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I. INTRODUCTION 

The purpose of this research is to investigate the ability of a short 

pulse of electron cyclotron resonance radiation to produce an anisotropic 

energy distribution of electrons in a plasma, and the instabilities and 

waves produced by this anisotropy. In particular, the nature of the r.f. 

heating mechanism and the behavior of the radiation emitted from the plasma 

will be considered. 

This report covers the period from 15 March 1968 until 14 June 1968. The 

electron cyclotron resonance device was operated to obtain additional free-

free bremsstrahlung measurements, plasma diamagnetism, energetic electron flux 

and electron density in the discharge. The brush cathode gun was operated as 

a PIG discharge. Alumlnlzed scintillators were placed in the axial and radial 

directions in the vacuum chamber. 

Radio frequency emission from the plasma was observed. 

An instability in the operation of the device was observed. Theoretical 

work is under way to determine the nature of this instability as well as a new 

method for evaluating the elgenfrequencles of a microwave cavity filled with a 

plasma of variable density. 

II. Machine Operation 

The two pulse code system was operated continuously and showed evidence 

of an instability. 

The long pulsing network is under construction. 
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III. Experimental Results 

Operation of the double heating pulse mode of plasma production was 

continued. 

Two new aluminum coated scintillator probes were prepared to observe both 

radial and axial particle fluxes simultaneously. 

Axial x-ray fluxes were observed by a colllmated evacuated brass tube one 

meter long. The tube could be positioned to look at different radial sections 

of the plasma. 

Radio frequency emission from the plasma was sought using many techniques. 

The r.f. output during the heating pulse masked the plasma output. A TR 

switch successfully eliminated the noise from the heating pulse, but also did 

not allow observation of the plasma during the heating pulse. Direct obser

vation of the output from a pin probe with an oscilloscope gave a signal which 

could be due to particle flux or to r.f. output. Other techniques included 

crystal diode detection in a tunable wave guide, a loop probe, and spectrum 

analysis of the output from the pin probe. These r.f. measuring techniques 

and certain refinements will require much further investigation. 

The axial x-ray flux, both radial and axial particle fluxes and diamag-

netism were observed simultaneously for various operating pressures, magnetic 

field magnitudes, and PIG type discharge currents. 

Two classes of plasmas may be distinguished: luminous plasma and non-

luminous plasma. At critical settings of pressure and magnetic field magni

tude decreasing the PIG current changes the plasma abruptly from luminous to 

non-luminous. At the transition, the axial particle flux, x-ray flux and 

diamagnetism decrease to zero while the radial particle flux doubles. (See 

Fig. 1). Note the fine structure of the radial particle flux for the non-

luminous plasma as previously reported . 
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Luminous plasma observations included four major features, each feature 

occuring at critical values of pressure, magnetic field, and PIG current: 

First, an intense burst of short duration of axial particles, radial 

particles, and x-rays occurs during each heating pulse (see Fig. 2). This is 

strong evidence of an instability and much effort has been spent seeking to 

measure the frequency of any r.f. signal produced at that time. To produce 
-4 this instability the magnet current was 405 amps, the pressure was 2.7 x 10 

i torr and the PIG current was 0.4 ma. These parameters may be varied somewhat 

withoug affecting the behavior greatly. 

Second, a burst of axial particles occurs about 1 usee following the 

heating pulse (see Fig. 3). This requires a lower pressure (8.6 x 10 torr), 

a larger PIG current (5.8 ma), and about the same magnetic field. These 

parameters are quite critical. Additional very small bursts occur at about 

3 and 5 usee following the heating pulse. 

Third, a "long" lasting burst of axial particles occurs about 10 usee 

following the heating pulse with a slow decay lasting about 40 usee (see Fig. 4). 

The magnet current is 440a, the pressure is 3.0 x 10~ torr, and the PIG 

current is zero. These parameters are also quite critical. Searching with th<» 

collimated axial x-ray detector at various radial positions in the plasma shows 

that at one position bursts of x-rays appear delayed about 5 to 10 usee after 

the heating pulse. 

Fourth, about 60 to 80 usee after the heating pulse, bursts of emission 

from the pin probe occur (see Fig. 5). The magnet current is 407 amps, the 
-4 pressure is 2 x 10 . Torr and the PIG current is 1 ma. 
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An attempt was made to make an analysis of the energies of the axially 

escaping electrons (as indicated by the scintillation particle detectors). 

Both the techniques of biasing the probe body negatively to the chamber walls 

and of filtering the incident electron flux through various thicknesses of 

Aluminum foil were used. 

In the biasing scheme, the scintillator probe body was carefully insu

lated from the vacuum chamber by a lucite sleeve. Bias voltages up to 

approximately -9000 volts were used. The probe signals for various bias 

voltages were averaged using a multichannel pulse height analyzer operating 

in a coincidence mode. The results are shown in Fig. 6. These data show that 

the axially escaping particles have a Maxwellian energy distribution of 

temperature ̂ 4000 electron volts. 

Using Aluminum foil absorbers of various thicknesses mounted in a "filter 

wheel," the scintillator probe signals showed a decrease to ~0 for even one 
2 foil thickness. The foil used was 0.00018 inches thick (1.23 mg/cm ). The 

range energy for electrons in such a foil is approximately 27 KeV. The 

fabrication of a "segmented" scintillator having different thicknesses of 

evaporated Aluminum coating on its surface will allow further pursuit of this 

filtering technique. 
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IV, Theoretical Work 

A number of theories have been developed which predict instabilities to 

occur in plasmas of infinite extent which are characterized by anisotropic 
3—8 electron energy distributions . It was decided to examine the stability of 

a plasma having such a distribution but having finite dimensions. Figure 7 

shows the model to be considered. Such a model was considered in ref. 9. 

In this model, regions of cold plasma connect the central hot plasma 

region to the ends of the system. The interfaces between regions are assumed 

to be distinct. This enables us to treat each region as a dielectric cylinder 

of finite axial dimension, 

A dispersion relation can be obtained for this model by considering the 

solutions for the time varying potential of a dielectric cylinder in a con

ducting cavity, making an electrostatic approximation (quasistatic). The 

plasma regions are characterized by dielectric tensors of the form shown in 

equation 1. 

K.. K,„ 0 

-K 
11 

12 
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12 

11 

0 

0 

K 33 

(1) 

By imposing appropriate boundary conditions across the interfaces, (viz, 

$, the electrostatic potential and D„, the axial displacement are continuous) 

the following dispersion relation 

0 = 1 + 
yH yH 
Kll K33 
Kll K33 

1 
t anhKxbi]!ii t anhKaLc\!ii 

K33 V K33 
(2) 

where K x is an integration constant determined by the radial boundary condition 

J (K^r) = 0 and L and L are the hot and cold plasma region lengths respectively. 
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We assume that the hot and cold plasmas shown in Fig. 7 are immersed in 
a uniform B field (B=B Z) and are characterized by uniform densities n„_, and 

o
 J HOT 

n r m _ . The ions in both regions are assumed to be infinitely massive and 
contribute only to maintaining charge neutrality. The hot plasma region is 
assumed to be characterized by an anisotropic electron velocity distribution, 
i.e., 99 
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where parallel and perpendicular directions are taken relative to B = B Z, 
and V(|, V^, al(, and a x are the electron velocities and mean thermal energies 
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become J 9 9 

H
 U

P H
 a

J_ e e 
K
ll
 = 1 + Trh 3 <2V..<TexTe„> + "T

ex
(Z

+l
 + Z

l>
 + 

2Kza, T e x a„ 

+ "be< T
exW

( Z
+l

Z
l

) } <
A) 

K"  1 +  ^ H  (i + fiL Z*) (5) 
33 Kz

2
aj|

2 K
Z
a
« ° 

2 2 
4l " l + " T S K

33 " X " ¥ «' 
be 

where ui. = electron cyclotron frequency; u)_„ , u)__ are hot and cold region 
be "n rL. 

electron plasma frequencies; and Z and Z^ are the plasma dispersion functions 
for arguments io/K a., and (uAo. )/K_a.., respectively. Waves with spatial and 
temporal variation given by exp (i(K_Ztot)) have been assumed. 

For real K (axial wave number) if a root of the dispersion relation 
(Eq. 2) can be found with IM(io) > 0 then such a root corresponds to an insta
bility, with IM(u) < 0 such a root corresponds to stability. Whether or not 
roots exist at all may depend on the K^ f rom the radial boundary conditions. 
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A numerical evaluation of the roots of this dispersion relation is in 

progress. Programs have been written to evaluate the plasma dispersion function 

and to compute the dispersion relation values. A rough estimate of the location 

of possible roots is obtained by evaluating equation 2 for various regions in 

the complex w plane and looking for zero crossings of the real and Imaginary 

parts of the equation. Once approximate roots are found, a more exact root 

finding technique using the Miiller method for complex roots is employed. 

A theoretical model of a plasma inside a cylindrical microwave cavity is 

being investigated to determine the resonant frequencies of the plasma-cavity 

combination. This model differs from pervious ones in that it is an exact 

solution, rather than a perturbation solution. In addition radial variations 

of plasma density are being considered. 

The radial variations in density are utilized in the model by assuming 

that the plasma is composed of a number of concentric annular shells as shown 

in Fig. 8. 

Each shell is assumed to have constant density, defined to result in a 

permittivity of 
2 

(i_) . 1 _ _!|j. ( 7 ) 

o i 

where o)D is the electron plasma frequency of the j shell. As many shells 

as necessary may be used, up to the computational level of accuracy desired. 

At each boundary between shells, it is assumed that the tangential components 

of E and H are continuous. 

At the wall of the chamber, the two boundary conditions would be, E = 0 
and h (Htan> = °' 

By assuming a sum of TE and TM modes, the general expressions for the 

fields inside the plasma cavity system in each cell may be obtained. Since 
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they are a homogeneous set of equations, the determinant of the coefficients 

may be set equal to zero and the elgenfrequencles obtained. 

The general expressions for the fields are: 

V L±L<L^)^\ * U x ^ c j ) 
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Figure Captions 

Figure 1 Luminous and non-luminous plasma dlamagnetism and particle flux 

Figure 2 Luminous plasma particle flux during an instability 

Figure 3 Delayed particle flux 

Figure 4 "Long" lasting delayed particle flux 

Figure 5 Pin probe signal 

Figure 6 Biased scintillator probe energy data 

Figure 7 Theoretical plasma model 

ure 8 Plasma shell structure 



18 

Visits of Laboratory Staff, 

Publications, and Conference Papers Presented 

During the Period of this Report 

J. L. Shohet, Free-Free Bremsstrahlung from a Plasma with an Anisotropic 

Electron Energy Distribution, Phys. Fluids, 11 (1065) 1968. 

J. L. Shohet and S. J. Gitomer, Reply to Comments of Igor Alexeff, to be 

published in Phys. Fluids. 



- 3 J ^ H " 

R E C E I V E D 
IN C T R 

, ^ JUL 23 1968 
AM PWI 




