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I. HIGHLIGHTS OF RESEARCH ACTIVITIES DURING 1984-1985

This report summarizes the research activites carried out at the Insti-

tute for Physical Science and Technology, University of Maryland, under the

auspices of the Office of Naval Research Contract N00014-84-C-0255 from

April 1, 1984, to March 31, 1985. We are pleased to report that significant

progress has continued in the study. Five theoretical and numerical investiA

gations of these processes with applications to space physics and laboratory

plasmas have been published. The ONR contract was acknowledged appropriately.

Dr. Gaffey chaired two sessions at the Spring 1984 Meeting of the American

Geophysical Union, and Professor Wu gave an invited talk at the 26th Annual

Meeting of the Division of Plasma Physics of the American Physical Society.

Professor Wu has been recently elected a Fellow of the American Physical Soci.--

ety and Dr. Gaffey was elected a Member of the New York Academy of Sciences.

A. Overview

The roeea1'k program '-4adotsd-A4- studytiM instabilities resulting

from energetic ion beams streaming across a magnetic field, or other non-,

equilibrium features, such as temperature anisotropy or a loss 4 cone distribu-

tion function, and to calculating the emission of radiation at the fundamental

and harmonics of the cyclotron frequency and at the second harmonic of the

plasma frequency.

The program ite-dItled-intg five tasks.

1. Effect of electron thermal anisotropy on the kinetic cross-field

streaming instability.

2. Applications of kinetic cross-field streaming instabilities to

laboratory experiments.
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3. Electromagnetic electron-cyclotron instability excited by ener-

getic electrons with a loss-cone distribution.

4. Induced emission of electromagnetic radiation near the second

harmonic of the plasma frequency.

5. Calculation of spontaneous cyclotron emissivity using the com-

plete relativistic resonance condition. e-

B. Summary of Research Accomplishments

We now summarize the research results achieved. Detailed reports on

each problem are given in the published papers. A

1. Effect of electron thermal anisotropy on the kinetic cross-field

streaming Instability (S. T. Tsai, M. Tanaka, J. D. Gaffey, Jr., E. H. da Jor-

nada, C. S. Wu, and L. F. Ziebell, J. Plasma Phys. 32, 159, 1984).

We have investigated both numerically and analytically the kinet-

ic cross-field streaming instability, which is excited by a relative electron-

ion cross-field drift and enhanced by an electron temperature anisotropy Tel >

Tel. This investigation is motivated by the research on collisionless shock

waves and applied to the earth's bow shock!' 2  The unstable waves have been

shown to be obliquely propagating whistlers, and the instability is not sup-

pressed by electromagnetic effects when the drift velocity V0 exceeds the

Alfvdn velocity vA and the plasma parameter B is of order unity. The effect

of increasing Vo/vA is to shift the direction of propagation more nearly

parallel to the magnetic field. The effect of increasing the electron temper- 0

ature ratio Tej/Tel is to increase the growth rate and to shift the direction

of propagation more nearly perpendicular to the magnetic field. The mode has

mixed electrostatic and electromagnetic polarization. However, for B - I and

for nearly perpendicular propagation, the mode is predominantly electrostatic;

whereas, for more oblique propagation, the electromagnetic and electrostatic
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components are nearly equal. Finally, for small 0, the mode becomes the well-

known modified two-stream instability!

In summary, we have studied the plasma instability resulting from

a cross-field drift and an electron temperature anisotropy, Tel/Tel > 1. We

find that both effects significantly affect the instability. In particular,

the present study has led to the following major conclusions:

a. A relative electron-ion cross-field drift can cause insta-

bility, even if VO/vA > 1.

b. An electron temperature anisotropy Tel/Tel > I significantly

enhances the peak growth rate.

c. The unstable waves have both electrostatic and electromag-

netic components in general. For 0 - 1 and nearly parallel propagation, the

electrostatic and electromagnetic components are comparable and the polariza-

tion is mixed.

d. The instability is highly kinetic for high B- 1. From

numerical solutions of the dispersion equation, we find that

I r <1 and, - kVol
-< an kviklvel >1

over the entire range of angles of propagation. Moreover, electromagnetic

effects, high-order electron cyclotron harmonics, and ion terms all affect the

dispersion equation significantly and, therefore, it is difficult to treat the

dispersion equation accurately by analytic techniques.

2. Applications of kinetic cross-field streaming instabilities to

laboratory experiments (E. H. da Jornada, J. D. Gaffey, Jr., and D. Winske,

Phys. Fluids 28, 611, 1985).
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In a recent paper,. we have investigated the kinetic cross-field

streaming instability! which is excited by an ion drift across the magnetic

field and electron temperature anisotropy, Tej > T e We have found that the

usual low-B modified two-stream instability s is modified by finite-B effects'

and enhanced by the electron temperature anisotropy? Quasilinear theory

predicts, and computer simulations have verified, that this instability re-

sults in significant heating of the electrons and ions!

We have extended the theory of cross-field streaming instabili-

ties to the parameter regime of the Tandem Mirror Experiment (TMX) with neu-

tral beam injection! The cross-field ion drift, as well as the electron

thermal anisotropy, provides the free-energy for several instabilities. Three

instabilities have been found to occur: an obliquely propagating electromag-

netic, lower-hybrid instability (EMLHI), an obliquely propagating ion-ion

streaming instability (IISI), and a nearly perpendicular propagating, modified

two-stream instability (MTSI). The latter two modes (IISI and MTSI) are elec-

trostatic and their real frequencies are insensitive to the electron tempera-

ture anisotropy. The EMLHI and MTSI are the low-B limits of the kinetic

cross-field streaming instability! The major conclusions of our study are:

a. The EMLHI is highly kinetic for small values of the drift

velocity VO .

b. The IISI has the largest growth rate when the ratio of the

drift to the background ion thermal velocity Vo/vio s 4.

c. The MTSI has the largest growth rate when V0 /vi 0 a 4.

d. Thus, for the present conditions in TMX, the IISI has the

largest growth rate; however, when more energetic neutral beams become avail-

able, the MTSI may become the dominant instability.

-'4-.



3. Electromagnetic electro.ocyclotron instability excited by ener-

getic electrons with a loss-cone distribution (H. K. Wong, C. S. Wu, and J. D.

Gaffey, Jr., Phys. Fluids 28, 2751, 1985).

An electromagnetic electron-cyclotron instability associated with

a loss-cone distribution of energetic electrons has recently been investigated

extensively by the space physics community'- " as a source mechanism of the

auroral kilometric radiation (AKR)! 2'- 2 It has also been suggested that this

instability may occur in some laboratory experiments, such as TMX and EBT. A

special case of the electron-cyclotron instability excited by a loss-cone dis-

tribution of energetic electrons has been studied recently!2  The analysis is

restricted to the special case of radiation propagating parallel to the ap-

plied magnetic field (k1 - 0) and, moreover, emphasis is placed on the limit

k, + 0. We have generalized the theory to treat an arbitrary direction of

propagation and, in addition, a background of cold electrons is included. The

major conclusions of our study are:

a. The electron-cyclotron Instablity can occur at all angles of

propagation for a wide range of parameters.

b. In general, the instability for nearly perpendicular propaga-

tion is more serious than that for parallel propagation.

c. The peak of the growth rate, maximized over k, increases with

temperature T, and for large T occurs at finite k, rather than at k - 0.

d. The range of unstable values of we /e broadens as T

increases.

e. The instability can be suppressed by the presence of a suf-

ficiently large population of cold electrons if T is not too high. %

Recent observations 2S indicate that this instability does occur in TMX.
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4. Induced emission of electriagnetic radiation near the second

harmonic of the plasma frequency (C. S. Wu, G. C. Zhou. amd J. D. Gaffey, Jr.,

Phys. Fluids 28, 846, 1985).

The loss-cone cyclotron instability has recently been extended to

the case of electrons with a hollow-beam distribution! 4 1 25 The study was

motivated by the idea that the mechanism may also be applicable to the theo-

ries of some solar radio emission processes. However, the discussion in ,

Refs. 2U and 25 is limited to cases in which the plasma frequency we is compa-

rable to the electron-cyclotron frequency 0 e" In many important astrophysical

2 2
problems, the radiation processes occur in regions where we a e For

example, in the source region of type II and III solar radio bursts, it is

>2 ii
usually believed that w e >>ae .Thus, it is necessary to extend the treatment

of the electron-cyclotron instability to the high-density, weak-magnetic-field .,'

2regime. We have re-examined the hollow-beam excited instability with W >>
e

a2 for this reason. The major conclusions of our study are:
e

a. The presence of a hollow-beam of moderately relativistic

electrons can amplify unpolarized electromagnetic waves with frequencies near

twice the plasma frequency. .

b. As the electron energy increases, the real frequency, corres-

ponding to the peak of the maximum growth rate, shifts to values higher than

2w.
e

c. The principal source of the free-energy which drives the

instability is the ring feature of the distribution, rather than the beam.

5. Calculation of spontaneous cyclotron emissivity using the corn-

plete relativistic resonance condition (H. P. Freund, C. S. Wu, and J. D.

Gaffey, Jr., Phys. Fluids 27, 1396, 1984).

-6-
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General expression for the emissivity of cyclotron radiation from

high-temperature plasmas including collective effects have been derived and

discussed in two recent articles by Freund and Wu2 and by Audenaerde2' (rele-

vant bibliographies concerning earlier publications are cited in these arti-

cles). Although sufficient generality has been retained in these results,

practical evaluations of these expresions are, however, difficult. As a

result, emissivity has been discussed in two distinct regimes: (1) N cos 8 >>

v/c and (2) N cos 8 << ic, where N is the index refraction of the radiation,

8 is the angle between the wavevector and the ambient magnetic field, v

denotes a characteristic velocity of the electrons, and c is the speed of

light. In the first regime, the Doppler effect prevails over the relativistic

effect in the wave-particle resonance condition and vice versa for the second

regime. It is evident that when the refractive index is close to unity the

later regime only occurs in the very small range of 8 (i.e., 8 2 900) for

weakly relativistic electron energies (< 10 keV). Obviously the afore-

mentioned approximations become Invalid in the intermediate regime where

N cos 8 v/c. The range of 8 which defines the intermediate regime increases

with electron energy, and results in a serious limitation of the previous cal- +.

culations!""2

Spurred by efforts to explain the auroral kilometric radiationg

considerable progress has been made in treating the general resonance condi-

tion, and in obtaining general expressions for the growth rates of the escape

modes (ordinary and extraordinary) in the presence of a population of supra-

thermal electrons with a loss-cone distribution function. J
.

V'
3qj

S-
j
e
p

2
4p,,

The success of these efforts provides the motivation for the present work in

which we extend the previous",' work on the emissivity to treat arbitrary

angles of propagation with no approximation imposed on the resonance condi-

-7-

*J-o -, - - ,,* . ,, -, .. -- .. . - -,,, ft - -, .. i* %j -€ . -. \t : f ' ,, - ,-,. - -. . - .--, . .. . - . -, -. ,, -. .p - -



tion. In this work we specifically consider the emissions of the escape modes

due to energetic electrons with a loss-cone distribution. The applications of

the results of our calculation to the study of both the auroral kilometric

radiation and to magnetic mirror machine experiments, however, will be pre-

sented in separate articles.

In summary, the spontaneous cyclotron emissivity has been calcu-

lated using the complete relativistic resonance condition. Unlike prior

calculations of synchrotron radiation!" 2" the result is valid over the entire

angular range of propagation without regard to the bulk energy of the electron

population. We are specifically interested in the evaluation of the radiation

spectrum from an energetic population of trapped electrons having a loss-cone

distribution in a low-density plasma. The major conclusions of our study are:

a. In such a plasma (i.e., w < e ), a relatively high radiation
ee

intensity is found in the X-mode at frequencies just above cutoff due to the

fundamental gyroresonance which, since this is an escape mode, can readily

propagate out of the plasma.

b. While cyclotron damping due to the background plasma can be

expected to be negligible for sufficiently low-bulk temperatures of background

plasma, amplification of the radiation can occur due to the anisotropic nature

of the suprathermal electron distribution. The detailed nature of this insta-

bility has been amply discussed in the literature dealing with auroral kilome-

tric radiation.'111 31 5Is- 8

c. While the overall level of spontaneous synchrotron radiation

is greatest for the X-mode above cutoff, the detailed angular spectrum is more

complex. In particular, the X-mode radiation intensity at the higher gyrohar-

monics actually exceeds that near the fundamental ( W > ae , w > W"x ) for

angles of propagation nearly perpendicular to the ambient magnetic field.
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