Copyright © 1972, by the author(s).
All rights reserved.

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation

on the first page. To copy otherwise, to republish, to post on servers or to redistribute to
lists, requires prior specific permission.



HEATING OF MAGNETIZED PLASMAS BY A LARGE-

AMPLITUDE LOW-FREQUENCY ELECTRIC FIELD

By

Liu Chen and C.K. Birdsall

Memorandum No. ERL-M352

June 1972

ELECTRONICS RESEARCH LABORATORY - -

College of Engineering
University of Califormnia, Berkeley

94720



Liu Chen is presently at the Bell Telephone Labs., Murray Hill, N.J.

Research sponsored by the Atomic Energy Commission, Contract AT(04-3)-34,
Project 128. : L



s

ABSTRACT

Plasma electron and ion heating due to a large-amplitude
oscillating electric field Eo applied normal to a steady magnetic
field Bo has been followed in detail, by one-dimensional computer
simulations. The large oscillating drift velocity (EO/B°>ve) at
low frequency (wci<<wo=wpi<<wce) sets up instabilities due to the
periodic electron E/B dgift through the ions, which then cause
rapid heatings. For waves propagating across Eo (E-ﬁo= kll = 0),
the instability is a Buneman-type upper-hybrid two-stream insta-
bility. Electron perpendicular thermal velocity is increased to
~ EO/B° with little ion heating. For obliquely propagating waves
(k, # 0), there is an additional instability, the modified two-
stream instability. For small ky (roughly, k“ /k SV/E;7E; ), the
upper-hybrid instability dominates and the heating is similar to
the k" = 0 case but with a small amount of electron parallel heat-
ing. As k“ increases, however, the modified two-stream instabil-
ity becpmes dominant. Electron parallel thermal velocity is in-
creased to ¢ (EolBo)(k/k" ). Strong ion (perpendicular) heating
also occurs with the ion thermal velocity at wave saturation near
(Eo/Bo)(me/mi)3/4(k/kN )3/2. Comparison with similar work with
Bo = 0 shows that addition of 30 is best for ion heating, improv-
_ing KTi by (mi/me)llz. Possible applications of these results to

laboratory experiments are also discussed.



I. INTRODUCTION

Many currently employed as well as propoéed future plasma
heating schemes often involve an oscillating electric field
applied across the confining magnetic field. _Hence there has
been considerable interest in the large-amplitude, nonlinear

behavior of such plasmas. Using one-dimensional (x, vx, vy, vz)

computer simulation, we have studied this problem and the results
of our investigations are presented in this paper.

~ >>
The plasmas considered here have w. o wpe wpi }> W,y

(with obvious notations for the electron and ion cyclotron frequen-
cies and plasma frequencies). Electrons and ions have

equal initial temperatures. The external electric

field, Eext = ﬁ; sin wot, is applied perpendicular to the magnetic

field ﬁ; and has driving frequency w,  near w Since

pi’

W, <<w, ~ W, << W, the electrons are strongly "magnetized" and

ci pi

their main motion is the Eéxt X §° oscillating drift with peak

e

amplitude Eo/Bo’ Ions, however, are effectively "unmagnetized" and

mainly oscillate in the direction of Eex with an amplitude

t

eE E w i E .
S = =2 < << 2 . Thus the dominant electron-ion relative
miwo Bo wo Bo

motion is the electron E x B streaming through the ions. If the

electron drift were steady and greater than some threshold value,
then instabilities might be excited. With an oscillating drift

therefore, we might expect the same kind of instability over a

fraction of the cycle, duringAwhich the drift speed is greater

i)



than the threshold value. The growth of this periodic-streaming
instability may be accompanied by the increases in plasma tem-
peratures and, hence, is the source of heating.

In our investigations, the applied electric field is of large
amplitude so as to make Eo/Bo large compared with the initial elec-
tron thermal velocity v, ; that is, we have Eo/Bo v, = 5 to 10. Two
types of periodic-streaming non-resonant instabilities are observed
in the simulations: (1) Buneman-type two-stream instability?with
k Eo/Bo ~ Wy = (wﬁe + mce)1/2 and instability threshold near A
and (2) modified two-stream instabilié%swith k EO/Bo ~ wpi and
instability threshold near Vis which only occurs when the wave
vector k has a non-zero component along ﬁa . When the wave energy
becomes large, strong plasma heating occurs. The observed heating
processes depend critically on which type of instability is domi-
nant. .

Recently Okuda et all' have also investigated the plasma heat-
ings'caﬁsed by applying low-frequency electric field across the
magnetic field. They, however, are mainly interested in parametric
instabilities excited by a low-amplitude (EO/Bove<:jL)pump field
in contrast to our case where instabilities are due to drifts in-

duced by a large-amplitude pump field and parametric effects are

expected to be relatively small.

As an example of possible experimental configurations,
we mention here the experiments of plasma (ion) heating by modu-

lated electron beamsz-4, which partially motivated this research.



In these experiments, an electron beam, modulated near wpi,
is injected into a mirror-confined plasma. In a simple

view the electron beam can be represented by a charged

thin line moving parallel to the magnetic field. The beam line
charge then varies in time according'to the prescribed modulation.
Due to the lack of charge reservoir to neutralize the overall beam-
plasma system, a radial electric field oscillating near wpi ap~
pears . This electric field then produces electron oscillating

E X ﬁ drift in the azimuthal direction, while ions mainly oscil-
late in the radial direction. Another possible application is

in microwave heating experiments. Further discussions relating

our results and laboratory experiments are in the last Section.

The numerical simulation model is described in Section II.
Section III contains the physical paraﬁeters of the simulations.
We have systematically investigated the heating processes with re-
spect to the applied field strength and the orientation of K s
and three representative simulation results are presented in
Section IV. In Section V linear and nonlinear theories based
on a steady drift and trapping arguments are developed to explain
and compare with the simulation results. In Section VI, heating re-
sults with and without Bo are compéred. The final conclusions and

discussions are in Section VI.
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II. SIMULATION MODEL

The numerical simulation model is illustrated in Fig. 1. ﬁo

lies in the z - k (x) plane with an angle m/2 - 6 between ﬁo and

~

k. 640 then allows k to have a component along ﬁo ; i.e., k

= ﬁ'go/Bo # 0. The applied electric field Eo is in the ; - direc-
tion normal to Bo. The self-consistent field of the ions and
electrons is obtained from a CIC code, which is one-dimensional

(x, Vs vy, vz), electrostatic, with periodic boundary conditionss.
The charge clouds (slabs) have nominal thickness equal to a cell
length Ax. Charge density is known at the grid points and Poisson's
equation is then solved numerically by the Qethod of Discrete Fast
Fourier Transform. Particles are advanced in time using "Cylrad"
particle pusher6 with the total electric fiéld and a typical time
step wceAt = 2m/32. "Quiet-start" techniques7 and k-space smooth-
ing8 are used in the computation to reduce the noise level. The
modes retained are initially excited to approximately the same
level but with random phases. The remaining parameters are
different for the 0 = 0 and 6#0 cases, as follows:

8 = 0. The system has 64 grid points and is 160 ADe (= ve/wPe

initial electron Debye length) across; i.e., ADe/Ax = 0.4 . Usually
6400 electrons and 6400 ions are used. In oﬁe run we have doubled
the number of particles and no appreciable difference in the results
is observed.

640 . The system has 128 grid points and is 640 ADe across

(ADe/Ax = 0.2). 14,000 electrons and 6,060 ions are used in the



simulations. The mass and charge of each ion cloud are pro-

portionately increased so as to have charge neutrality in the

system.
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III. PHYSICAL SIMULATION PARAMETERS

Initially the plasma is distributed uniformly across the
system. The particle initial velocity distributions as well
as other parameters are different for the 6 = 0 and 6#0 cases.

> > > :
8 = 0. Since EextJ“ B, and k.L.§° , there are no dynamics

in the Bo direction. The electrons and ions have two dimen-

sional Maxwellian velocity distributions, i.e., foj(v;) =

2.-1 2 2
j ) Vo + vy .
2

For equal electron and ion temperatures, we have myv, T mV.o.

(2nv exp ( - v;2/2vj2). Here j = e,i and v;z =

Thus, electron and ion initial random energy densities are ﬁT°1.=
Hmeve% Here n is the spatial-average particle density. The mass

ratio used is mi/m =50, w ,/w = 7 and hence w_=w
e Pi ¢ ce

i pe’

6#0 . In this case the self-consistent electric field has a
component along the 36 field. The electrons have a three- 3/2
dimensional Maxwellian velocity distribution; foe(v)é @2r vy ) -
exp ( - v2/2ve2). Since not only instabilities with both the (real)
oscillation frequencies (wr) and growth rates (wi) much greater than
w,, are expected but-also the entire run is at least less than a
half ion cyclotron period, we may treat the ions as unmagnetized
to facilitate the computations. Since ﬁ;L Eéxt’ the only ion dyna-
mics are caused by the self-consistent electric field and ion motion

perpendicular to K (§) is ignored. Thus the ion velocity distri-

bution is a  one-dimensional Maxwellian in the x-direction; i.e.,



Eex, = Eosin(wot)

Charge cloud
| (slab)

N =
X, K, E self - consistent

|

|

|
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4 p/4

4
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Fig. 1 The one-dimensional numerical simulation model. X

is the direction of § x ﬁo
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TABLE 1. Summary of numerical and physical simulation parameters.
>
7/2 - 8 is the angle between the wave vector k and the magnetic

>
field B_ .
o

6=0 6 #0
L/Ax 64 128
ADe/Ax 0.4 0.2
N, 6400 14000
N, 6400 6060
foe 2-D Maxwellian _ 3-D Maxwellian
perpendicular to Bo
foi 2-D Maxwellian _ i—D Maxwellian in
perpendicular to Bo k (unmagnetized)
mi/mo 50 100
wpi/wci 7 10
wpe/ e =1 1

wceAt = 2m/32. Nominal cloud width = Ax.

E =E sinwt. w =w
ext o o (o] pi




2 7172 2, 2 2
foi(vx) = (21Tvi ) exp (- v /2vi ). Initially we have myv, ~o=

2 .y
m.v.. Thus,the initial electron random energy density in the perpen-
dicular plane is ETOL = ﬁmevez. Electron parallel and ion initial
random energy densities are HTO" = %‘Emévez. The mass ratio used

in this case is mi/m = 100. Furthermore; w ,/w = 0.1 and hence
e pi’ ce

W= w .
pe ce

> ~
At t = 0 the external electric field, Eext = Eo sin(uz;).y s

is applied uniformly across the system. Throughout our investi-

gations, we have w, = wpi' The strength of E, is indicated by
the ratio of the drift speed to the electron thermal speed;

Eo/Bove'

Table 1 summarizes the numerical and physical simulation

parameters described in the present and the preceding sections.

fa)
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IV. REPRESENTATIVE SIMULATION RESULTS
Using the model described in the previous sections, we have
investigated the dependence of plasma heating on 6 and the param-
eter Eo/Bove. For 9 = 0, we have EO/BOVe =5,7,8.5 and 10. A
small 6 is then introduced to see the effects of electron parallel

/2

(to Eo) motion. For 6 = (me/mi)l = 0.1, we have Eo/B v =17

o e
and find the heating dynamics rather similar to those with 6 = 0.
With a larger 6(6 = 0.25), and EO/BOVe = 5 and 7, the dynamics
become entirely different from the previous ones. The results of
three representative computer experiments are described in the

following subsections.

(a) 6 =20 and Eo/BoVe = 8.5. Fig. 2 shows the time evolu-

tion of the electrostatic field energy as well as the electron and
ion gpatial-average (perpendicular) kinetic energies relativeto their
respective. spatial-average mean velocities, which we call (. per-
pendicular ) temperatures. (Note that this is a spatial-average tem-
perature.) The field energy increases with several interesting fea-
tures: (1) the over-all growth rate is exponential over about four
orders of magnitude with average growth rate O.4mpi; (2) the growth
rate is first rapid then slow, with the larger rate occurring at the
the peaks of the electron drift speed, and (3) there are high-fre-
quency (~1.4wpe) structures. These observations clearly indicate the
excitations of instabilities when the electron-ion relative stream-
ing speed exceeds a certain threshold value. Further discussions on
the instabilities will be given in the following Section.

At about t = 12 f;e (electron cyeclotron period), when the fiéld

energy reaches an appreciable value ew/ﬁ ToJ.~ 0 (10_1), both electron
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Fig. 2 Plots of (a) electrostatic field energy and (b) electron
and ion perpendicular temperatures versus time in semi-
logarithmic scales. The arrows indicate where the electron
- -

Eext x B drift achieves its peak value Eo/Bo‘ Tee is
the electron cyclotron period. Here 6 = 0 and Eo/Bo v

= 8.5.
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and ion (perpendicular) temperatures begin to increase rapidly.
i h e ter than that .E saturates at
TeJ-lncreases with a rate faster a of TiJ. -

o ~ = ] n ~ T ~8o i
ew’s/nTOL}O at about t 26Tce’rex,s/nT01 65 and Til,s/nToL At this

time the rate of increase in temperature becomes much smaller.
Before the saturation, temperatures are well correlated with the
wave energy; that is, the rapid and slow increases occur together.
After the saturation, ew stays more or less constant. Meanwhile,
Te; and TiL increase at much slower rates,more or less linearly.
The growth rates and the time evolution of the wave spectrum
of the first 15 significant spatial modes are shown in Fig. 3.
The growth rates are measured for t = 12 Tée where the fields are
small (ew/ﬁTol ~ 10-2) so that these are considered to be the
linear growth rates. The most unstable mode occurs at km EO/B0 =

1.65 W, = 0.45 w Before the saturation occurs, the wave spec-

pi’
trum is sharply peaked at the most unstable mode. 1In the post-
saturation period the peak disappears and the spectrum decays with
increasing wave number.

As shown by the phase-space (vx vs. x) plots in Fig. 4, at
t T 18 Tce (Ew near saturation), the electrons are going rapidly into
ﬁortex—iike motion due to trapping inside the wave potential troughs.
(Earlier, the electron v, ~ X space simply oscillates in Vo with
no structure along x.) Around the saturation time both electrons
and ions are well trapped. After the saturation, particles grad-
ually smear out the ordered structures in the phase spaces and

are, hence, thermalized. Throughout the run, electron (perpendic-

ular) velocity distribution remains roughly isotropic.
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Fig. 3 Plots (a) measured linear growth rates and (b) wave
spectrum at three different time steps vs. wave numbers.
Here 6 = 0 and Eo/Bove = 8.5.
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(b) 6 = 0.1 and Eo/Bove = 7. The time evolutions of field

energy, electron perpendicular and parallel temperatures as well
as lon temperature are shown in Fig., 5. Heating occurs mainly

in the electron perpendicular temperature; Tel,s/Toi.~ 43, 1Ion

heating is small, Ti s/ToL ~ 10. As to the electron parallel
>

temperature, its heating rate is even smaller. Near the end of

the run, t = 40Tce, we find T /TO" ~ 5.6. The dynamics are

ell
rather similar to the previous 6 = 0 case. There, however, is

a difference in the unstable modes. Fig.6 is a plot of the measured
growth rates versus the wave numbers. While most of the unstable

i

there is an additional unstable mode in the low-wave-number regime,

modes occur around k E /B_ = 15.1 w = 1.51 w with = 0.37 w
mo o P pe in

pi’

]‘Eo./Bo = 0,7 wpi and W, = 0.2 wp As one increases 6 and/or

i.
decreases EO/Bove, the low-wave-number modes become dominant;

this is the next experiment.

(c) 6 =0.25 and Eo/Bove = 5, Fig. 7 shows the field energy

as well as the various temperatures as functiom of time. Contrast-
ing to the previous two cases, the field .energy exponentiated with
a constant growth rate (no rapid then slow growth) 0.3 wpi’ indi-
cating that the oscillating drifts exceed the instability threshold
for a large fraction of the time. Also, the oscillating structure
is of low fregquency (~ 2wpi). As the wave energy grows, tempera-
tures increase rapidly. Around t = 32 T Waves begin to saturate,
€ /n T ~ 25. About the same time the rate of heating decreases

Wy S olf
/T

appreciably; Te",S/To“ ~ 140, Te ~ 30 and Ti,s/T ~ 75.

1,s oL oll
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Fig. 5 Plots of (a) electrostatic field energy as well as electron
perpendicular temperature and (b) electron parallel and ion
temperatures vs. time in semi-logarithmic scales.

1/2 ~
Here 8 = (me/mi) 0.1 and Eo/BoVe = 7.
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Fig. 6 Plot of the measured linear growth rates vs. wave numbers
Here 6 = 0.1 and Eo/Bove = 7.
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Fig. 7 Plots of (a) electrostatic field energy and electron
parallel temperature and (b) electron perpendicular and
ion temperatures vs. time in semi-logar:ithmic scale.

Here 6 = 2.5 (m_/m)/2 = 0.25 and E /B v, = 5.
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Thus, electrons are mainly heated up in the parallel directiom
and there is also considerable ion heating. After the satura-
tion wave energy stays more or less constant while temperatures
slowly increase.

The measured growth rates and the wave spectrum of the first
significant 32 modes are shown in Fig. 8. Dominant unstable modes
have relatively small wave numbers with kmEo/Bo = 2,45 w__. and

pi

=0.37 pi There are also unstable modes at larger wave numbers;

©im i

kE /B =1.47w__ and w,~0.lw ,. Before the saturation the spectrum is
oo pe i P

i
sharply peaked around the fastest growing mode. As the waves sa-~
turate the peak disappears and the spectrum decays with increasing
wave number.

Various phase-space plots of electrons and ions are illustrated
in Fig. 9. Ve is the velocity component in the ; X Eo direction
(referring to Fig. 1). Around the saturation both electrons and
ions are well trapped. Electron trapping and heating are mainly
along ﬁo . Before the saturation, the dominant perpendicular elec-
tron dynamics are in the ; direction rather than in x'. As the
waves saturate, particles begin to smear out the phase space and are
gradually thermalized. Meanwhile, electron perpendicular velocity
distribution becomes more isotropic.

We now summarize the contrasts among the above three represen-

tative computer experiments:

(a) 6 =0 and Eo/Bngié 8.5. (Parallel motion is ignored.)

The instability has rapid-slow growth, with rapid growth occurring

when the speed of electron-ion relative drift is near its peak
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value, E /B . Unstable modes occur near k E /B = 1.65 w__.

o' 7o mo o pe
There is strong heating in the electron (perpendicular) temperature.
Ion (perpendicular) heating is small. Electron (perpendicular)
velocity distribution remains approximately isotropic.

() 6 = 0.1 and EO/BOVe = 7. (Ions are unmagnetized.) The

results are similar to those of experiment (a) except there is an
additional low-wave-number (kEO/Bo ~ 0.7 mpi) unstable mode. Elec-
tron parallel heating is rather small.

(¢) 6 =0.25 and EO/BOVe = 5. (Ions are unmagnetized.):

The instability has a uniformly exponential growth. The dominant
unstable mode occurs at small k; kmEo/Bo = 2.45 wpi' There are
also unstable modes at larger k; k Eo/Bo ~ 1.47 wpe' Strong heat-
ings occur in electron parallel and ion temperatures. Before the
waves saturate, electron dynamics in the perpendicular direction
are mainly in the ;(ﬁ x go) direction.

These’results, thus, suggest the following pictures:
(1) instabilities are excited by the electron E/B drift through the
ions; (2) for small 6( SVGE;EEE), the dominant instability is at
larger k and has a threshold in the drift speed near v, 3 (3) in-
creasing 0 shifts the dominant instability to smaller k with a
much smaller instability threshold; (4) as the wave energy becomes
large , particles execute vortex-like motion in the phase space
(i.e., they are trapped by the waves) and rapid heatings occur;
(5) the dynamics of particle trapping and, hence, heatings are
different for the two types of instabilities described in (2) and

(3).

[
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V. THEORIES AND COMPARISONS WITH SIMULATION RESULTS

In this section we seek to understand the simulation results
on a theoretical basis. First,linear instabilities due to a steady
electron-ion relative drift are analyzed. Then we examine the non-
linear evolutions of the instabilities and estimate the relevant
physical quantities. 1In each stage, simulation results are compared
with the corresponding theoretical predictions and estimates.

A, Linear Instability. The theoretical model considered here

is sketched in Fig. 10. The plasma is Maxwellian with Te ~ Ti .
It is the same as the simulation model except that (1) for convenience
we choose here to work in the electron frame (electrons not drifting)

‘and (2) instead of having Eex to provide the drift, we assume that

t
the ions have a steady drift U in the x' direction (that of 7=

Eext X Eo)‘ Here U is assumed to be much greater than Ve+ Electro-
static waves with |u)- §5a2>> wci are considered; therefore ions
are treated as unmagnetized. This model (or similar ones) has long
been the attention of theoretical studies on drift-excited electro-
static instabilities in magnetized plasmas?w13 Here we redo some
parts of the theory so that the results are more applicable for com-
parisons with the simulation results. Specifically, we look for

(1) hydrodynamic non-resonant instabilities and (2) how the proper-
ties of the instabilities change as 6 changes. Assuming kve/wce <1,
Iw - K'ﬁl > kvi and |w| > k“ve s i.e., ignoring resonant particles
effects, we can treat the plasma in the fluid limit. (These assump-

tions are justified by the results obtained later.) The dispersion

relation then is



4y Electron frame

k||= k sin0
ky =kcosd
0 .
’ 4 N '
_>;£~k,§ UX (Ion drift)
Bo

Fig. 10 Theoretical model for drift-excited instabilities.

Electrons have no drift; Te ~ Ti .
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2 2 2
w w w
_ 2 , pe - 2 pe _ pi
1 - cos sz 3 wz sin” 0 wz -k U ez 6)2 0. (1)
ce

This dispersion relation was first investigated by Buneman?

The term cos2 0 —522——3—‘ is due to the electron polarization

WoT W 9 wze
drift across the magnetic field, while sin” © —g—— comes from
w

electron motion along the magnetic field. Corresponding to our
simulation parameters; me/mi = 0.01, wpe/wce =1, wpe = 10 wpi
and three different values of 8, (1) is solved numerically. The
unstable roots are shown in Fig. 11.

The existence of high-frequency (wr 2 wce) instability (here-
after called upper-hybrid two-stream instability) was predicted

by Buneman;) The frequency and growth rate of the most unstable

mode for 6 << 1 agre

2 2 1/2
km U cos 8 ~ kmU = Wy S (wpe + wce) s
1/6 1/3
wim = 0.69 wpi (mi/me) (wpe/wUH) (2)
1/6 1/3

and w Wy 0.4 wpi (mi/me) (wpe/wUH)

These predictions agree with the numerical solutions. With

2 2
2w we have
ce

>
w 2 <<
ce wpe , B 1 and w
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w 2 W 2 w 2 W 2
S:’Ll‘l2 6 —-L; ~92 —P-g- << cos2 ¢ Iz)e 3 ~ —Re .
w w W - 0.)2-(0 2
c ce ce

(Parallel motion term ) << (Perpendicular motion term).
Thus at least during the initial stage of the instability electron
motion is expected to be mainly in the perpendicular plane. Drop-

ping the parallel term, (1) approximates as

w 2 w 2 (3)
1 - P& 5 - pi ~0 .
wz-wce (W~ kU)2

Hence, for this instability there is little difference in dynamics
between 6 = 0 and 6 << 1,

As 0 becomes non-zero, a new branch of the instability begins
to emerge at low frequency (wr ~ wpi) and low wave number (kU ~ wpi).
This instability was predicted by Krall and Liewer13 and has been
called a modified two-stream instability. For 6 ~ (m.e/mi)]'/2 << 1,

the frequency and growth rate of the fastest growing mode are given

by
ce
mm ~ O)im ~ wpi—wl;
(4)
and kU~ w
m rm

Our numerical solutions agree with the above results. An attractive

feature of this instability is its low threshold for drift speed,
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as follows. Unlike upper-hybrid two-stream instability which

requires U > Ve s modified two-stream instability only requires

1/2 13
U > [(Te + Ti)/mi} ~ v, for T, ~ T

i L]
2 2 s
W o~ wpi s (1) is approximated as

With 62 << 1 and

2 2 2
w W
wug - g2 _p; _ pi , =0 . (5)
Woe w (w - kU)“ |

Hence electrons are free to accelerate only along the magnetic
field and, as recently pointed out by Ott et al.l,4 electrons
behave as if they had an effective mass Ee = m, k2/k" 2 5 mee_z .
Meanwhile, electron perpendicular motion is mainly E/B drift
induced by the wave electric field. Due to the effective increase
in electron mass, one then expects stronger ion responses. All
the above properties have been observed in the simulation works

of Ott and others.

As borne out by Fig. 11, w, and the spectrum width in k

im
of the modified two-stream instability increase with 6, while those
properties of the upper-hybrid two-stream instability undergo little
change. Modified two-stream instability thus becomes more dominant
as O increases. However, in order to avoid electron Landau damping

(wr > Ve k sin 6), it is necessary to have 6 < Gm ~ tan-l (U/ve).

For U/ve 2 1, this condition can be satisfied for a wide range of 9,
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Based on the above discussions, we can begin to understand
the linear instabilities observed in simulations. For 6 = 0 the
instability excited is the upper-hybrid two-stream instability

with theoretically kmU = and w_. and W = 1.2 w ., . For

Yo UH

P1
a sinusoidally oscillating electron drift (as in the simulations),
E
u(t) = §2 sin w t , one then expects that this instability will
o

be excited during the fraction of the cycle when the drift speed
exceeds the instability threshold value (see Fig. 12). Since

du(t) _ a .
e = 0atfu(t) = Eo/Bo’ therefore 'U(t” Eo/Bo

for the longest period during each oscillating cycle. Thus, only

the waves with waves numbers lk'zuhHBo/E will have the longest
o

growing time during each cycle and, hence, will be the dominant

mode, i.e., kK E /B =W is expected. Furthermore, the insta-
mo o UH .

bility will grow in a stepwise fashion as observed in the simula-
tions. Since the two oppositely-propagating waves with k=%

Bo/Eo will grow only during each half cycle, the growth rate is
m-26

( (o]
(0

expected to be Wy = 0.5 ) 1.2 u51+0.05w°. Here 6°=sin—l

(vthresh/U)’ and in our case we have eo - ve/U<<1 and wimz0'65wpi,

Fig. 13 is a plot of k E /B _and W, vs. E /B v , respectively. The
mo o im . o0 oe

average measured value of kmEo/B0 is 1.6 wpe' The discrepancy

with the theoretical value, 1.4 wpe’ may be due to the discrete-

>8, w, approaches a cons-

~

ness of the wave numbers. For E /B v
oo e im

tant value, 0.45 wpi ;s which is close to the estimated value,

0.65w ,. As E /B v_ decreases below 8, w, decreases, more or
pi o oe

im

less linearly toward zero. That waves propagating in opposite

directions are excited may create certain standing waves and,
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Fig. 13 Plots of measured (a) kmEo/Bo and
(b) wim/wpi vs. Eo/Bove . Here 6 = 0.
The solid line indicates the theoretically

estimated value.
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therefore, explains the oscillating structures seen in the simu-
lations.

For non-zero 0 ,the emergence of low-wave-number instability
in the simulations is due to the pfesence of modified two-stream
ingtability. For small 6 , e.g., in experiment (b), this insta-
bility.has relatively small growth rate and narrow spectrum and,
therefore, the dominant instability is still the upper-hybrid two-
stream instability. As one increases 0 and reduces EO/BOVe
(i.e., the growth rate of the upper-hybrid two-stream instability),

modified two-stream instability will take over and become the

dominant instability. This is what we have observed in experi-

"ment (c). The measured value of kmEo/Bo is 2.45 wpi , while the

estimated value is 2.25 wpi . The agreement is rather good.
Furthermore, due to its low threshold ~ vi(Fig. 12), this insta-
bility has a constant growth rate and the observed maximum growth

rate is 0,37 wpi which is c¢lose to the estimated value, 0.5x0.54wpi

+0.05w ,=0.32w ,.
P pi

i

B. Nonlinear Evolutions. As suggested by the simulation re-

sults, the nonlinear evolution of the excited instability is
strongly associated with particle trappings

by the observed rapid heatings as well as the saturation of the
instability. For each instability, the trapping dynamics and heat-
ing are different. Using trapping arguments, we therefore have
constructed nonlinear theories for the two types of instability

mentioned above.
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1. Upper-hybrid two-stream instability. Since, as suggested

both from the simulations results and the linear dispersion rela-
tion, this instability interacts with electrons mainly in the per-
pendicular direction, we take the wave vector, E, to be perpendicu-
lar to §6 and ignore electron motion along ﬁo' The approach used
here is similar to that of Forslund et al.,]'5 except here we have

kre = kve/wce << 1 (i.e., the instability is non-resonant) .

A sketch of wave and particle force potentials in the elec-
tron frame shown in Fig. 14, for use in modelling electroq trapping.
The model is not wholly self-consistent. Let us consider those
electrons which have guiding centers at x = 0 and temperature Te =
nv 2. The electrostatic wave, ¢(x,t) = QB cos(kx-wt), propagates

ee
in the x-direction. Here ¢6 is asgsumed to be a constant. Since the

spectrum is sharply peaked at the fastest growing mode, we take

= o = = t
W= and k km mUH/U. Thus the wave phase velocity
is w/k = U >> Ve The motion of electrons then can be determined

2

= 2
from the combined potential, ¢ = -ep + nw. X /2, due to the wave

potential and the magnetic field. Away from x = 0, the xelative
effect of the wave potential becomes weaker due to the.increasing
; X ﬁo force and, eventually, the combined potential troughs vanish
at x| = x, = ek¢°/mew§e (v here stands for vanish) where, physi-

cally, the wave electric force equals the magnetic force due to Bo'

Since kre << 1 electrons sample only a small portion of a single
potential trough. The time during which an electron sees a single
trough is T ~ A/2U ~ m/w ~ n/mUH. In the absence of ﬁ;’ an electron

will be trapped if during this time period T it can execute several



\ Bz-ep+m, w222~/

\ /

Fig. 14 The non-self-consistent model of electron trapping by a
longitudinal electrostatic wave propagating perpendicularly

to §° . The model is in the electron frame. Te is the

electron random kinetic energy before the electrostatic wave
is imposed; thus, the intersection between Te and the magnetic

well indicates the Larmour radius. That the wave through
is in phase with the magnetic well is for the convenience
of illustrating the concepts.
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bounce oscillations inside the trough. With the magnetic field
present, however, a trapped electron can only stay in the travelling
trough for a period xQ/U before it is released from the trough to
execute cyclotron motion. Thus efficient electron trapping happens

only if

T 2 The (electron bounce period) < xv/U . (6)

1/2
Here Tge = Zﬂ(me/ek2¢°) is the unmagnetized bounce period and

a justification of its use is that for|x|5 X, wave electric force
dominates over the magnetic force. The condition T 2 TBe requires

2
>
e¢o 2 myv (7

while xv/U 2 T, requires

Be

5 9 4/3
ed, T m U (w, /w) (8)

The required trapping potential is hence the larger one of the
above two values. In the case here with @ ~ Wy We have

e¢tr~ meU2 3 that is,the trapping potential is the same as if the
magnetic field were absent. It is interesting to note that for

a low-frequency (w < wce) wave the required trapping potential is
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(wce/u04/3 times larger than that without E;. With relation (6)
satisfied, an electron will then be trapped inside a wave trough
and carried by the wave to climb up the magnetic force potential
until x = X . At x = X, the combined potential trough vanishes
and this trapped electron is released with an increased kinetic

energy

2 =-% m (W x )2 ~ %-m U2 . 9

iI'IlV
2 e’ ce'v e

e rel
For Maxwellian electrons and U >> Vg s therefore, it is ex-
pected that the bulk of the electron population will be trapped

when, phenomenologically,

e, (=Fm U . | (10)

-1 -1 -1 .
Since at e¢e’s s Tge ~ Yug << Wy~ wpi the linear instability

m
will be stabilized by the significant number of electromns executing

nonlinear trapping orbits inside the troughs. Meanwhile, the

electron perpendicular temperature at the saturation will be

T
b2 - (u/v)? (11)

ol

T
. ce
Since —— ~ = 1.4 -~
XQ/U wUH/wce 1.4 } and the released electrons execute

cyclotron motions, the velocity distribution will be roughly iso-

tropic.

[
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As to the effectively unmagnetized ions, the usual trapping

arguments predict ion trapping when

eb; o= Zm /e -0F (12)
Using (2) and (9), we have
e¢i s 2/3 1/3
—eE: = 0.16 (wpe/mUH) (m,; /m.) . (13)

For mi/me = 50 and 100, e¢i,s/e¢e,s ~ 0.35 and ions, therefore, 2
will be trapped before the electrons. However, TBe/'rBe = (ﬁi/me)
and trapped electrons execute many more nonlinear bounce oscilla-
tions than trapped ions. Therefore it is mainly electron trapping

that stabilizes this instability. The wave energy at the satura-

tion then is

€ e, Keo, 1 2 2 2

5 = 76 (wUH/wpe) (U/ve) = 0.13(U/ve) . (14)

R

versus Eo/Bove. The agreements with (11) and (14) are rather

good, considering the many uncertain constants involved.
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Fig. 15 Plots of the measured (a) (Te4.s/To,?1/2 and
1/2

(b) (Ew,s/n To;? vs. EO/Bove . Here 6 = 0.

The solid lines indicate the theoretically estimated
values.
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Since heating is a consequence of particle trapping, simula-
tion results suggest that a possible explanation for the small-
ness of the observed ion heating is due to the large ratio,
TBi/TBe' Therefore a rough estimate of ion temperéture at the

saturation is

. T
il,s . _es,s (—29 , (15)

which gives values in the same orders of magnitudes as the meas-
ured values.
b. Modified two-stream instability. In this instability elec-

trons mainly move along the magnetic field and, for 62 << 1, can

be considered as having an effective mass, ﬁe me/62 . Corres-
ponding to experiment (c), numerical solutions of the dispersion

relation indicate that the fastest growing mode has

w = 1.54 w ,
m pi

(16)
kmU = 2.2 wpi

and hence a phase velocity 0.7 U in the electron frame. Since

Bo does not affect parallel motions, electron trapping potential

is
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_1- 2 _ 2
e¢e,s =7 e (wrm/km) = 2 m, u- . (17)
For ions we have
_ 1 _ 2 - 2
e¢i’s =7 Wy (wrm/km U) 2.5 m, 1) (18)

Thus e¢i S/e(b ~ 1, and electrons and ions get trapped at about

e s

the same time; this is in contrast with the early case where

ed

i.s < e¢e s and ions get trapped first. Furthermore, because
’ >
/2

- =1 ~ n . m
TBi/TBe = (mi/me) = 2.4 electrons are still more "responsible
for saturating the instability than the ions. The ions, however,
play a more important role in the stabilizing process than in the

earlier case where T,./T 10. From (17) the electrostatic field

Bi’ 'Be "
energy at the saturation then is about 2 times higher than the
earlier value
E:w S 2
—= = 0.4 (U/V)T . (19)
n Tolt

Meanwhile, the parallel electron temperature at saturation is ex-

pected to be

= 2 2
Te", s _ m, (wtm/km) = 8 (U/Ve) . (20)

To“
Again, TBi/‘rBe ~ 2.4 suggests an estimate of ion temperature is

Ti,s . Ten, s ﬁé 1/2 _ 2 (21)
= ) ) = 3.3 (U/v)" .
oll oli i
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1/2 1/2

Fig. 16 shows (¢ /n T

WyS ol
y1/2
oll

)

, (T and

elty s/To ]

(T, /nT for EO/Bove = 5 and 7. Although the data are

i,s
insufficient to completely confirm the above estimates, they
appear to suggest that the temperature estimates are reasonably
good ;  the actual values of ew’sare about twice large than
the estimated values, (The whole procedure was only meant to be an
estimation anyway.) Since w << W, kre << 1 and electron trapping
is dominantly in the parallel direction, electron motion in the
perpendicular plane is then mainly the waﬁo drift.

For both instabilities, the post-saturation period is charac-
terized by further thermalizations of the particles accompanied by
gradual smearings in the phase spaces as well as the disappearances

of sharp peaks in the wave spectra. So far we have developed no

clear understanding about this part of the heating cycle.
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VI. COMPARISON OF HEATING WITH AND WITHOUT Bo

As the heating without Bo has already been investigated in
simulation by Kruer et al., it is desirable to compare their re-
sults with those with Bo' This Section is only a cursory compa-
rison, not meant to be exhaustive.

In both simulations, the heating is done by a large—amplitude

Eo applied at frequency W W e The major comparisons sought are

pi
(1) the threshold wvaluesof Eo needed to excite the instability and

(2) the value of nKTe,nKTi at wave saturation. The results show

that ion heating is largest with Bo present and the modified two-
stream instability excited. The details of the various heatings are

shown in Table 2, which will now be described.

16 shows that the or-

For Bo=0, the simulation of Kruer et al.
dinary two-stream instability is excited and at wave saturation the
electron thermal velocity reaches the maximum drift velocity (i.e.,

KT = m (eE /m W ) » or nKT = (m,/m e E2 with w =w

e’s e e’s {/mJeE, D=5 as given in

the table). The ion thermal velocity at wave saturation is estimated

to be A (eE /m w )(m /m ) 3/4 from T, /T = T /T

i,s’ "e,s Bounce,e Bounce i’
which quantatively agrees with the result given by Kruer et al., in

their Fig.l. The threshold value of E0 here is E

(w

o,threshzve,initial'

(mé“$i/e)=Bove,initial

pi ce{ for use later where B # 0.
For BO#O and GSOme/mi)/ » we have found that the upper-hybrid

two-stream instability is excited. At wave saturation, electron



TABLE 2. Summary of various heating results using large-amplitude
low-frequency electric field with and without B . If we choose

0 = m, /m for the modified two stream, then the electron and ion
temperatures come out to m /m :

3 the ion heating is better by,/mi/me
than for B, = 0.
Bo =0 Bo # 3 Bo #0
Ordinary < = 1>6>V=
m, m,
2-gstream- i i
instability upper-hybrid modified
2-stream 2~-stream
instability instability
Driving
Frequency wo = wpi
w
o
Maximum
drift velocity ek E E
o o o
U
max m_ B B
eo o] (o)
Threshold
> >
conditions Umax > Ve qggég _.ve Umax Vi
2 m - _ V me
oEo,thresh/nKTe,init ﬁ% 1 EI
Electron tempera- - perpendicular parallel
ture at wave i -2
saturation m, 1 0
2
(nKTe,s/eoEo )
Ion tempera- (perpendicular) (Perpendicular)
ture at wave m; m fm_  _3
saturation - € \/ € s
(nKT /€ oEq 2y e oy oy
E = E i t = W Initiall v o o=2m 2
ext = Eo Sin w t. mpe- e nitially, m v, Vi -




28

perpendicular thermal energy is increased to nKTeL=SEOE§ and
. ’

1/2 _2 .
z(me/mi) € Eo' Here we have assumed wpe_wce' In this

id,s

case, Eo,thresthove,initial'

For Bo¥0 and 1>e>(me/mi)1/2, our simulations show that the

modified two-stream instability is excited. At wave saturation,

electron parallel thermal energy is increased to nKTe" geoEie-z
]
2 -3

and ion (perpendicular) temperature increased to nKTi SzeoEoe .
b

1/2 .
(me/mi) . Here,again, we have assumed wpe"wce' If we, optimis

tically, assume 0= ,/me/mi ,» we then have nKT ~nKT, _ =(m, /m,) *
’

ell ,s

o,thresh is about Bovi,intialzBove,initial.
v (w_,/w Yformv ~m,v 2
0 e,initial " pi'“ce e e,initial” i i,initial

eoEi. The corresponding E

(m /m )1/2=B and
e 1

Wpe™Wee®

From the point of view of maximum temperature obtained at wave
saturation, we see the following comparisons:

(a) For Bo=0, the electrons are heated more than the ions by a
factor of (mi/me)llz, implying production of a ho; electron plasma.

(b) For B°¢0 and the upper-hybrid two-stream instability ex-
cited, the heating is smaller by a factor of me/mi ‘for both elec-
troms and ioms than the Bo=0 case.

(c) For BO#O and the modified two-stream instability excited,
the electron heating is the same as in the Bo=0 case, but the ion

. 1/2 .
heating is (mi/me) times better and Te,s—Ti,s
(d) As to the threshold value of Eo’ the heating with Bo¢0
and upper-hybrid two-stream instability excited requires a value

(mi/me)l/2 times larger than that for the Bo=0 case as well as the



29

case with BO#O and the modified two-stream instability excited. The
threshold values of EO for the'Bo=0 and the modified two-stream in-
stability heatings are about the same .

Hence, based on the conditions chosen, it appears that much
more effective ion heating can be obtained by adding the steady mag-
netic field and ensuring that the modified two-stream instability is
excited. The advantage is roughly (me/mi)l/2 in ion heating over the
BO#O case, an advantage well worth taking.

It is also worthwhile to put in some numbers in order to get a
feeling for the magnitudes involved. Taking a gaseous deuterium
plasma with n=1014 (cm.3) andJﬁE?E;ﬁGO, then the driving frequency

required is f =f =l.5x109 Hz. The condition thatw =w_ _ means B
o pi pe ce o

= 30 kG. In order to heat the ions, the modified two-stream insta-
bility heating is chosen, which produces nKTir(mi/me)eoEi at

wave saturation. Using KT1=10 keV, this requires €°E§=105 Joules/
m3 or E0=1()8 V/m (=lO6 V/cm). Since the heating is generally
accomplished within scveral ion plasma periods, say, Stpi; the
required pulse duration is roughly 3x10“9 sec. This implies deli-
vering 105 Joules/m3 in 3:{10.-9 sec or about 3x1013 Watts per cuvic
meter of plasma (3x107 Hatts per cm3). The next steps (not taken
here) would be to choose a possible pulsed reactor size and con-
figuration, working out method of producing Eo within the plasma
(by electron Leam or wave propagation): however, without these
answers it stil?! appears that these parameters ( Eo~106 V/cm, BO~

3¢ kG, fo~1.SGHz, nlasma size not clear) are not terribly beyond

present carabilities.
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VII. CONCLUSIONS AND DISCUSSIONS

We have shown with one-dimensional computer simulations
that a large-amplitude (Eo/Bo > ve) low-frequency (wo - wpi)

>
electric field Eext = Eo sin wot when applied across a constant

magnetic field Eo can efficiently heat the plasma (electroms

as well as ions) to high temperatures. The heatings are the
results of instabilities excited by the electron Eéxt X io
oscillating drift through the ions. The plasmas considered here

are Maxwellian, with initial T =T, and w = w .
e i pe ce Kk
]

For waves propagating perpendicularly to Bo(e ~ %< 0),
Buneman-type upper-hybrid two-stream instability (kEo/BO ~ mUH)
is excited. This instability has periodic growth with maximum
growth when the drift speed is near its peak value Eo/Bo . As
the wave energy increases, electrons become trapped and their per-
pendicular (to go ) thermal speed is rapidly increased to -~ Eo/Bo‘
While the ions are also trapped, their perpendicular temperature
is relatively small, about(he/mi)1/? that of the corresponding
electron value.

For waves propagating obliquely to B, (6 # 0), the ions are
treated as unmagnetized in the simulations and in addition to the
upper-hybrid two-stream instability the modified two-stream in-
stability emerges at low wave numbers (k Eo/Bo ~ Qpi). This in-
stability has nearly a constant exponential growth due to its
low threshold, -~ vy - As 0 increases, the maximum growth rate as

well as the spectrum width (in k) of the modified two-stream in-

stability increase. These properties of the upper-hybrid two-stream
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instability, however, have little change. Thus, with 6 small

(roqghly 4] 5,/me/mi) the upper-hybrid two-stream instability still

dominates and the dynamics are rather similar to the 8 = 0 case
with little electron heating in the parallel direction. As 6
becomes larger, however, the modified two-stream instability be-
comes dominant. For this instability electrons mainly respond

in the parallel direction and can be thought of as having an
effective mass, Ee = me/OZ. As the waves get stronger, electrons
become trapped in the parallel direction and their parallel thermal
speed is increased to ~ 0,7 Eo/Bo 0 ~ 0.7 (k/ky) (Eo/Bo) for

0= 2.5 (me/mi):!'/2 Ion "perpendicular" heating is about

(m_/m,) 1/2

of the electron parallel heating.

We also compare the above heating results with B, # 0 with
those of Bo = 0. The comparisons indicate that ion heating is
largest if Bo # 0 and the modified two-stream instability is
excited.

In real laboratory experiments, waves propagating in all
directions can be excited. Because the modified two-stream is
active for a range of 0 wider than the upper-hybrid instability,
and its maximum growth rate increases with increasing 6 at least
when 6 << 1, it therefore, is expected to be dominant over the
upper-hybrid two-stream instability. Thus, efficient electron
parallel and ion heating can be expected. That electron heating

is mainly in the parallel direction might be a problem for mirror

confinement.



32

Since the instabilities discussed here are excited by
large-amplitude drifts and not by parametric effects, we expect
the results obtained he;e with w, =.mpi to hold also for wo's
other than wpi ; that is, the pump frequency need not be finely
tuned as in parametric.excitations. This expectation, however,

remains to be verified.
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Note: Sometimes one wishes to find a name that describes the
phenomenon being used, simply to avoid long titles like that of
this paper. The process described herein is that of making an
oscillatory drift which then sets up an instability, which then
causes heating. Sb, one could name it Drift Instability Heating,
DIH. Or, one could call it Heating by Oscillatory Drift, HOD.
Indeed, in Webster's Third New International Dictionary, 1964,
under "hod", one finds the root of the first meaning to come from
"to shake", "to shake up" and the second meaning "to bob up and
down". Hence, if a name is to be chosen for this form of heating
(e. g., to go along with other forms of heating, like ECRH,
electron cyclotron resonance heating), then it is suggested that

HOD be used.



APPENDIX 1. Further Descriptions of the Simulation Techniques.

(a) Poisson's Equation. Poisson's equation, in its three-point
P ’

one-dimensional difference form is

2 :

-2¢ 49, =—(&x)p. /e

b5417205%05 1 (bx)7p /e, . (A.1)
Here j is the index for the grid points and Ax is the dis-

tance between two neighboring grid points. The self-consistent

electric field then in

(A.2)

Ej = —(¢j+1 - q)j_l)/ 2Ax N

Applying Discrete Fast Fourier Transform to a system with

2N grid points and periodic boundary conditions, we can express

¢j and Ej as
N-1
Py = z Bc(k)COS("jk/N) + 0 _(k)sin(mjk/N),
k=0 s
j=0,..,2N-1. (A.3)
N-1
E., = I E (K)cos(mik/N) + B (k)sin(mijk/N);
I ko © s

Substituting (A.3) into (A.1l) and (A.2), one obtains the following

"relations



NO)

Ec(k)=_ 2tan(mk/2N) ’
5c(k) k=1,...,N-1. (A.4)
Es(k)h 2tan(mk/2N) 3

In our simulations, we use

To reduce the short-wave-length noise, we do k-space

smoothing by multiplying Ec(k) and Es(k) with a smoothing function

defined as

Sm(k) = exp { - (k/ko)4] ; k=1,...,N-1. (A.5)

For 6 = 0 and N = 32, ko = 20. For 0 # 0 and N = 64, ko = 35,

(b) Equation of Motion. The Cylrad Particle Pusher in its general

form is

%’1 V(t-At/2) + qAtB(t)/2m,
-

]

_ > +f -> X—>
Vo = vyt EvixBs
-> -+ S
V3 = vyt EvxB, (A.6)
V(t+AE/2) = 33 + qAtE(t)/2m ;
t
where f1 = an(wcét/Z) and f2 = 2f1/(1+fi32)

B



imensi ithB=8_ ,E__=E__35 and
In our one-dimensional model with B = B° > Boxt = Boxe ¥ @
E =E ; =E cos 8 X' +E_sin 6 B_ we have using (§§ ys B )
W \ W W o o
coordinates
Very T vx,(t— At/2) + thEwcose ,
vyl = vy(t-At/Z) + thEext/Zm s

vx,(t+At/2) = cos(wcAt) Vo + sin(wcAt) vyl + thEwcose /2m,
vy(t+At/2) = -sin(wcAt) Vo + cos(wcAt) vy1 + thEext/Zm, (A.7)

vﬁo(t+At/2) = vﬁo(t—At/Z) + thEWsinG /2m .

(c) Initial Particle Loading. For 6 = 0, the 6400 electrons are

divided into 32 groups. In each velocity group 200 electrons are
used to represent a 2-dimensional isotropic Maxwellian with 25
available speeds. The 32 velocity groups are then uniformly dis-
tributed in space. The ion loading is similar to the electron
loading except ions are placed on top of electrons so that initial
noise is minimized.

For 6 # 0, the 14000 electrons are divided into 35 velocity
groups. In each group 400 electrons are used to represent a 3-
dimensional isotropic Maxwellian with 25 available speeds. The
35 veloéity groups are distributed uniformly across the system.

For the 6060 ions, there are 60 velocity groups; that is, 101 ions



are used to represent a l-dimensional Maxwellian. The ions are

then distributed uniformly in space.
In our simulations, the initial fluctuations are rather small,

sw(O)/ﬁKT(O) = 0(10-3). Although Eoxr 18 applied at t = 0 when

t
the plasma is not at thermal equilibrium, however, since the driving
field is so strong that we expect the results will have little dif-

ference from those with Eext applied when the plasma is at true

thermal equilibrium.

[£]

[



APPENDIX 2. Further Discussions on the Upper-Hybrid and Modified
Two-Stream Instabilities.
In this Appendix we analyze the dispersion relation in more
detail and show the results cited in Section V.

(a) Upper-hybrid two-stream instability. The corresponding

dispersion relation is

o= - p 20 - (3
Wi (w-—- kU)

This instability, therefore, arises due to the interaction between
the ion beam mode and the electron upper-hybrid oscillation:
W= W As showm by Buneman,10 in this instability ions can be
treated as if they had an effective mass ;i = m, wpe/wUH' With
the effects of the magnetic field absorbed in ﬁi , we then can,
in analogue to the usual two-stream instability, obtain the rela-
tions expressed in (4).

Let us check the conditions on the validity of the fluid
approximations. The condition k ve/wce < 1 requires

v /U< Jog ~ 1 for w0, 2 N (A.8)

The condition |w/k - U] > v; requires

/ /3

1/3 4
vi/U < (me/mi) (wpe/wUH) . (A.9)

2

. 2
Corresponding to our simulation; m ~ m., ~
P g 3 eVe mlvi and w e ~ Wog?

we have (A.9) as

v /U < g m)tC st 4.9



(b) Modified two-stream instability. The corresponding

dispersion relation is

2 2 2

w W w
2UH - ge sinZ 6 - ——2;#-2 =0 3 (5"
ce w (w-kU)

which can also be written as

% 2 ® 2
1- 22 pi , =0 . (A.10)
w (w-kU)
> -2 2 2 2 2 .2
Here, for W,o = wpe , a%e = wpe sin e(wée/mUH) = wpe sin” 6

-2 2 2 2 . .
= ~ . t i 1i
and wpi wpi (wce/wUH) wpi Therefore, this instability

arises due to the interaction between the ion beam mode and a

modified electron plasma oscillation: ® = ape ~ wpe Sin e

Furthermore, (A.10) is the same as the dispersion relation for the

usual two-stream instability with an effective electron mess

Ee = me/sin2 0 = m, (k/ky )2 H and, therefore, we can ex-

pect the following relations

w, ~ |w-ku| ~ Gpe (Ee/mi)l/3 ~w_ _(m /mi}/B(k“ /k)l/3

be (Te (A.11)

and w ~ kU ~ wpe (k“ /k). (A.12)

(A.11) contains the dependence of growth rate on the angle

0 = sin T(k k) ~ ky /k

o



‘o

L]

(12)

From (A.11l) and (A.12), the conditions on the fluid approxi-

mations are for k r /w < 1
e’ “ce

Ve <k | Yee (A.13)
U k" w
pe

“e

for w/k" > Vo

e k
& —
U ky
and for Iw-kUI > vy
Vi 1/3 2/3
7 < @ /m)™" (/i) (A.14)

V.

with ky /k ~ (me/mi)l/2 s, (A.14) then becomes ﬁl < 1,



	Copyright notice 1972
	ERL-352

