.

Pigure 4 indicates the electrostatic field energy of Fourier modes at
four different time steps. There are several strongly unstable modes that
grow to large amplitudes. At a later time, wpet = 100, the energy associated

wi.th these modes is reduced to a much smaller amplitude, The pakticle



distribution has a negative slope for all vy so that it is stable against the
plasma instahility at this time.

Figure 5 1indicates the beam, background, and the teotal electron
digtribution at different time 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, S(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 bheam
velocity. There is a Ffinite negative slope assoclated with the bean
distribution which is cesponsible 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). 1Its final tail distribution is
very similar to the beam distribution, suggesting that at tne final stage of
the simnlaticns, 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. As the amplitude of the
unstable waves grow, the trapping width grows and more background particles
are trapped. Since the trapping of the background electrons 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

Y
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motion of a trapped electron is nearly symmetric, the maximum trapping
velocity is Vv in the beam frame which ig 2V in the laboratory frame. In
reality, however, it should be smallexr 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(4) confirms the
presence of a smooth, finite negative slope f'{v) < O for v » 0 and the
presence of a high energy tail. This 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
medes, mode 3 where kv/wpe = 0.27 and mcde 12 where kV/wpe = 1. Mode 3 is a
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 w z
wpe, and unstable beam mode at w Z xV. 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'(vn) < 0.

The 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. The time to develop
such a stable distribution is found to be t ® (50 ~ 100) w;; which is about 10
e~iolding times the mest unstable modes. 8c, on the average, the distance the
beam travelled during such a time interval is vt = 103Ke. Such a distance is

very short in any experimental device inc¢luding the ACT-1 so that except for a
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narrow region near the beam injection point, one would expect the electron
distribution to be given hy the final distribution, which has an energetic
tail as a result of beam-plasma instability.

Generation of toroidal current in the ACT-1 device via irnjection of an
electron beam may be estimated by calculating the mean-free path of the
electrons determined from classical coliisions. This is because the current
agsociated with the electrons can only be dissipated by the collisions with
the ions as well as with the background electrons when the electron
distribution is stable against plasma instabilities.

When the beam density is small compared with the background plasma
density, the mean-free path of the beam electrons may be estimated by
neglecting collisions between bheam electrons and treating the background
plasma as a Maxwellian target., Note that the collision time for an electron
whose speed ig v is proporticnél to v3 for v >> ve15 so that the generation of
the high energy tail of the electrons as a result of beam-plasma instabilities
could enhance the mean-free path and the generation of toroidal current.

The mean-free path of the electrons may be estimated by L = vpT> where
< > means averaging over the electron distribution.5 Here 7, is the collision
time of a heam electron with the background electrons and ions, anl is giwven

-1 -1

by, for vi> v, , T =1 + T,;7 where

t’ e ee
2 3
1 me v
T =T, =——— . (4a)
ee 2 ’
et 8nne41nA

Therefore the mean-free path is given by

2
m

L= —~—~5%i—~- <v"v3> = <v"v3> . (51
127%ne And
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similarly, the mean-free path for the current may bhe given bys
2_ 23
ko= YT RvpvTy (6)

Fiqur= 7 shows the '’+= history of % and %' calculated using the electxon
distribetion found in the simulations as shown by Fig., 5. Both X and &' are
normalized by their initial values whare a cold beam 15!v,:-V) is streaming
throughk a Maxwellian background plasma. For short time, mpet < 20, hoth mean-
free pathy remain the same as their initial value until they are suddenly
reduced by 20% or so at wpet = 25, At this time, the unstable waves have
grown to large amplitudes sc that the beam electrons arw decelerated as they
qgive tte enesgyy away to the wavea. At later times, however, a high energy
tail is formed as a result of particle trapping for both beam and background
electrons. Such high energy electrons have a long mean-free path as the
collision fregquency decreases rapidly as v_a. As a resulc, beoth & apd
increase in time and their final values are larger than the cnes shown in Fig.
7, 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 instahility generates an anomalous cpnductivity
rather than an anomalous resistivity as commonly believed, The simulation
results reported here are ohtained by using a fixed ion background; however,
no appreciable modifications are found by using mobile ions because the ion
time scale is much longer than the time scale reported here.

It is of some interest to consider the mean-fres path £' defined by Ej.
{6} for extremc distributions. For the initial distribution of a cold bean

given by

1T
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fb(v) = nbﬁ(v" - V) , (7)

5 5
vl dv" =1 V .

-2
23
2 ® cyivy = ]o £, 5

For a square distrihution extending vy = 0 to v =V, which may be considered

an approximation from a yuasilinear theory, beam distribution may be given hy

nb/V for 0 < vy <V
£ (v = | (8)
0 otherwise
so that
® S 5
2o f £, vy &V = 0V /6 . (9)

o

Another extreme distribution is to assume a square distribution extending to

v, = 2V from v" = 0 so that
/2v for 0 < vy <y
£ (v) = {‘lb : , (10)
0 otherwise
o= f fbvsdv = (16/3)nbV5 . (11)
o

Tt is clear that the mean-free path X' caleplated from a distribution
similar to <the one found 1in the quasilinear theory, gives a grossly
underestimated value because of the neglect of the high enerqgy tail. The
other distribution given by Eq. (10), which has a flat tail extending to 2v,
overestimates the mean-free path because the tail populatian is higher than

the distribution found in the simulation results.
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The experimental results obtained from ACT-15 do not show the toroidal
current as much as the simulation, although it is certainly much larger than
the estimate given from the quasilinear estimate of Bg. (9). The ACT-1
results, howewer, show closer agreement with the two-dimensional results given
in Sec. V, suggesting that a pure c¢ne-dimensional model which assumes a
presence of beam electrons with an infinite transverse dimension overastimates
the enlancement -~ the high energy electrons.

In an actual experiment such as doneé in the ACT-1, the beam dimension, 4,
is finite and is only 100 )‘e or so, and therefore the ungtable plasma waves
propagate obliquely to the magnetic field. In this case, the plasma
instabilities are expected to be weaker(as seen in the 1linear dispérsicn
relation shown in Fig. 2) so that the enhancement of high energy electrons
becomes smaller.

when the heam transverse dimension is large enough so that 4 is much
larger than the wavelength of the most unstable mode of the hbean plasma
instability, k_‘i 4 V/mpe, the results of the one~dimensional simulation should
remain valid because the most unstable modes are nearly one-dimensional. This

condition is given by
da »» 2mw/w . (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 & = 0.2, the



qualitative characteristics of the instability remain the same except for the
enhanced tail population and hence the mean-fras path of beam propagation.

Pigure B shows the <total {(a), background (b), and beam electron
distribution (c), at t = 0 and mPet = 400, well after the saturation of the
instability. The high energy tail extends to almost 2V and there is a smooth
negative slope of the total distribution which may be responsible for the
absorption of the lower hybrid wave used to d4rive a current in a tokamak.5
Clearly, the final distribution Landau damps waves excited by the beam-plasma
instability so that the wave amplitude is near the noise level at the end of
the simulation.

Figure 8(d), (e) shows the relative mean-free path X and &' normalized by
their initial values. In this case, the mean-free path for :he current is
more than twice the mean-free path associated with the initial <old beam.

The enhancement of the high energy electrons and hence the mean-free path
of the current decreases as the beam density is reduced while Keeping the beam
velocity constant at V/vt = 10, As the beam density is reduced, the
instability saturates at a low level thereby generating a smaller population
of trapped electrons. The particle distribution approaches that predicted
from the quasilinear theory in the long time scale after the coherent phase-~
space structure associated with particle trapping is smeared out.

Figure 9 shows the initial and final particle distributions at mpet = 400
and the associated mean-free paths for € = 0.05. Note the changes of the
particle distribution where the maximum velocity of high energy particles is
1.6V, significantly less than 2V, Alsn, the slope of the distribution for v ¢
vV is much smaller while for v » VvV it is still finite, giving rise to the
enhanced current generation., The relative mean-free paths are still larger

than 1 at the end of the simulations. However, the gain is decreasing as the




heary density is reduced relative to the background dengity as shown in Fig.
a{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 guasilinear theory,
altnough there are still clear signs of energetic electrons generated from
hssch the beam and main electrons. The mean-free path finally becomes less
than 1, meaning that the toroidal current dgenerated will be less than that
associated with the initial cold beam.

When the heam density is further reduced to 0.1% as shown in Fig. 11,
coherent particle trapping is seen at mpet = 100, coalesces gradually
at mpet = 200, and then gives rise to a smooth phase-space distribution at
wpet = 400, whose velocity distribution is nearly flat for v < V with a small
number of high energy particles. 1In this case, the final relative mean-free
path for the current %', is about 0.66 of the initial value, which is much
smaller than the mean-free path calculated from the initial cold beam.

The next example is the case where the beam velocity is doubled to V =
20ve while the beam density is kept at € = D.1. This case is intended to
study if the final electron distribution is significantly different from the
previous V = 1 Ov, case, The most unstable mode in this case is approximately
the 7th mode of the system. As in the case of V = 10vt, several unstable
medes grow to large amplitude. The final particle distribution shown in Fig.
12 at “’pet = 400 remains almost the same with the high energy tail extending
to 2V. The shape of the tail distribution is roughly the same for the heam
and main electrons as a result of strong trapping accompanied by a mixing in
phase space. BAgain the relative mean-free path shown in Fig. 12(d), (e) 1is
significantly larder than 1 and numerically almost the same as the case where

vV = 10'Jt-
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Similar tail distribution is found fox even a larger beam wvelocity. It
is found that the final distribution at mpet = 400 for Vv = 40 ¥, is Initially
gimilar again to those found for V = 10 v, and 20 Vt, suggesting a similar
solution for the high energy tail. Relative mean-free path therefore stays
abeut the same.

Redieing the beam velecity gives qualitatively the same results even
though the instability is much weaker. Figure 13 shows the particle
distribution for v = 3 v initially for & = 0.1. Both the beam and the
background alectrons are accelerated to form a high energy tail. The relative
mean-free path is larger than 1 although the enhancement factor is small
hecause the instability is much weaker as shown in Fig. 13(4), (e).

We shall now consider an example of one-dimensional simulation where the
unstable waves propagate obliguely with respect to the external magnetic
field. As mentioned earlier, wave propagation in an experimental device
cannot be strictly along the magnetic fleld (g * Eo # 0) due to the finite
dimension ©of the electron beam. The example considered is € = 0.1, V = 10vt:
and & = 67.5Y9 where B is the angle betwsen k and E'o' The dispersion relation,
given by Fig. 2, reveals that the oblique plasma wave w = (k/k) wpe and the
beam mode ® = k"V remain unstable for kV/wpe 1 in addition to the
instability near the upper hybrid frequency for large kV/wpe'

Figure 14 shows the initial and final electron distribution along
magnetic field, f(vﬂ), averaged over vl at £t = 0 and u%et = 400. Again both
the beam and background electrons form a high energy tail with a presence of
finite neg.lLive slope very similar to the case of parallel propagation.
Frequency analysis reveals that the dominant modes are the e2lectron plasma
waves propagating obliquely to the magnetic field for modes 6-15 which reach
large amplitude. In agddition, smaller peaks in the freguency spectrum are

seen near W = Wy, = (ﬂge + 9271/2, which are alsoc predicted.
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Again the relative mean~free path shown in Fig. 14(d), (e) is enhanced
above the initial value although the enhancement is modest compared with the
parallel propagation. This is because the instability is weaker in the case
of oblique propagation resulting in the smaller acceleration of high energy
particles. Also the initial beam energy is partly fed to the perpendicular
heating.

Because of the presence of perpendicular electric field E,, heating of
electrons perpendicular to the magnetic f£ji:1d takes place as shown in Fig.
15. Both the beam and backgrcound electrons are heated to the same degree.
However, the perpendicular heating remains much smaller than the parallel
heating in this example. We shall now discuss results obtained from a two-

dimensional model and compare them with one-dimensicnal results.

IV, RESULTS FROM TWO-DIMENSIONAL SIMULATIONS

The two-dimensional model used is an electrostatic code with periodic
boundary conditions in both x,y directions. The external magnetic field is in
the x~y plane pointing to y-direction go; « A 128 x* 128 grid was used with 9
~ 16 electrons per sguare grid. he = A and Qe/wpe = 1.2 are taken. Ions are
assumed to form a uniform background although calculations including mebile
ions are also performed to study the effects of ions, 1In order to simulate a
Finite dimension of an electron beam in a uniform periodic simulation, Fourier
modes of the electrostatic €ield having only kﬂ = kY are deleted in the
numerical simulations. This is done by assuming E(kx = 0, ky) = 0 fcr one-
dimensional modes propagating along the magnetic field. This moiel appears
better than actually modeling a beam of finite transverse dimension since the

simulation plasma is only 128 - Debye lengths wide. The size of the electron

heam used in the ACT-1 is about the szame as the simulation model.
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The parameters for the first example of the two-dimensional simulation
are ke =4, v =10 v, €= 0.1, and Qe/wpe = 1.2. Note the system is only 128
- Debye lengths along the magnetic field so that the most unstable mode
associated with the cblique election waves is the second lonjest wavelength
mode in thz system. Figure 16 shows the electrostatic potential contours at
mpet = 30, 50, and 250. At early time, wpet = 30, the most unstable node,
(kyr ky) = (275[-]—1(m,n) = (27!.'/]:.)-1(1,2) shows clear dominance 1n the structure
of the potential contour. At later time, u.\pet = 50, 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 is diss:pated showly wvia Landau
damping.
The corresponding phase-space plots averaged near x and v, (y, v ) = {y,

VY) are shown in Fig. 17. Coherent structure in phase space caused by the
(m,n) = (1,2) mode at u)pet = 30 is phase-mixed later, wpet = 50 is associated
with the growth of several other modes and eventually shews little evidence of
coherent particle trapping at wpet = 250. It appears that the phase mixing
proceeds much faster in two dimensions than in one dimension. This is because
the degree cof freedom for particle motiocn is increased in two dimensions.
Figqures 18 and 19 show the velocity distrihution for parallel and
perpendicular (vz] components with respect to the magnetic field at wpet = 250
when the instability has been thermalized. Both the beam and main electrons
form a high energy tail and the total distribution shows a negative slope in
good agreement with cne~dimensional simulations. The maximum velocity of the
tall particles is 1.5V which is somewhat smaller than that found for parallel
propagation (k B = 0) but is closer to the results found for the oblique
propagation. Perpendicular velocity distribution shown in Fig. 19 shows a
comparable heating for both beam and background electrens which is alse in

¢lose agreement with the one-dimensional results for oblique propagaticn.



19

Relative mean-free path for this case shown in Fig. 18 (d), (e) for L and
X' remains near unity aFfter the instability 1s thermalized. This is
consistent with the relatively modest acceleration of high energy particles
and also agrees well with the ACT-1 c:bservatir.ms.5 Since the beam dimension,
Ls is about the gsame as the parallel waveélength of the unstahle modes, it is
clear that the one-dimensicnal results for parallel
propagation {k X go = 0) overestimate the population of the high energy tail,
thereby making the relative mean-free path longer than the one found here,

Frequency analysis of the Fourier modes of the electrostatic potential
confirms that for long wavelengths, which are the dominant modes in this
simulation, the frequency peaks near the obligue plasma wave W = (k"/k)mpE and
much less enerqgy 1is found at the upper hybrid frequency. For shorter
wavelengths, more and more field energy is 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 drift velocity, VvV = 20V,
while Kkeeping the other simulation parameters the same show a much more
perpendicular heating while the high energy tail along the magnetic field is
substantially reduced compared with the results found for the v = 10 Ve
case. This is because of the fact that the simulation system is not long
enough to support all the dominant modes for such a high drift velocity of the
elect:-on beam. large fractions of beam energy therefore went to the
perpendicular modes resulting in enhanced perpendicular heating in this case.

For a gmaller drift velocity, ¥V = 3 Vor simulation results show a
velocity distribution similar te the one-dimensicnal simulations given by Fig.
13 with a small high energy tail. In this case, one-dimensiconal results

should be a good approximation to the two-dimensional model since the paralilel



20

wavelaength of the most unstable mode k]‘ o 2w/, is much smaller than the
beam dimension. Therefore, the condition given by Eq. (12) is well satisfied.

Since the two-dimensional simulations include modes which propagate
nearly perpendicular to the magnetic field, kn/k < lme/mi)T/z, the ion
response cannot be neglected for such propagation. Simulations with mobile
ions confirm the presence of lower hybrid waves near w ~ wpi for such obligue
propagations and small ion perpendicular heating has been observed, The
effects on the electrons caused hy such ion waveg, however, remain small and
no significant modifications are found compared with the two-dimensional model
with the immobile ion background. This is because the electron plasma, upper

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

the electron dynamics.

V. CONCLUSIONS

We hawve shown that the current drive experiment via injection of an
electron beam in the ACT~-1 can be well explained by using the results obtained
from nonlinear plasma simulations. In particular, genaration of a high energy
tail, the presence of a smooth, negative slope of the particle distribution
function along the magnetic field, and the mean-free path of the electrons
show good agreement between experimental observations and numerical
simulations. The fact that the mean-free path of the heam propagation is much
longer than what one would expect from a quasilinear theory may be important
not only for current drive in a toroidal device but alse for other
applications, such as beam propagation in space. while the mean-free path wés
estimated by using a test particle slowing down time, we plan to solve full
Fokker-Planck equations mnsing the electron distribution found in the

simmlations. While the simulations are carried out using periodic¢ boundary



1

conditions, it is possible to use a nonperiodirs system to study convective

insta\')iliti.es.1c"16 These results will be reported in the near future.
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FIGURE CAPTIONS

1. Solution to the dispersion relation, ®q. (2) for the parallel
propagation. € = 0.1 is assumed. WNote a stable root near w = 'mpe is

not shown here.

24 Plot of the unstahle roots from the dispersion relation, Bz. (1),

for the oblique propagation. € = 0.1, Qe/wpe =2 , and @ = §7.5 are

assumed where 9 is the angle between k and B .

3. Phase-gpace plots for the beam~plasma instability. €= 0.1, V=10
Vyr 9 =y, and L = 1024A are chosen. Note the generation of high energy

electrons as a result of particle trapping.

4. Relative amplitude of the electrostatic field energy for each

Fourier mode at four different times.

5. Electron distribution functions for the total, beam, and background
electrons. Initial distribution (a), background and beam distribution
at mpet = 30 (b), (c). Final total (d4), background (e), ard beam (f)

distribution at wpﬁt = 400.

6. Time higstory of the electric field of two Fourier modes, mode 3 and
mode 11, and their frequency spectrum. Only the relative amplitude is

shown.
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7. Mean-free paths R and &' of the electrons and current defined by

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

initial cold beam.

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

distributions and the relative mean-free paths &{(d) and R&'{e) for € =

0.2 and Vv = 10 V-

9, Initial and final total (a}, background {b), and beam (c) particle
distributions and the relative mean-free paths 2{(d), 2'(e) for £ = 0,05
and Vv = 10 Ve

10. 1Initial and final total (a), background (b), and beam (c) electron
distributions and the.relative mean-free path 2d), R'(e) for £ = 0,01

and v =10 Vi

11. rhase- space plots at wpet =100 {a), 200 (b), and 400 (c){ and the
final electron Aistributions for total (d), background (e), and beam

electrons {(f) for € = 0.001 and V = 10 Vee

12, 1Initial and final total (a), background (b), and beam {c) electron
distributions and the relative mean-free path (d), 2'(e) for £ = 0.1
and Vv = 20 vt..

13. TInitial and final total (a), background (b), and beam (c) electron

distribuotion and the relative mean free path &(d) and 2'fe) for &€ = 0,)

and V = 3vt-
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14. Initial and final total {a), background (b), and beam (c¢) electron
distributions along the magnetic field averaged over the perpendicular
velocities for an oblique prapagation and the relative mean~free path £

(d}, 2 (e). € = M1, V = 10 v, Qe/wpe =v2, and 6 = 67.5° are

assumed.

15, Initial and final total (a), bhackground (b), and beam (¢) electron

perpendicular velocity distributioen, E(vz), averaged over vy and vy.

f(vx) is almost the same to E(vz). E + 0.1, V= 10Vt- Qe = /2 wpe’ and

8 = 67.5

16. Contour plot for the electrostatic potenti.l for a two~dimensional
simulation at wpet = 30, 50, and 250. 128 le ¥ 128X, € = 0.1, V = 10

o =1, . % ca s )
Vo and A 1.2 mpe R 128 he 128 he grid is used

17. Phase-apace plot y - vy at mpet = 30, 50, angd 250 for a two-
dimensional simulation, € =0.1, V=10 Vs and Qe = 1.2 &be.

18. 1Initial and final electron distributions along the magnetic field
averaged over perpendicular velocities for total (a), background (b),
and beam (c) electrons and the relative mean-free path & (d) and 1'(e)

for a two-dimensional simulation. € = 0.1, V = 10 v, and Qe = 1.2 wbe.

19. 1Initial and final total (a), background (b), and beam (c) electron

perpendicular velocity distribution, f(viJ averaged over V. and vy for a
two-dimensional simulation. f[vx) is very similar to f(vz). £ = 0.1,

= Q = - -
v 10 Vor and ce 1.2 mpe
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