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ABSTRACT 

RF Wave Observations in Beam-Plasma Discharge 

The Beam Plasma. Discharge (BPD) has been produced in the large 

vacuum chamber at «Johnson Space Center (20 x 30 m) using an energetic 

electron beam of moderately high perveance (K ~ 1.4 x 10~*> A # 

A more complete expression of the threshold current 1^ taking into 

account the pitch angle injection dependence is given. 

Ambient plasma density inferred from wave measurements under 

various beam conditions are reported. It is observed that the maximum 

frequency of the excited RF band behaves differently than the frequency 

of the peak amplitude • The latter shows signs of parabolic saturation 

consistent with the light data. It is found that the beam plasma state 

(pre-BPD or BPD) does not affect the pitch angle dependence. 

Unexpected strong modulation of the RF spectrum at half odd 

integer of the electron cyclotron frequency (n + 1/2)fce is reported 

(5 < n < 10). Another new feature, the presence of wave emission around 

3/2 f for 1^ * I is reported. 
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I. INTRODUCTION 

During the last decade, various groups have used electron beams 

injected from rockets addressing a variety of magnetospheric and plasma 

physics issues* 

The first set of experiments was conducted by the Hess group [Hess 

et al., 1971; Davis et al, 1971]* The reproduction of artificial auro¬ 

ral streaks observed by direct downward injection from a rocket par¬ 

tially established the feasibility of the electron beam geomagnetic 

field mapping experiment. The result of the experiment indicated also 

that plasma instabilities did not seriously degrade or thermalize the 

beam during its 200 km flight. The vehicle neutralization was accom¬ 

plished by using a large collector disc. In a second experiment, one 

conjugate auroral streak was observed. 

The Minnesota Echo program [Winckler, 1980] consisted of many 

experiments. Electron echo pulses from conjugate hemisphere were 

detected. Neutralization was accomplished with and without collector 

disc plus plasma generator. Atmospheric backscatter was studied. In 

these experiments, electron beams were also used to determine the 

lengths and end points of magnetic field lines and the calculated drift 

rates of particles on those lines. 

The Franco-Soviet launchings program ARAKS (Artifical Aurora 

Kerguden Soviet Conjugate Region) [Cambou et al., 1978; Gendrin, 1974] 

tried both Hess and Winckler configurations. They covered the conjugate 

effects, beam neutralization, beam-plasma discharge, wave and particle 

phenomena caused by beam plasma interaction. To facilitate collection 

of the return currents, a plasma generator was used in the ARAKS as well 

1 
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as in the Echo experiments* No optical measurements in conjugate hemi¬ 

sphere were possible because of weather conditions* Only radar data 

were used. However, unexpected time delays between the onset of the 
* 

injection of electrons and the onset of the radar echo at the conjugate 

were reported. 

These experiments were based on the assumption that the injected 

electrons would simply behave as single particle (i*e*, follow a single 

particle trajectory)* However, from the results of these experiments 

three general observations have been drawn: 

1* The low ionospheric plasma and neutral density in the ionosphere 

leads one to expect a positive charging of the rocket when high current 

electron beams are emitted from it. For some conditions complete cutoff 

of emission would result* It was concluded that the vehicle neutraliza¬ 

tion always takes place* 

2* A variety of phenomena including the observation of a bright zone 

near the rocket, the detection of wave emissions with frequencies much 

higher than the usual local ionospheric plasma frequency, indicated 

strongly that collective interactions took place in the vicinity of the 

injection point [Lyachov et al*, 1977; Galeev et al*, 1976]. The col¬ 

lective interactions are not desired since they can destroy the mono- 

energetic character of the beam which is required in space experiments. 

3* Despite the collective effects, electron beams have been injected 

for long distances (10^ km) and have been detected after round trip 

displaying several single particle features. 

It was suggested that the explanation of the unexpected vehicle 

neutralization could be the enhanced plasma density associated with the 
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Beam-Plasma-Discharge (BPD) produced by high current beams. 

The Beam-Plasma Discharge was discovered in the 1960's [Kharchenko, 

1962; Getty and Smullin, 1963], It is a special type of microwave gas 

discharge where intense oscillating electric fields are produced in the 

beam plasma interaction itself rather than by a conventional RF source. 

The large vacuum chamber at the NASA Johnson Space Center with its 

dimensions (20 x 30 m) is an unique configuration for what purpose since 

it was possible to make a reasonable simulation of the conditions exist¬ 

ing in flights below 200 km (B ~ 1 G, neutral density ~ 1010~1012 cm*"3). 

In this thesis we report the continuation of the work already began 

by W. Bernstein in 1975. The main emphasis will be on the HF waves 

characteristic of the Beam-Plasma Discharge (BPD). I did not attempt a 

theoretical approach to explain the result of our observations and 

measurements • 

Chapter II gives a qualitative description of the main aspects of 

the experimental arrangement. It includes also the description of the 

RF probes used to detect the HF waves. 

Chapter III describes the main features which characterize the 

beam-plasma states (pre-BPD and BPD). A summary of the physical pheno¬ 

mena believed to take place is given as well. 

Chapter IV gives a more general expression of the empirical scaling 

law I^ taking into account the pitch angle dependence. A fit of the 

data points with the new scaling law is attempted. 

Chapter V presents the analysis of the HF wave dependence on beam 

conditions. The maximum cutoff frequency fm is investigated and an 

empirical relationship between the maximum density n and the other 
em 
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parameters is given. The frequency of the peak amplitude f is con- 
ir 

sidered as well and correlation with the optical data is presented. The 

difference in behavior of f and f which are both characteristic of the 
nt p 

HF wave recorded is addressed# An empirical relationship between the 

plasma density, n^ inferred from f^, and the other parameters (1^, E^, 

B and 0) is deduced from light-wave correlation# 

A discussion of another new feature (n + 1/2)f harmonics is also 
ce 

given• 

Finally, Chapter VI gives a conclusion summarizing the results in 

this thesis# 



II. DESCRIPTION OF THE EXPERIMENT 

A qualitative description of the experimental arrangement is shown 

in figure 1. It has been described in greater detail elsewhere 

[Bernstein et al., 1979]• 

The magnetic field strength B within the chamber was adjusted by 

varying the current in a set of large coils at the chamber periphery. 

Combined with the Earth's mgnetic field, modified by the chamber to be 

0.3 G at 65° dip angle, the coil configuration allowed the field within 

the chamber to be raised up to 2.2 G with a current of ~ 1000 A in the 

coils. The field is uniform within 85% over the beam path. 

A Pierce type electron gun witha perveance of ~ 1,4 x 10~^ A v~^/2 

was used for all runs. The beam divergence half angle a was estimated 

from TV data to be 4° ~ 6°. In order to compenste for the change in dip 

angle with variations in B and to allow variation of the injection pitch 

angle and azimuth, the gun was mounted on a pan-tilt table which was, in 

turn, mounted on a remotely movable cart. 

Injected from the gun, the electron beam travels approximately 20 m 

along the magnetic field lines before hitting a large aluminum collector 

mounted perpendicular to B. For the data presented here, the gun and 

the collector were electrically connected to the chamber ground • 

In previous runs, the chamber was pumped down to pressure 

1 x 10“6 Torr. In our runs, due to many leaks, the base pressure did 

not go below ~ 7.7 x 10~6 T which corresponds to altitude ~ 130 km. 

Pressure increases to 3.2 x 10~5 torr were performed by adding dry 

5 
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Figure i Experiment al Arrangement in J SC vacuum 

chamber« 
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Several low light level TV cameras were mounted inside the chamber 

and were used to diagnose the beam shape and to establish the beam 

plasma state* 

A scanning 3914 photometer placed midway between the gun and the 

collector was run simultaneously with the RF probles* The photometer 

was used to measure the relative ionization rate of as given by the 

3914 Â emission* These optical data are important since they allow: 

comparison of production rate with plasma density; determination of the 

geometrical configuration of energetic electrons; and estimation of the 

lower limit to the beam dissipation. 

RF Probes 

The diagnostics employed to detect the HF plasma waves were four 

simple dipole antennas. Three of them were aligned parallel to the beam 

path, one of them was perpendicular* They were placed at different 

locations in the chamber. 

The first antenna provided by J. Jost was located at 3 m above the 

floor. It consisted of a 40 cm tip to tip dipole antenna connected by 

60 m of coaxial cable to a Tektronix spectrum analyzer outside the cham¬ 

ber • It was mounted on a 1.20 m arm that was rotated by a remotely con¬ 

trolled motor to provide measurements of the radial dependence of the 

electric field amplitude. The calibration data were obtained earlier 

with a signal generator driving the antenna elements directly. Unfor¬ 

tunately, this probe was disabled during the final close-up of the 

chamber before any data could be collected. 
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Kellogg's group from the University of Minnesota provided a set of 

orthogonal dipole antennas (50 cm tip to tip) that were suspended midway 

between the collector and the gun inside the plasma column* One element 

of this set was aligned approximately parallel to the beam* 

The third antenna, 1 m tip to tip, was located near the chamber 

wall far from the beam at about 10 m from the floor. 

Most of the RF data were taken with the fourth antenna (50 cm tip 

to tip). It was located at a fixed position at about 17 m from the 

floor between the gun and the collector* It was suspended by nylon 

ropes from the side of the collector. During these runs, it was hoped 

that the beam could be moved so that the probe would be immersed in the 

center of the plasma column* This operation was not very successful 

and, in most cases, the beam missed the probe* 

The power leads of all the probes were run horizontally to the 

chamber walls away from the interaction region in order to prevent per¬ 

turbation of the electric fields by the conducting elements* 

The output data are spectrum analyzer oscilloscope display photo¬ 

graphs * 

The frequency response of the third and fourth antennas was per¬ 

formed outside the chamber. The resulting frequency response curve 

(dB » 20 log (vout/
Vin^ versus frequency) is shown in figure 2. The 

input voltage setting was 2 Volts peak to peak. There is a reasonably 

uniform rsponse between 12 and 32 MHz. Since the frequency response did 

not decrease abruptly, frequencies up to 70 MHz could be detected pro¬ 

viding therefore a coverage of most plasma frequencies of interest* 
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The frequency calibration of the analyzer was also performed; a 

curve illustrating the relationship between the input frequencies and 

the corresponding marker positions in the output display of the oscillo- 

scope is shown in figure 3* 

The wave measurements were limited to DC operation because of the 

long (.5 sec) frequency scan time* 

A list of typical operating parameters used during these runs is 

shown in Table 1 • 

Table 1• 

Beam Current I, 
D 

Beam Energy 

Magnetic Field B 

Injection Angle 0 

Pressure P 

Neutral Gas N 

(0 — 80 mA) 

( *5 — 1*8 kV) 

( .89 — 2.22 G) 

(0° — 80°) 

(7.7 x 10~6 T — 3.2 x 10~5 T) 

(3 x 1011 - 1012 cm*3) 

Interaction Length L rv 20 m 
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III. BEAM DESCRIPTION 

For beam currents lower than a critical current I at which the 
c 

Beam Plasma Discharge sets in, a classical single particle model pro¬ 

vides an adequate description of the beam* 

Particles injected into a magnetic field are subject to a longi¬ 

tudinal motion (Vy) and a circular cyclotron motion (v^). For parallel 

injection, the beam divergence is responsible for the cyclotron motion 

whose maximum radius is 

2r = 2 —— sin a 
c 0) 

ce 

where v = /2Eb/m = total velocity 

<0 * eB/mc = electron cyclotron frequency 

a * 4° ~ 6° = divergence half angle 

Because the gyrofrequency of all particles is the same and the dis¬ 

tance traveled in one cyclotron period is about the same for all par¬ 

ticles, the beam refocuses periodically to its original source radius at 

2TTV. v 
2 s  = 2TT   cos a 
U) 0) 
ce ce 

Because of the small dispersion in parallel velocity, the refocus 

nodes gradually disappear with increasing distance. Dispersion arises 

from the source temperature, divergence angle a, space charge (if any), 

etc • 

12 
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Since 2r is much larger than the source size, a noded (string of 

beads) configuration results. The existence of those nodes demonstrates 

the monoenergetic character of the beam as it passes through the medium. 

A photograph of this single particle configuration is shown in figure 

4a. In this stage, in our range of pressure, we observe a very quiet 

frequency spectrum as illustrated in figure 5b. In previous runs where 

lower pressures where achieved (~ 2 x 10~6 T), the RF spectrum shows a 

single line near the cyclotron frequency as shown in figure 5a. 

At large injection pitch angle, the beam follows a recognizable 

helix which degenerates into a hollow cylinder near the collector. The 

latter velocity dispersion occurs because of the smearing of the helical 

trajectory. Figure 4b is a picture of the stable configuration injected 

at pitch angle 0 » 45°. 

When the beam current exceeds the critical current 1Q, an abrupt 

change takes place characterizing the Beam-Plasma Discharge (BPD)• The 

BPD signatures are: 

1 • The single particle noded or helical configuration becomes a solid 

beam as shown in figure 4c. 

2. An increase of luminosity of about one order of magnitude [G. 

Montj oukis, private communication]• 

3. The pre-BPD monoenergetic energy distribution of the beam becomes 

broad demonstrating a degrading as well as energizing of the beam as 

illustrated in figure 6 [Jost et al., 1980]. 

4. A jump in plasma density occurs [Szuszczewicz et al., 1981]. 

5. A strong change in the wave emission pattern occurs as shown in 

figure 5c 
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The transition to BPD is recognized by the appearance of intense 

waves in a relatively flat and broad band below the electron cyclotron 

frequency f [Bernstein et al., 1979] and a higher frequency band. The 

latter is believed to be associated to the plasma frequency f or the 

upper hybrid frequency fTTtI 

f = (f 2 . f 2)1/2 fUH ^ e + fce J 

4irn e2 

where w 2 = f 1 
e K m J 

0) 2 = (5S.)2 

ce vrac; 

both expressed in gaussian units • 

Since f 2 « f therefore f and fT„T approximately coincide ce e e UH 

Earlier measurements by Jost et al« [1982] showed also that the HF 

waves are localized within the beam plasma column; the wave amplitude 

decreases rapidly as the radial distance increases (fig. 7). Note also 

that the magnitude of the wave amplitude along B is comparable to that 

normal to B (E, « En ) • 1 II 

The disabled antenna set on the floor was intended to be used to 

repeat and expand some of Jost's measurements# 
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The physical phenomena that are believed to take place are the 

following: as the beam is injected through the medium, the beam elec¬ 

trons ionize the neutrals by collisions producing a build up of plasma 

density. When the plasma density reaches a critical density, the beam- 

plasma configuration becomes unstable. The subsequent waves (f * fQ) 

generated by the instability accelerate some plasma electrons to ener¬ 

gies above the ionization threshold (® 15 eV for and thus create a 

new source of ionizing particles. It is these newly accelerated elec¬ 

trons which produce the enhanced ionization characteristic of the Beam- 

Plasma Discharge (BPD)• Sharp [1981] reported that a copious amount of 

50 to 400 Volt electrons appeared as the detector peaked at 90°. This 

could be an artifact of geometry so that only 90° particles could get 

there 



IV, CRITICAL CURRENT 

In earlier experiments conducted at JSC Bernstein et al, [1979] 

found an empirical relationship determining the dependence of the criti¬ 

cal current 1^ on the beam energy (E^), ambient pressure (P), magnetic 

field strength (B), and system length (L); 

*b/Z 

I — K —-— (for low pressure) 
c B*

7
PL 

This relationship is thought to describe the plasma density build up 

produced by the primary beam until a critical density is achieved 

(f I 2 « f 2) and the BPD takes place, 
e ce 

Although they did report some pitch angle dependences assuming all 

parameters to be independent, no complete expression of I taking into 

account that parameter was given. Data of beams injected at 45°, 65° r 

and 80° have been analyzed and an approximate derivation for the pitch 

angle dependence was attempted. 

The equation describing the buildup of the ambient plasma by 

collisional ionization is given by: 

volume (dne/dt) = total production rate - total loss rate 

In steady state, the total production equals the total loss rate for 

Total Production rate, 
Ib L ü

 =   N a  - 
e o cos 8 (1) 

20 
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where 1^ » total beam current 

a = ionization cross current ~ 1/E#7 [Brown, 1967] 

NQ ss neutral density cm"^ 

L/cos 0 - effective path length of the primaries 

9 « injection pitch angle 

Assuming that the loss rate is proportional to the ambient plasma 

density n^ and loss is only axial, then 

JS nev|| 2A 

where ng = ambient plasma density 

VJJ = loss velocity of ambient electrons 

A « cross section area 

In high pitch angle injection, the cross section A is approximated by a 

shell of constant thickness (2 rQ) determined by secondaries of energy 

E as represented in figure 8a. 
s 

ro - Eg^/^/B (cm): gyroradius of secondary electrons of energy Eg 

R * Ek^/^/B sin 8 (cm): gyroradius of primary electrons of energy E^ 

injected at pitch angle 9 

Eg and E^ are expressed in electron volt and B in gauss. 

Thus, for high pitch angle we have 
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r << R. 
o 

The cross section A and the loss ratets^are expressed, respectively, as 

A = 2irR (2rQ) 

$ 
j. 1/2 E 1/2 

8irn v„   —   sin 9 
e II b2 

(2) 

For parallel injection case, the gyroradius rc of the primary elec¬ 

trons and the gyroradius rQ of the secondaries are thought to be of the 

same order of magnitude, thus the cross section area loss A is as shown 

in figure 8b. Hence A ando<$ are expressed, respectively, as 

A = it(2r + 2r )2 = 4x (E. 1/2 sin a + E l/2)2/B2 
c o D s 

*/> (E. 1/^2 sin a + E */2)2 

= 8itn v (2.4)2 —    2  (3) 

Let us rewrite expressions (2) and (3) by setting 

(Eg/Eb sin a)
1/2 = n 

thus, 

8ir n v 
e II (1 + n )2 sin2 a (4) 
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for parallel injection, and 

4 8ir n v, 
e I 

E 

— n sin1/2 a sin 8 
B2 

(5) 

for high pitch angle injection. 

For a neutralized beam, for ignition to occur, it was suggested 

[Rowland et al#, 1981] that the plasma density n^ reaches a critical 

value determined by the ratio a) /a) » ct., where a) and a) are the 
e ce e ce 

plasma frequency and the cyclotron frequency, respectively, Szuszcze- 

wicz et al,1s [1981] measurements indicate that at threshold 

3,6 < a) /CD < 5.8 
e ce 

Our RF measurements give for the first BPD data recorded 

1,8 K 03 /(i) K 3,6 
e ce 

Equation the total production rate and the total loss rate and 

inserting the critical density criterion (o> /w ) » ct., we get 
e ce 

I = K 
c 

(1 + ri)2 sin2 a cos a (6) 

for parallel injection 

TI sin*/2 a sin 0 cos 0 I = K 
c PL 

(7) 



25 

for high pitch angle injection. P being the ambient pressure and K a 

constant independent of E^, B, P, Lr and 9. Except for the 1/B*7 

dependence which is still under investigation [Rowland et al., 1981; 

Bernstein, private communication], the expressions (6) and (7) reproduce 

the empirical scaling law found by Bernstein. We note that our simple 

derivation gives also the pitch angle dependence which has not been 

addressed before. Our data taken with different conditions of E^, B, 

and P and pitch angles of 45°, 65°, and 80° fit rather well with this 

simple model as it is illustrated in figure 10. In that plot, the 

function sin 9 cos 9 has been plotted against pitch angle injection 9. 

In the parallel injection case the divergence angle of the gun and the 

secondaries control the critical current. All the data points have been 

normalized to values of 9 = 45°, I = 4.3 mA, B » 1.52 G, P = 7.7 yT, 

and Eb a «5 kv. 

The pitch angle function dependence f(9) is expected to be continu¬ 

ous from parallel to 80° pitch angle injection; therefore this function 

should contain the data points taken for parallel injection. For that 

case, using the function sin 9 cos 9 our data points intercept the 

sin 9 cos 9 function in an interval 18° < 9 < 25° with the bulk of 
m 

points lying around 9 » 20°. Since the expressions (5) and (6) of I 
m c 

have been obtained from independent derivations, equating (5) and (6) 

and taking into account that 1^ for parallel injection is equal to I 

for 9 - 9 , we get an approximate value of the energy Eg of the secon¬ 

daries involved by solving for n• 

c(0=0) = Ic(0=9 ) 
m 

Thus, I 
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(1 + n)2 sin2 a cos a » n sin1/2 a sin 20 
2 m 

letting a ~ 5° and 0 ~ 20°. 
m 

We get h » 13 which leads to an approximate value of Es * 5 eV. 

From a simple derivation of the pitch angle dependence,our data 

predict that electrons of energies around 5 eV have to be considered in 

the pre-BPD stage. In fact, things could be more complicated than 

viewed in our model because the secondaries have an isotropic distri¬ 

bution. The 5 eV would be some kind of average. Future experiments 

have to be carried out to investigate that question. It should be men¬ 

tioned that in all the derivation of the pitch angle dependence, the 

radial diffusion was omitted but probe measurements show it occurs. The 

fit of f (0 ) « sin 0 cos 0 with the data suggests that radial diffusion 

does not seem to affect the results leading therefore to the conclusion 

that the radial diffusion coefficient could be independent of the geome¬ 

try. 

Mishin et [1930] in their construction of the Beam-Plasma Dis¬ 

charge model claim that two different types of instabilities take places 

one for parallel injection and the other for high pitch angle injection. 

Our results suggest that the different behavior of both parallel and 

high pitch angle might be due to geometrical factor alone and that only 

one mode of instability is operative at all pitch angles. We can thus 

write the critical current Ic for low pressure 

x 
c B*

7
PL 

f (0 ) (8) 
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where 

f(0) = { 
sin 9 cos 0 

sin 0m cos 9m 

where 9 ~ 20° 
m 

We also suspect a smooth curve f (0 ) from 0 » 0° to 80°, therefore a 

better approximation of the pitch angle dependence is shown in figure 9 

as the solid curve. 

The new scaling law (8) predicts that it is easier to trigger 

the BPD at 0° or 80° than at 45° • These results are very consistent 

with Bernstein et al.*s [1979] observations that for pitch angle injec¬ 

tion 0 > 60° the current required for triggering the BPD decreases. 

The scattering of the data points for parallel injection are due to 

the inaccuracies of injecting the beam along B; the alignment of the 

beam with B was made visually with the cameras which could introduce a 

small pitch angle injection 0. 

In conclusion, we suggest that a simple geometrical factor depend¬ 

ing only on pitch angle relates the behavior seen for parallel and high 

pitch angle 9 > 45° • More work has to be carried out in the future 

for 0 between 0° and 40° in order to determine the appropriate depen¬ 

dence in that range 
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V. WAVE OBSERVATIONS 

In the experiments performed in April 1981, emphasis was put only 

on wave frequencies higher than the cyclotron frequency fce» AH the 

data were taken with the antenna suspended below the collector. 

The data that have been analyzed were taken at base pres¬ 

sure ~ (7.7 x 10~6 T) and for currents 3^ > I,. The parameters that 

varied were the beam energy E^, the magnetic field strength B and the 

pitch angle injection 8. Since the waves measured are assumed to be at 

the plasma frequency f , we can derive the ambient plasma density n 

n = 1.23 x 104 f 2 (cm-3) (9) 
e e 

where is in MHz. 

A common feature observed in these data is that there is excitation 

of a broad frequency band that increased in frequency and width as the 

current 1^ increases. Typical frequency spectrum analyzer pictures 

taken for two different values of 1^ are shown in figure 10arb. The 

appearance of a bandwidth instead of a single line at fe may be due to 

spatial or temporal variation of density or the combination of both. 

The frequency sweeping time of the spectrum analyzer was set at .5 sec. 

In order to check the consistency of the RF wave measurements, 

correlations were made with the light data. 

The light measures the density production rate of ionization of N2. 

The RF waves provide a measurement of the ambient plasma density. In 

steady state the total emission in a slab of unit thickness (QT) which 

is proportional to the total rate of ionization of N2 must balance the 

29 



30 

& P D 

= to "1 ft 

e,8o” 

Ek^tOKV' 

6 = 2.1G, 

6 PD 

It = 33«fl 

(a) 

i 

lb) 

F~i g u r e. 10 



31 

total loss rate which we assume is proportional to the plasma density 

v 
The occurrence of a broad frequency bandwidth during BPD made it 

difficult to define the plasma frequency fQ# 

Early thoughts [T# Hallinan, private communication] were that one 

considered the cutoff frequency which is the maximum frequency f of the 

band as the physically meaningful parameter to look at for correlating 

the wave and light measurements# It was assumed that the appearance of 

a frequency band was the result of spatial gradients of plasma density; 

therefore, f corresponds to the maximum density of the ambient plasma 

in the center of the beam# 

The plots of figures 11a, 12a, 13, and 14a, illustrate the depen¬ 

dence of f 2 on beam current (L > I ) for various conditions. The dis- 
m D ~ c 

tribution of the data plotted is summarized in Table 2. 

The following features are recognized: 

1. For each set of data for fixed B, we see a linear dependence of 

maximum density nem on 1^ as is claimed by Leinbach [Leinbach, private 

communication], thus 

fm2~ *b 

2. There is no dependence on beam energy E^. 

3. The data points show a ~ B3*® dependence, a result which is unex¬ 

pected. In figure 13, log f ^ is plotted against log B in order to 
m 

determine the slope accurately. It was expected that the production 

of the plasma density is due to the area dependence and therefore must 
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Table 2 

Figure Ej^ (kv) B(G) 0(°) 

11a,b 1.6 
0.9 
1.5 
2.2 

0° 

0.5 
12a,b 1.0 1.5 0° 

1 .6 

0.5 and 1.6 0 
14a 0.5 and 1.6 1.5 45 

1.0 and 1.6 65 
1 .0 and 1.6 80 

0 
14b 1.6 1.5 45 

65 
80 

scale as B2. For this reason, the curve of slope 2 was also represented 

in figure 13 to show that the data points fit rather with the ~ B3*0 

curve. Thus, 

f 2 
m 

I B3 *0 
b 

4. The dependence of f^2 on pitch angle injection gives a surprising 

result that is fffl
2 scales as fO)’1 where f(0) is defined in expression 

(8). Table 3 illustrates the constancy of f 2 f(0) for fixed beam 
m 

current and magnetic field strength (Ifa = 40 mA, B = 1.5 G) 
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Table 3 

9 (°) 0° 

O in 65° 

0 O 
00 

f 2 [arb. units] 
m 

11.8 8.8 10 20 

f 2f(9) [arb. units] 3.8 4.4 3.8 4.2 

The values of f 2f(9) agree with an error of ~ 10%, thus 
m 

F 2 ~ f(9)_1 
m 

We conclude from the above observations that the ambient: plasma 

density n inferred from the maximum frequency F scales as : 
em m 

n ~ I.B3*0 f_1 (9) (10) 
era b 

Although the pitch angle dependence has been done only for 

B « 1*5 G, we suspect that this dependence works also for B = 2*2 G and 

B = 0.9 G. 

One must note that because of the probe frequency response shown in 

figure 2, the determination of the maximum frequency f could present a 

difficulty, particularly in the frequency range > 50 MHz. However, the 

f 2 dependencies on beam conditions seem to follow a coherent pattern; 
m 

therefore although the decrease in wave amplitude in the frequency range 

> 50 MHz could be instrumental, the cutoff frequency f may not be 
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affected. Nevertheless in future experiments, the design of RF probes 

with wider frequency range should be considered. 

Although the densities inferred from f data seem to follow a 

coherent pattern, they do not track, however, the corresponding optical 

data. The latter show signs of parabolic saturation as the beam current 

I. increases [G. Mantjoukis, private communication] while f 2 increases 
b m 

linearly. 

An alternative to considering f for light-wave correlation, is 

that the occurrence of a band frequency could be the result of a tem¬ 

poral smearing of a shifting plasma frequency. Therefore, the physi¬ 

cally meaningful parameter is rather the frequency at the maximum peak 

amplitude f since it could be related to the most probable electron 

density in the beam. 

Indeed a comparison between the curves of f 2 and f 2 plotted 
m p 

against the beam current 1^ (figure 15) indicate definitely that the two 

parameters behave differently at high current and that f^2 shows also 

signs of nonlinear saturation as observed from the optical data* To 

check the nonlinear effect of the peak amplitude frequency f 2, all the 

RF data have been replotted as f 2 versus I, for different beam condi- 
p D 

tions as summarized in Table 2* 

From the various plots of figures 11b, 12b, and 14b, we distinguish 

the following features: 

1 • The nonlinear saturation of f^2 versus 1^ is a common pattern for 

all the data although not very obvious for low B, high and high Ic* 

For these cases if higher beam currents were achieved with our gun, the 

saturation effect would have been clear* 
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2. The dependence of on beam energy is very weak* 

3* There is a strong dependence of f ^ on magnetic field strength B* 
P 

This dependence is however weaker than the one found for f 2. m 

4. Another interesting feature of these data is the clear dependence 

of fp2 on the pitch angle 0 which is also observed for the f^2 cases. 

5. A direct correlation between the light and wave data to confirm the 

similar behavior of f and the optical output Q_ was made. As stated 
Xr 

earlier in steady state, the total production rate which is proportional 

to Qp must balance the total loss rate given by 

n 
e 

where n = plasma density inferred from f ^ 
e p 

W « width of the plasma column inferred from light data 

h » height field view of the photometer* It is constant* 

T - loss time* 

Qp and W are provided by G* Mantjoukis who was in charge of the light 

data analysis* 

For high pitch angle, the width W scales fairly well as the pre-BPD 

width, namely 

W2 = (2R)2 , **> . 2 ct.   sim 
B2 

(11) 
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For parallel injection, the scaling of W2 is different from tbe 

pre-BPD case [Mantjoukis, private communication]. The supra thermals 

that have not been taken into account may affect the beam width W in BPD 

stage. Therefore, the values of W given from the optical data were used 

to correlate the optical and RF data while in high pitch angle has 

been replaced by its scaling indicated in expression (11). Also, we 

have taken into account the pitch angle dependence f ( 8 ) in plotting our 

data. Figure 16 and 17 show the plots of Q^/f^W2 and Q^B^/f^^f ( 9 )E 

versus beam current 1^ for parallel and high pitch angles injection, 

respectively, and for various beam conditions. 

For the case of figure 17, the distribution of the data points 

around a constant is very clear and it is indicative of a good consis¬ 

tency between the light and wave measurements. 

For the parallel injection case, it is less conclusive but we 

should keep in mind the inaccuracy in align the neutral beam along B 

which could introduce an error in the width W and therefore could 

explain the scattering of the data points. 

From the above observations, the following conclusions can be 

drawn: 

1 • Taking f^ as the physically meaningful rather than f^ for corre¬ 

lating the light and RF data does not require any new mechanism of loss 

process since it confirms the similar behavior of the optical and wave 

observations namely the saturation effect. 

2. From the light-wave correlations, we can deduce the plasma density 

corresponding to the peak frequency f , 
F 
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QT B
z 

f\W) 
= Ct. (12) 

Hie light data analysis [Mantjoukis, private communication] shows that 

3/2 

QL,
2
 ~ (I, - I )  = 
*T be g.7 

(13) 

Inserting (13) into (12) and extracting f^2 we get 

f 2 ~ n ~ (I, - I )*50 E ~*25 B1*65 f_1(9) (14) 
p ep b c D 

In expression (14) we recognize the weak beam energy dependence E^_*25 

already identified in figure 12b. We also note that the plasma density 

ngp has a dependence on B which is less than an area dependence B
2. 

The HP wves were detected only when 1^ > Ic. Although the measure¬ 

ments for 1^ < Ic have not been performed in these runs, the data seem 

to confirm the hypothesis that once 1^ exceeds 1Q, the plasma production 

rate rises steeply and then shows signs of parabolic saturation as 1^ 

increases. 

3. A very surprising conclusion that can be drawn from the RF wave 

analysis is the scaling of both n (10) and n (14) as f_1(9). There- 
em ôp 

fore, the geometrical factor f(0) is a parameter which controls the 

emission of the RF bandwidth. It is also interesting to note that 

although the pitch angle dependence has been derived from single par¬ 

ticle equation, it is still affecting the plasma density in BPD state. 

This result seems to confirm our intuition that the geometrical factor 
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relating the pitch angle dependence is a parameter independent of the 

beam-plasma state. 

The scaling of the plasm density as f_1(0) in the BPD state gives 

an additional hint that only one single mode of instability is taking 

place in the BPD at different pitch angle injection because f(9) may be 

regarded as a coefficient regulating the current density of the beam, 

n^V^, since the beam current 1^ can be written as 

1^ = en^V^tcos 0 sin 9) x area 

or 

n^ ~ (sin 0 cos 0)”* = f—1(0) 

n^ represents the density of the primaries, therefore the geome¬ 

trical factor describing the pitch angle dependence f(0) can be regarded 

as the controlling factor of the "discharge effectiveness" of the Beam- 

Plasma-Discharge . 

It is worthwhile noting here the possible similarities between our 

measurements and the ARAKS flight experiments. It is established that 

the injection of powerful electron beams from the rocket into the iono¬ 

sphere (Zhulin and Sagdeev, 1975] indicated the key role of collective 

processes in the Region of Rocket Environment (RRE). Mishin and Ruzhin 

[1978] claim that the analysis of the HF radio emission data on RRE 

dynamics in the ARAKS experiments are explained by ignition of a Beam 

Plasma Discharge. They have reported the extinction of wave emission at 
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about 50° ~ 55° pitch angle injection and observed maximum wave emission 

at parallel and high pitch angle injection* These observations seem to 

be consistent with our findings, namely, at a fixed beam current and 

beam energy it is easier to ignite the Beam-Plasma Discharge at parallel 

or high pitch angle injection than at 50° ~ 55°• Once the BPD has taken 

place, the wave intensity is expected to be controlled by the factor of 

"discharge effectiveness” f(0)• 

Concluding that exactly the same processes are taking place in 

laboratory and in the ARAKS flight experiments is very tempting* How¬ 

ever, it is extremely difficult to extrapolate our results to the ARAKS 

flights because the conditions under which these experiments have been 

undertaken are not clearly known* There are important differences 

between lab and space we have not considered and do not know how* One 

important parameter that has to be considered very carefully is the 

increase of pressure around the rocket due to outgassing which may 

affect the discharge* 

Another type of observations made during these nans is the presence 

of unexpected large modulation at harmonics of f (figure 19)* The 

calibration of the frequency analyzer proved to be very helpful in iden¬ 

tifying these harmonics* We also observe that the wave amplitude of the 

harmonics detected with the dipole normal to B is comparable to the one 

detected along B as illustrated in figures 19a,b,c,d, respectively. 

This result is consistent with Jost's measurements. 
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The large amplitude peaks of the RF bandwidth are distributed at 

( n + 1 /2 ) f and the dips are at integral multiple of f as seen in 

figure 19, n being an integer of values between 5 and 10. In some cases 

the modulation in the electric field amplitude was greater than 20 dB. 

The modulation of the high frequency waves has been identified in our 

runs for 1.4 G and 2.2 G (figures 19a,b,c, respectively) for hard BPD 

(i.e., I. > I ) for 5 < n < 10. 
D C 

L. D. Smullin [1981] reported also pronounced dips in the power 

spectrum when ffi -*■ nfce. Although a complete theoretical model explain¬ 

ing the presence of these harmonics is not available, some attempts have 
i 

been made. Smullin attributed the strong modulation to an electron 

cyclotron damping when f > nf • Seidl [1970] has constructed a model 
6 06 

where he has shown that the growth rate of the instabilities is maximum 

at (n + 1/2)fc where the beam and plasma temperature effects are 

considered. He has done it for n * 1, 2, and 3. 

Finally, the careful analysis of our RF data strongly indicate the 

presence of weak signals with frequencies about 3/2 fCQ. These results 

have not been observed in previous runs • These harmonics have been 

identified only for B » 0.9 G and 1.52 G and for beam currents 1^ very 

close to the ignition current Ic# Pictures of such cases are shown in 

figure 20. The pictures a, b, c, and d of figure 21 illustrate the 

3/2 f feature for fixed B (1.52 G) and various beam parameters 

(Ejj = .5 kV, 1.0 kV, and 1.6 kV; 0 = 0°, 45°, 65°, and 80°). As 

expected, the (3/2 fQe ~ 6.5 MHz) signal depends only on B. It is also 

observed that as 1^ increases these peaks tend to disappear. We believe 
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that the absence of this feature for the 2.2 G case is clue to the fast 

transition between the first BPD point and a hard BPD point (for 2.2 G, 

I, = 6 mA is ignition, I. = 7 mA is hard BPD) this is because the con- 
o o 

trol of the gun current does not allow an increase of current of less 

than 1 mA. Future experiments have to take into consideration that 

problem in order to confirm the existence of the 3/2 f ce feature for 

relatively high B. 



VI. CONCLUSION 

Simulation of the ionospheric conditions existing in flights up to 

130 km was performed in the large vacuum chamber at the Johnson Space 

Center (JSC). 

Electron beams injected from a gun travel a 20 m gun-collector 

distance through a neutral medium. 

The high frequency plasma waves (fQ > fQe) generated during the 

Beam Plasma Discharge (BPD) are analyzed for different beam conditions. 

A more complete scaling law relationship characterizing the igni¬ 

tion current 1^ and taking into account the pitch angle dependence is 

found, namely 

I 
c 

ss   

B*
7
PL 

f (0 ) 

where f(0) = sin 0 cos 0 for 0 > 20° = 0 
~ m 

sin 0 cos 0 for 0 < 20° = 0 
mm m 

Experimental points are in good agreement with the new scaling law 

suggesting therefore that only one mode of instability is operative at 

all pitch angles. 

Because of the occurrence of a large RF bandwidth in BPD, early 

thoughts considered the maximum cutoff frequency f as the physically 

meaningful parameter. The maximum plasma density ngm inferred from f 

increases linearly with beam current 1^, is independent of beam energy 

E^, scales as f“l(9) and goes as namely 

54 
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nem~ V*3''1"» <h>zc} 

Although nem presents a coherent pattern, it does not track the 

total production rate of ionization of N2. It is found from the light¬ 

wave data correlation, that the parameter that has to be considered is 

rather the frequency of the peak amplitude f . The plasma density n 
Jbr 

deduced from the light-wave correlation shows a parabolic dependence on 

1^, has a weak dependence on E^, scales also as f-1(0) and goes 

as B* namely 

n ~ (I. - I J1/2 E,”1/4 B1*65 f**1 (0) (I > I ) 
ep b c D c 

None of the two quantities nem or nep goes as B
2 as expected from an 

area dependence. 

The pitch angle depencence f(0) which has been derived from single 

particle consideration is present in both nem and ne^ which are deduced 

from parameters characteristic of BPD. This function f(0) which is 

independent of Beam-Plasma state (pre-BPD or BPD) is regarded as a 

factor controlling the "discharge effectiveness" of the BPD. 

Detailed analysis of the RF data have shown the presence of 

unexpected strong modulation of the high frequency spectrum identified 

as (n + 1/2)f with 5 < n < 10. 
ce 

Careful observations of the spectra indicated surprisingly the pre¬ 

sence of weak wave emission areound 3/2 fCQ, in addition to the HF sig¬ 

nals, for beam currents Ib vary close to the ignition current Ic and for 

various beam conditions. 
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Theoretical analysis is underway to explain the various features 

reported above. 
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