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ABSTRACT DEB7 003076

Two-dimensional numerical plasma simulations have bes2n carried out in a
uniform magnetic field to study the effects of neutral beam injection on
plasma diffusion. Neutral beams injected across a magnetic field are assumed
to be ionized by various ionization processes in a plasma. It is found that
the suprathermal convective motion of a plasma generated by the injection of
neutral beams is dissipated via anomalous viscosity, leading to enhanced
cross-field diffusion. The diffusion coefficient depends weakly on the
magnetic field and plasma density, similar to the diffusion due to thermally
excited convective cells. The magnitude of the diffusion increases with the
injection energy and is much larger than the thermal diffusion because of the
presence of suprathermal plasma convection. It is shown that a similar
anomalous plasma diffusion may occcur in a plasma subject to radic frequency
(RF) wave heating where only a localized region of plasma across a magnetic
field is heated to a temperature much higher than the surrounding
temperature. Theoretical investigations are given on the secaling of enhanced

plasma diffusion.
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1. INTRODUCTION
Injection of fast neutral beams into a confined plasma in a magnetic
field has proved to be an attractive and efficient means for heating
laboratory plasmas to thermonuclear temperatures.1‘3 Neutrzl beams injected
into an ambient plasma are ionized by electron and ion collisions and charge
exchange so that the resultant high energy ions are trapped in a magnetic

field. For the case of neutral beam injection into a toroidal plasma,

4 It has been

trajectories of fast ions in a magnetic field have been studied.
found that the drift orhits of high energy ions can be quite large for the
case of perpendicular injection =3 well as counter injection in which the
neutral beams are injected along the toroidal magnetic field but antiparallel
to the direction of current flow. Heating of the ambient plasma via neutral
beam injection is attained as the injected beam particles undergo collisious
with the plasma ions and electrons. Energy variation of the injected ions as
well as the slowing-down time of the injected ions to the thermal energy have
been caleculated in dei:a.;.u

These calculations on the trajectories of injected ions and eollisions
reveal much of the fundamental behavior of injected beams. However, they do
not address the collective effects of neutral beam injection on plasma
confinement. As the injected particles are ionized, an electric field 2 = - ¥
X B/¢ is induced through polarization of the plasma, which convects both the
beam and the ambient plasma in the direction of injection., V is the velocity
of plasma flow across the magnetic field. Such a convective motion across the
magnetie field can be dissipated by anomalous viscosity, leading to enhanced
plasma diffusion.

In this paper we shall study basic properties of plasma diffusion

associated with perpendicular neutral beam injection in a slab geometry with a



uniform magnetic field. Extensions to more realistic geometries will be
considered in future c:ommunicat;i.cns.ri

In Sec. II, the simulation model in the presence of neutral beam
injectior is introduced and the results of simulations are given. The effects
of localized plasma heating via radio frequency waves on plasma diffusion are

considered in Sec. III. Liscussion and theoretical studies of simulation

results are given in Sec. IV.

IT. NEUTRAL BEAM INJECTION AND PLASMA DIFFUSION

Let us consider a two-dimensional plasma model immersed in a uniform
magretic field as shown in Fig. 1i. The magnetic field is assumed to be
perpendicular to the x-y plane cof the simulations. Neutral beams are assumed
to be injected across the magnetic field at a veloeity of ¥ = V, x over a
distance of & in y. As the injected beams are icnized, an electric field is
induced in a plasma which generates plasma convection aeross the magnetie
field via ¢E x 5/32 drift. Such an electric field can be regarded as a result
of plasma polarization at the edges of the finite-size neutral beams as shown
in Fig. 1. As the beam particles drift across the ambient plasma, a shear
flow is generated which is dissipated via anomalous viscosity, thus leading to
an enhanced cross-field plasma diffusion due to neutral beam injection.

Two-dimensional numerical simulations are carried out using the gecmetry
and initial conditiens shown in Fig. 1. The ambient plasma is initially
uniform in the two-dimensional (X, y)} planes perpendicular to a magnetic
field. Neutral beams injected from the left over a distance of & in the y-
direction at a veloeity of ¥, = Uo;: are assumed to be ionized at t = 0. Beam
ions and electrons are assumed to be on top of each other at t = 0 which

models the injection of neutral particles and subsequent ionization. Since



the simulated plasma represents only a small portion of an infinite plasma,
periodic boundary conditions are used. Typical simulation parameters are: 64
x b4 two-dimensional grids, the ambient electron and ion Dehye length A =Xy
= A where & is the grid size, 4 - 16 simulation particles per grid for the
ambient particles, mass ratio mi/me = 2, and the ratio of the electron

gyrofrequency to the electron plasma frequency, w, /u,, = 1, 2, . Since the

pe
plasma motion is governed by the cE x 5/32 in a two-dimensional model, use of
a small mass ratio does not modify the diffusion in any signifiecant way and
serves to reduce computing time while allowing us to follow the exact dynamics
of the system.6 The initial beam density is uniform both in x and y but is
localized in y over a distance & as shown in Fig, 1. The initial veloeity
distributions for the ambient particles are the thermal Maxwellians while the
beam particles are injected at the velocity VOQ superimposed on the thermal
distribution whose temperature is equal to the ambient plasma temperature.
The injection energy is taken to be much larger than the plasma temperature.
This initial distribution is assumed to model the neutral beam injection and
the subsequent ionization. As the beam particles gyrate around the magnetic
field, a polarization electric field is set up which causes the particles to
drift due to cE x §/32 drift as shown in Fig. 1. Such a convective motion is
rapidly dissipated in a plasma via anomalous viscosity, leading to enhanced
diffusion.

In order to obtain an insight into the enhanced diffusion, we shall First
study a simulation of a uniform thermal Maxwellian plasma without beam
particles {case 1) and compare the result with the results in the presence of
beam particles. Figure 2 shows the positions of the selected particles (ions)
in the (x, y) plane at four different instances of time. These particles are

initially located in a narrow strip of a width & in y and uniform in x. n, =



U/A2 and w s w is chosen where n, is the number density of the .mbient

ce pe 0
particles per grid., As shown in Fig. 2, the particles slowly spread out in

space which leads to enhanced plasma diffusion due to thermally excited

convective cells, The diffusion coefficient in the y-~direction, D,, may be

y
determined from the measurement of <(Ay)2> for a set of particles where Ay is

the displacement of a particle location between t = 0 and £ = ¢, Dy is then

defined by
2
b - <{ay) > o
y 2t ’

where < > means averaging over many particles.

Figure 3 shows the measured <(Ay)2>, which exemplifies the characteristic
behavior of the diffusion process. For a time shorter than the correlation
time, <(Ay)2> is proportional to t2, which represents a drift motion., But for
a time longer than the correlation time, ((by)2> is proportional to like t
resulting in the diffusion process., The measured diffusion coefficient is D

Y

= 0.044 Azwpe which is close to that predicted from the diffusion of thermally
excited convective cells given by6

k L
T 172 max _y1/2
D =D =& In /== y 2
x = Py 213[1“92/m.2+m.=_'/m 51 77(1n 575 (2)
pi el pe ¢e
where w and w.. are icn plasma frequency and ien gyrofrequency, L is the

pi ci

system size, and kp.. is the maximum wave number of the electric field. HNote
£g. (2) is smaller than Eg. (1a) of Ref. & because of the difference in the
definition of the diffusion coefficient. Diffusion in the x-direction is more
or less the same as that shown in Fig. 3, indicating that the diffusion

process is isotropic in the -y plane.



Figure 4 shows the instantaneous contour plots of the electrostatic
potential, eo/T, at “pet = 50 and 500. [t is clear that the potential
structure is dominated by small scale contours. This contrasts sharply with
plasmas that are subject to neutral beam injection. Note also that the
amplitude cf the potential is large even in thermal equilibrium. This is
because the convective cells satisfy e4/T >> én/n in contrast to drift waves
which satisfy e$/T ~ &n/n, where én is the density perturbation.7

In the presence of neutral beam injection, plasma diffusion along and
across the direction of beam injection is not necessarily the same, so it is

more convenient to measure D, and D, separately. We should emphasize that the

y
simulation results shown in Fig. 2 demonstrate a presence of anomalous
diffusion via plasma convection even in thermal equilibrium.

We shall now study a case where a plasma is subject to neutral beam
injection so that a large amplitude suprathermal plasma convection is
generated., The first such example {case 2) corresponds tora low density,
neutral beam injection in which the beam density is a quarter of the
background density, m, = nO/M. Note that the beam particles are localized in
the y-direction with its width § = Ly/H = 16 A& so that the beam density
averaged over the entire two-dimensional plane is only 1/16 of the ambient
density. ng * H/Aa, woe = 2 Yper and VO/Vi = 5 are chosen, giving the initial
beam ion gyroradius p,/8 = 5//2. Here V, is the ion thermal speed.

Figure 5 shows the positions of the ambient, (a}, (b), and the beam (c),
(d), ions at ”pet = 250 and 500. For both the beam and the ambient ions, a
vortex structure develops leading to a rapid plasma diffusion that dissipates
the density gradient in the y-direction, Note that the total pliasma density
is larger at the center of a plasma where the beam particles are located

initially. This is discussed later.



It is interesting to observe that <(Ax)2> and <(Ay)2)> behave quite
differently in the presence of neutral beam injection as indicated in Fig.
6. Displacement perpendicular to the beam injection, <(Ay)2)>, increases as
t° for a while and then as t. This gives rise to a diffusion coefficient Dy =

1.5 Azm which is much larger than the corresponding diffusion in a thermal

pe
plasma as shown in Fig. 3. Note <(Ay)2> shown in Fig. & is for the ambient
ions, but it is about the same as that for the beam ions as shown in Fig. 5.
Displacement ((Ax)2> in the direction of beam injection behaves quite
differently Ffrom <(Ay)2)>. <(8%)2)> shown in Fig. & is for the beam inons.
Beam ion drift velocity L associated with neutral beam injection after
ionization can be determined from ((Ax)a)) H sztz, giving rise to VH/Vi =
0.27, which is much smzller than the initial neutral beam velocity Vo7V = 5.
This suggests that the large part of injection velocity is kept in the
gyromotion. Tris convection in ¥ is apparently caused by the cEy/B drift
associated with the polarization electric field generated by the charges at
the edges of the beam. This convection is rapidly dissipated and <(Ax)2))
goes like t for large t as shown in Fig. 6, giving Dx = 1.7 Azmpe. It is
interesting to note that Dx is comparable to Dy = 1.5 Aampe at the late stage
of simulation where the convective motion has reached a steady state. At this
final stage of <(Ax)2)>, it is clear that suprathermal plasma convection has
mixed the beam and ambient plasma more cr less equally, which dissipates the
initial anisotropie plasma convection associated with the beam injection.

Comparing the twa diffusion coefficients [for case ! and case 2, we may
define the effective temperature T py of the plasma subject to neutral beam
injection relative to the thermal plasma from Eq. (2), finding

Torr

—— = (1.5/9.041

T 3

= 1160



This suggests that the energy in the convective plasma motion in the presence
of neutral beam injection 1s three orders of magnitude larger than the energy
in thermal convection. Note in a real plasma where the thermal diffusion is
much smaller than the simulaticn plasma, the enhancement factor of diffusion
in the presence of neutral beam injection over thermal diffusion can be much
greater.

It should he amphasized that the diffusion discussed here actually
dissipates the initial density gradients which are generated as a result of
neutral beam injection. Fipure 7 shows the instantaneous ion density in the y
direction averaged over the x direction at t = 0 and ”pet = 950, The initial
square density jump at the center of the plasma is completely diffused out at
the end of the simulation. Note that the relatively large density
fluetuations persist, indicating that the plasma motion is dominated by the
suprathermal convective cells.

Rapid diffusion in the ion velocity space also takes place as shown in
Fig. 8 which is the instantaneous total ion wvelocity distribution in v

X
integrated over Vye f(vx) = If{vy, vy)dvy at “pet = 9 and 500. It is clear
that the high energy beam ions are rapidly thermalized and the total veloecity
distribution appears to approach that of a thermal plasma., What happened is
that the initial ion beam distribution is unstable with respect to the high
frequency loss-cone instability near the ion gyroharmonic waves, which causes
a rapid diffusion in veloeity space.8 Measurements of the frequency spectrum
reveal the presence of large amplitude waves whose freguencies are near the

ion gyroharmonics, confirming such veloucity space instability. This is

discussed later.



Figure ¢ shows the time history of the average ion energy per particle
for the ambient and the beam ions. It is clear that the average beam ion
energy remains much lLarger than the average ambient ion energy. The initial
rapid relaxation is caused by the generation of the polarization relectrie
field at the edges of the beam ions, which accelerated some of the ambient
ions to higher energy. High frequency waves near the ion gyroharmonic
frequencies also contributed to the heating of the ambient ions. As will be
shown later, the high frequency electrostatic instability contributes little
to particle cross-field diffusion because of the high frequency w » w,ir and
short wavelength, A 205, nature of the instability. Measurements of the
frequency spectrum of the electric field reveal a presence of high frequency
ion gyroharmonic waves in addition to a low frequency peak near « = 0, which
corresponds to turbulent plasma conveetion.

When the beam density is increased to equal the ambient density in the
region of neutral beam injection, n, = n,, while keeping all the other
parameters the same, we found the results shown in Fig. 10 (case 3). The
measurements of ((Ax)2> reveal that the initial beam convection velocity is
now much larger, Vx/Vi = 0.88. The convection velocity is still much smaller
than the neutral beam injection velocity V,/¥; = 5. The diffusion coefficient
across the beam injection is inecreased by a factor of 2 compared to case 2,

giving rise to D, = 2.8 Aampe, which suggests that the diffusion coefficient

y
scales as the sguare root of the injecticn energy D ~ (Teff)1/2.

Figure 11 shows the instantanecus contour plots of the electrostatic
petential for case 3 at “pet = 25, 125, 250, and 500. Note the initial
laminar contours aligned along the direction of the beam injection become more

and more isotropic and at the same time coalesce into larger scale contours,

At wpet = 500, the size of the contour is as large as the system size, which
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persists over the course of the simulation. Note the amplitude of the
potential contours is much larger here than for the thermal plasma chown in
Fig. 3 and is close to the neutral beam injection energy, ewmio2 ~ 1.

When the beam density is further increased to ny = 2.25 n_ while keeping

all the other simulation parameters the same as in case 3, we found Dx = 4.8

2%y in steady state. The convection velocity in the x

_ 2z
pe and Dy = 4.5 4 Wpe

direction is found to be vx/vi = 1.3,

It is interesting to study the dependence of Dy on B. This was done by

using the same parameters as in case 3 but changing ”ce/”pe =1, 2, and 4,

The results are shown in Fig., 12 fer Dy. We found that the diffusion

coefficient Dy does not change much for ”ce/“pe = 1 and 2 but for ”ce/“pe B

4, Dy is smaller by a factor of 2 .indicating Dy ~ 3" dependence in a strong

magnetic field, mpizfmciz < 1. This dependence of Dy en B and T,pp is

consistent with convective diffusion due to thermally excited vortices, but
the magnitude of Dy is many orders of magnitude larger due to the suprathermal
convection associated with neutral beam injection.

When the injection energy of the neutral beam is reduced, plasma
diffusion is also found to decrease (case 4). Figure 13 shows the results of
a simulation using L ”ce/”pe = 2, and VO/Vi = 2.5 so0 that the injection
speed is reduced by a factor of 2 from that of c¢ase 3, The diffusion

coefficient is found to be Dy = 1.0 Aampe, which should be compared with Dy =

2.8 Azmpe for case 3. Note the initial convection speed in the x-direction

vx/vi = 0.49 is about a factor of 2 smaller than that of case 3. The final

steady-state diffusion coefficient in x is D, = 1.2 Azmpe which is about the

same as D confirming that the initial anisotropie convection irelaxed to the

y!
homogeneous vortex flow.
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We then examined the dedjendence of plasma diflusion on the ambient
density while fixing the neutral beam density. The parameters of the

simulation are the same as in case 3 except for the ambient density which is

increased by a factor of 4 so that nj = 16/02 = 4 Ny Weg = 2 “ne and V, /V;

5 are used. The results of the simulation show the diffusion coefficient D, =

Y
1.2A2mpe which is ahout one-half of Dy E 2.8A2mpe in case 3. This suggests
that the er4oneced diffusion coefficient scales as D ~ n01/2 which is similar

to the aiffusion due to thermal convective cells.6

III. RF HEATING AND PLASMA DIFFUSION

In the previous section, we have seen thut the convection of a plasma
generated as a result of neutral beam injection is dissipated via anomalous
viscasity, thus leading to enhanced cross-field diffusion. 4t the edges of a
reutral team, net charges appear as a result of pelarization generating an
electric field which drives the plasma convective motion via <¢E x §/82
drift. Whnen a plasma is subject to localized RF heating such as electron
eyclotron or ion cyclotron heating, it is possible that only a small localized
region of a plasma attains high temperature relative te the surrounding
temperature. Such a high temperature region will spread in space via heat
conduction, which could be anomalously fast.

In order to model such a process, a medel similar to the model described
in Fig. 1 is used. Instead of having beam particles localized in y with its
width 6 = Ly/H, ambient ions located in that region are assumed hotter than
the surrounding particles. Here we do not ask how such particles are heated,
but are ratker interested in the effects of such local heating on plasma
confinement. Since the high energy ilons at the localized heating iegion have

larger gyroradii, net charges appear at the boundary of hot and cold plasmas
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thereby creating a cE x I}/B2 convection similar to a plasma subject to the
neutral beam injection.

Figure 14 represents results of a simulation using w,, = Wpgr Mg = H/Az,
and Th = 25 Tc where Tc and Th are the temperature of the cold plasma and hot
ions {(case 9). The diffusion in the x- and y-directions behaves similar to a
plasma subject to neutral beam injection. <(8x)2> first increases as t2
indicating a convection due to cE x 5/32 drift, reaching D, = 2.0A2wpe. Note
the diffusion coefficients observed here are much larger than the thermal
diffusion coefficient and are close to the plasma diffusion subject to neutral
beam injection.

It is.interesting to compare plasma diffusion when the heating is more or
less uniform across the magnetic field, such as heating due to alpha
particles. Figure 15 shows the result of a simulation in which the hot ions
are uniformly spread out across the entire plasma cross section with a

Maxwellian velocity distribution (case 6). The parameters of the simulation

are w = w

ce pe’ n, = no/ﬂ and Th/Tc = 25. These parameters are the same as

shat in case 9 except for the uniform initial loading of the hot ions. Both
the cold and hot ion diffusion ecefficients are plotted. Note that the plasma
is isotropic in the x-y plane in this case and no appreciable difference has

been observed betwsen D, and D Diffusion of the cold ambient plasma is D, =

v
0.1HA2wpe while the hot ions have a smaller diffusion coefficient, Oy =
0.062A2wpe . This difference is apparently due to the large gyroradii of the

hot ions, Py = 5/24. The cold ion gyroradius is 0y = v2A. The diffusion of
the cold plasma should be compared with the thermal diffusion Dy = u.ouuaaupe
as shown in Flg. 3 (case 1). Sinece the kinetic energy of the hot ions is
larger than the cold plasma thermal energy, the diffusion of particles is
determined from the hot ion temperature in Eq, (2) suggesting D - Th1/2, which

is in good agreununt with the observed diffusion coefficients inm Fig. 15,
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Instead of using a thermal Maxwellian velocity distribution for the high
energy ions, use of monoenergetic iors, f(vl) = nhé(vl-vo) may be more
appropriate for modeling alpha particle generation. Using the same simulation
parameters as ln case 6 but using the uniformly distributed hot monoenergetic
ions (case 7), we [ind that the observed diffusion is similar to that shown in
Fig. 15. The diffusion, however, is actually smaller by almost a factor of 2,
confirming that the high frequency loss-cone instability near the ion
gyroharmonics does not cause an enhanced diffusion. Figure 16 shows the ion
velocity distributions at “pet = 0 and 500. The frequency spectrum of the (1,
1} mode of the electric field is shown in Fig. 17. It is clear that the rapid
thermalization of the hot 1ions 1is associated with the loss-cone
'instability.B In addition to the peaks near w = * 3 wei in the frequency
spectrum which are associated with the loss-cone instability, a smaller peak
near w = 0 is clearly seen corresponding to turbulent plasma éanvecbive

motion.

IV. DISCUSSION

We have shown by means of two-dimensiconal plasma simulations in a uniform
magnetic field that an enhanced cross-field diffusion takes place in a plasma
subject to neutral beam injection. Injection of neutral beams and their
subsequent ionization generates large-scale plasma convection via cE x §132
drift where E is the electric field associated with the plasma polarization at
the edges of the neutral beam., The observed diffusion scales just like the
diffusion due to thermally excited convective cells indiecating weak dependence
cn B, n, and T. The diffusion increases with the injection energy. The

magnitude of the‘ diffusion is much larger than the thermal econvective
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diffusion owing to the suprathermal convection generated by the neutral beam
injection, Similar large-scale convection and the enhanced diffusion have
been studied in detail in a toroidal octupole in which a gun-injected plasma
was utilized.g'11 Drift wave turbulence is also known to excite suprathermal
convective cells.12

Let us consider a plasma model subject to neutral beam injection as
sketched in Fig. 1. As the neutral beams are ionized via various ionization
processes, beam ions are trapped by the ambient magnetic field causing the
polarization of the beam particles at the edges of the beam. The electric
field generated by the polarization in turn causes the beam and plasma to
drift via ¥V = cE x E/B2 across the magnetie field. The resultant drift
veloeity V is found to be much smaller than the injection speed Vo of the
neutral beams as measﬁred in our simulations shown in Figs, 6. 10, and 13,
The injected beam kinetic energy is shared between the gyromotion of the beam

particles after ionization and the convective motion across magnetic field.

The energy density associated with the plasma convection can be given by

2 1 2.2 n 2.2
2L 2, Mo P
W=gr+ 3 (my+m) pra (mg +m;) o2
. 2 (3)
2 T Oy
=a[1+(—L§+-p-'§J[1+;;;” ,
ei mce

where the electric field energy, guiding center drift energy of the ambient
plasma and the beam plasma are considered. The initial injection energy is
given by

2
[¢] % nb[mi+ me) Vo o (4
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which is generally much larger than W as shown in our simulations. The major
part of the initial injection energy is kept in the gyromoticn of the beam
particles.

If we assume that a fraction of the initial injection energy is converted
to the convection energy of a plasma, W = a WO, then we find

2
2 a n, (mi + me) Vo

2 2 2
pi fugi® + Woe /00 11+ nb/no]

(5)

which i1s compared to the thermal distribution per k given by6

2
L2 EE_
8z

Assuming the electric field energy is shared equally among different k's as in
the thermal plasma, it is straightforward to show that the diffusion
coefficient in a plasma with neutral beam injection is modified from Eq. (2)

to

T kK L '
eff i/2 (ln max ]1/2 (6)

2 2 2 2m
1+ [mpi /mci + mpe /mce ][1 + nb/no]

whieh agrees well with the simulation results reported here. Note that Teff z
a (m, + m) nV2/d  so that the diffusion becomes independent of ny for n,
> ng.

In the presence of a density gradient across a wagnetic field, one of the

authors has shown'3 that the linear dielectric constant for a two-dimensional

mode (kll = 0) is given by, for w << wgy,

2 *
W . 2 W=t
e (k, w) = 1+ 912 w +w1 kD - n N
w_.
ci
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where
* _klc3alnn
“n%eB ax (8)
is the ion diamagnetic drift frequency. The dispersion relation can be

obtained from ¢ = 0 and is found to be

w* .2
o = n . ik™D (9)
1 2 2 2 2
+ W /w . 14+ w . /w
ei “Tpi ei “Tpi
or
-
we - — kD (10)
‘I4|-t.|2/m2
el “Tpi

corresponding, respectively, to the weakly unstable ion flute mode and the
convective cells. In the absence of neutral beam injection, the thermal

diffusion coefficient is generally small so that

w > kD (1)

is satisfied for a small k. This means that the amplitude of the thermal
convective cells in an inhomogeneous plasma is smaller than that in a
homogeneous plasma since the energy in the flute mode dominates over the
energy in the convective cells.13 This does not necessarily mean the total

diffusion .s small in an inhomogeneous plasma since the ion flute mode is

unstable.
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In the presence of neutral beam injection, however, enhanced plasma

convection and hence anomalous diffusion can take place so that it is possible

to have
L]
kD > w {12)

in which the density gradient will not signifiecantly reduce the diffusion due
to plasma convective motion. For a given magnitude of diffusion ccefficient
which may be determined from the neutral beam injection, there is a critical
density gradient given by m*n = 12 beyond which the diffusion due to
convective motion dees not cause much diffusion since the ion flute mode
deminates over the conveetive cells. This means that the steeper the density
gradient, the smaller the plasma diffusion due to plasma convection. Note

that the diffusion ceefficient can be written asG

<[ Ax 2)

D=
Erc

1 42 2.1
=5Vt = IV [ I (13)
2 c ﬁ k 2k2D !

where V., is the random drift speed of a particle so that D =
*
[2|‘Jk|212k2]”2. Since w ' = k \Id* where V, 1s the ion diamagnetic drift
k n
speed, kZD = m*n can be expressed as
* 2,,,211/2 .

vy o= klplv T2k 2 100 _ (14)
where I\-ik| is the average random drift speed associated wWith the plasma
convective motion defined by Equation (14) suggests that if the average
convection speed is larger than the diamagnetic drift speed in the presence of

neutral beam injection, then the presence of a density gradient will not
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modify the diffusion due to convective motion of a plasma. Similar
conelusions can be drawn on the different kind of drift motions of a plasma in
a more complex magnetic field. In other words, when the viscosity damping k2D
is larger than the linear drift frequency, then the linear frequency is not
important in determining the plasma diffusion due to plasma convection.

Similar convective motion is also generated in a plasma subjsct to
localized heating across the magnetic field, such as due to RF heating of a
plasma. Simulations show a presence of anomalous diffusion comparable to the
diffusion of a plasma subject to neutral beam injection. Uniform plasma
heating, such as due to alpha particles, does not generate any enhanced
diffusion since no macroscopic convections appzar in a plasma.

While the present simulations were carried out in a two-dimensional slab
model in a uniform magnetic field, it 1is important to extend these
calculations to three-dimensional linear and toroidal systems where the
magnetic fleld is more complex.5'12 Wrile only the initial valde simulations
were carried out, it is possible to maintain a constant beam injection in time
generating a steady-state anomalous diffusion. Results of such simulations

Will be reported elsewhere,
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FIGURE CAPTIONS

1 Sketch of the simulation plasma model subject to perpendicular
injection. A uniform density of beam particles localized in y with
the width & = Ly/u are injected into a uniform density ambient
plasma perpendicular to magnetic field. Neutral particles are
assumed to have ienized at ¢ = 0 via various ionization processes in

a plasma.
Plots of the positions of the selected ions in the (x-y) plane at

(a) wpet = 0, (b) 200, (e) 400 and (d) 800. Thermal plasma.

Case 1.

Plot of <(Ay)2> with time. Spatial diffusion coefficient Dy is

determined from the slope of the curve measured at a sufficiently

long time. Case 1.
Instantanecus contour plots of the electrostatic potential for a

thermal plasma at (a) w,,t = 50 and (b) ”pet = 500. The amplitude

pe
of the contours varies from e#/T = -0.87 to e4/T = 0.71 for both (a)

and (b). Case t.
Plots of the positions of the beam iens {a). (b) {upper panel) and
the ambient ions {e¢), (d} (lower panel). (a) and (e¢) at ”pet = 250;

(b) and (d) at w, ot = 500, Case 2.

D
Plots of <(A%)®> for the beam ions and <(Ay)2)> for the ambient

ions, w y My = no/u, and VOIVi = 5, Case 2.

ce = ¥pe

Total plasma density in y at o ot = 0 and 950. Note the dissipation

P
of the initial density gradient generated by the neutral beam

injection. Case 2.
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Total velocity distribution in v, interpreted over vy at ”pet =5

and 500. MNote the rapid thermalization of hot beam ions. Case 2.
Time history of the ambient and beam ion average kinetic energy per
particle normalized by the ambient thermal ion energy. Rapid
initial relaxation is caused by the generation of a polarization
electric field and loss-cone instability associated with the beam
ions. Case 2.

Plots of <(Ax)2> for the beam ions and ((Ay)2> for the ambient
iens, w

s Ny =1 and VOIVi = 5. Case 3.

ce = 2Upe o’

Instantaneous contour plots of the electrostatic potential for a
plasma subject to neutral beam injection, Initial laminar

structures 'shown in {a) at w ot = 25, gradually coalesce and become

p
isotrcpic at later times at (b} “peb = 125, (e) “pet = 250, and (d)
“pet = 500, The amplitude of the contours varies from e¢/T = -17 to
11 for {a), e¢/T zi-19 to 19 for (b*, e$/T = -20 to 21 for (c), and

es/T = -22 to 23 f%r (d). Case 3.

Diffusion coefficient scaling with B. ny n, and V /V; = 5 are

fixed while “ce/“pe = 1, 2, and Y are used.

Plots of <(Ax)2)> for the beam ions and ((Ay)2)> for the ambient
L

ions. Yog = 2“pe' Ny = 0, and Vo/Ui = 2.5, Case 4,

Plots of <(Ax)2)> and <(Ay)2)> for a plasma subject to localized

heating in the central region with width & = Ly/u. Bag = Wpe and Ty

= 25T,. Case 5.

Plots of the diffusion of the cold and hot ions wuniformly

distributed across a plasma column. Yee = “pe and Th = 25Tc' Hot

ions have a Maxwellian velocity distribution. Case 6.
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Veloeity space diffusion in a plasma where hot ions are initially
monoenergetic. (a) Total ion velocity distribution in f(vx)

integrated over vy, at ”pet = 0 and 500, and (b) f(vy) integrated

over v, at &t = 0 and 500. Case 7.

P
Power spectrum of the mode k = (Zﬂ/Lx, Zn/Ly) of the electric field

in an arbitrary unit. Note the peaks near w = = 3 w,i and w = 0.

Case T.
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